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Synapse-specific mGluR1-dependent long-term
potentiation in interneurones regulates mouse
hippocampal inhibition
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Hippocampal CA1 inhibitory interneurones control the excitability and synchronization
of pyramidal cells, and participate in hippocampal synaptic plasticity. Pairing theta-burst
stimulation (TBS) with postsynaptic depolarization, we induced long-term potentiation (LTP)
of putative single-fibre excitatory postsynaptic currents (EPSCs) in stratum oriens/alveus (O/A)
interneurones of mouse hippocampal slices. LTP induction was absent in metabotropic glutamate
receptor 1 (mGluR1) knockout mice, was correlated with the postsynaptic presence of mGluR1a,
and required a postsynaptic Ca2+ rise. Changes in paired-pulse facilitation and coefficient of
variation indicated that LTP expression involved presynaptic mechanisms. LTP was synapse
specific, occurring selectively at synapses modulated by presynaptic group II, but not group
III, mGluRs. Furthermore, the TBS protocol applied in O/A induced a long-term increase of
polysynaptic inhibitory responses in CA1 pyramidal cells, that was absent in mGluR1 knockout
mice. These results uncover the mechanisms of a novel form of interneurone synaptic plasticity
that can adaptively regulate inhibition of hippocampal pyramidal cells.

(Received 19 August 2003; accepted after revision 10 December 2003; first published online 12 December 2003)
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Long-term potentiation (LTP) has been extensively studied
at glutamatergic synapses onto principal cells of the
hippocampus, but recent evidence indicates that it is
also present at excitatory synapses on interneurones (Alle
et al. 2001; Perez et al. 2001). The divergent projections
of hippocampal interneurones allow them to control
the excitability and synchronization of pyramidal cells
(Buzsáki & Chrobak, 1995; Whittington et al. 1995;
Ylinen et al. 1995; Freund & Buzsáki, 1996). Modelling
studies have suggested that a hebbian type of plasticity at
excitatory synapses onto interneurones is important for
the synchronous activity of neuronal populations, as well
as for learning and recall in the hippocampus (Grunze
et al. 1996; Bibbig et al. 2001). However, clear evidence of
plasticity at excitatory synapses on interneurones remains
scarce (McMahon & Kauer, 1997; Cowan et al. 1998; Laezza
et al. 1999; Alle et al. 2001; Perez et al. 2001; Ross &
Soltesz, 2001), and the mechanisms involved are still largely
unknown (McMahon & Kauer, 1997; Tóth & McBain,

1998, 2000; Laezza et al. 1999; Tóth et al. 2000; Alle et al.
2001; Perez et al. 2001; Ross & Soltesz, 2001).

In the CA1 region of the hippocampus, LTP in
interneurones is cell-type specific. It is observed in
interneurones of stratum oriens/alveus (O/A) but absent in
those near the border of stratum radiatum and lacunosum-
moleculare (Ouardouz & Lacaille, 1995; Perez et al. 2001).
The use of a minimal stimulation protocol (Stevens
& Wang, 1994; Raastad, 1995) in combination with a
hebbian induction protocol demonstrated that LTP occurs
directly at excitatory synapses of O/A interneurones, and
does not result from passive propagation of LTP from
pyramidal cells (Perez et al. 2001). Furthermore, this
LTP is independent of N-methyl-d-aspartate receptors
(NMDARs) but blocked by an antagonist of the
metabotropic glutamate receptor 1a (mGluR1a) (Perez
et al. 2001). Therefore, this cell-type specific and
mGluR1a-dependent LTP in interneurones appears to be
mediated by mechanisms different from those of the LTP at
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Schaffer collateral synapses on CA1 pyramidal cells (Bliss
& Collingridge, 1993; Nicoll & Malenka, 1995).

The aim of the present study was to characterize the
mechanisms of LTP at excitatory synapses of mouse O/A
interneurones. Specifically, we examined (i) the
mechanisms of induction and expression, (ii) the role
of mGluR1 using immunocytochemical and knockout
approaches, (iii) the selective sensitivity of synapses
undergoing LTP to presynaptic modulation by mGluRs
agonists, and (iv) the impact of LTP in interneurones
on pyramidal cell inhibition. We report that LTP in
mouse O/A interneurones is mGluR1 dependent, involves
postsynaptic induction and presynaptic expression
mechanisms, is specific to pharmacologically distinct
synapses, and can regulate the inhibition of pyramidal
cells.

Methods

Hippocampal slices

All experiments were done in accordance with the
University of Montreal animal care guidelines. Coronal
hippocampal slices (300 µm thick) were obtained
(Ouardouz & Lacaille, 1995; Perez et al. 2001) from 18-
to 37-day-old C57BL/6 (Charles River, Montreal) and
mGluR1 (+/+, +/–, –/–) (Conquet et al. 1994) mice that
had been anaesthetized with halothane and decapitated.
Control littermates (+/+, +/–) and mGluR1 (–/–) mice
were distinguished based on their phenotype (Conquet
et al. 1994). Slices were maintained in oxygenated artificial
cerebrospinal fluid (ACSF) containing (mm): 124 NaCl,
5 KCl, 1.25 NaH2PO4, 2 MgSO4, 2 CaCl2, 26 NaHCO3,
and 10 dextrose (pH 7.3–7.4, 300 mosmol l−1). Prior
to recordings, CA1 and CA3 regions were isolated by
a cut. Individual slices were transferred to a recording
chamber perfused with oxygenated ACSF (2–3 ml min−1)
at room temperature (20–22◦C). O/A interneurones and
pyramidal cells were visually identified and selected for
whole cell recordings using an upright microscope (Zeiss
Axioskop, Germany) equipped with a long-range water
immersion objective (×40, Nomarski optics) and infrared
video camera.

Electrophysiological recordings

The whole cell recording solution for O/A interneurones
contained (mm): 135 CsMeSO3, 5 NaCl, 1 MgCl2, 10
Hepes, 10 phosphocreatine, 2 ATP-Tris, 0.4 GTP-Tris
and 0.1% biocytin (pH 7.2–7.3, 290 mosmol l−1). In
some experiments, BAPTA-tetracesium salt (10 mm)

was included in the solution. For CA1 pyramidal cells,
the recording solution contained (mm): 130 potassium
gluconate, 5 NaCl, 2 MgCl2, 10 Hepes, 0.5 EGTA, 10
phosphocreatine, 2 ATP-Tris, 2 QX-314 Cl− and 0.1%
biocytin (pH 7.2–7.3, 280 mosmol l−1). Voltage-clamp
recordings were made using an Axopatch 1D (Axon
Instruments, Foster City, CA, USA). Data were low-
pass filtered at 1 kHz, digitized at 10 or 20 kHz, and
acquired using pCLAMP (versions 7 or 9). Interneurones
were held at −60 mV whereas pyramidal cells were held
near subthreshold membrane potential (−51.8 ± 0.6 mV,
n = 16). Recordings were accepted if holding current and
series resistance were stable. Series resistance was assessed
regularly and was 17.6 ± 0.5 M� for interneurones (n =
71) and 18.2 ± 1.2 M� for pyramidal cells (n = 16).

Stimulation procedures

Synaptic responses were evoked in interneurones using
constant current pulses (50µs) delivered through a bipolar
θ-glass electrode filled with ACSF and positioned in O/A
within 100 µm lateral from the recorded cell somata.
Putative single-fibre EPSCs were evoked at 0.5 Hz using
minimal stimulation (Stevens & Wang, 1994; Raastad,
1995), as previously described (Perez et al. 2001). In
some experiments, paired stimulations (50 ms interval)
were given during the entire recording session. LTP was
induced by three episodes (given at 30 s intervals) of
theta-burst stimulation (TBS) of afferents (five bursts each
consisting of four pulses at 100 Hz with a 250 ms interburst
interval) paired with postsynaptic depolarization (five
depolarizing steps to −20 mV, 60 ms long). Polysynaptic
responses were evoked in CA1 pyramidal cells using
constant current pulses (50 µs) delivered through a
bipolar concentric platinum/iridium electrode positioned
in O/A. The stimulus intensity was adjusted so that control
inhibitory postsynaptic currents (IPSCs) were ∼50% of
maximal amplitude. Responses were evoked at 0.05 Hz.
Long-term changes in IPSC amplitude were examined 30
min after three episodes of TBS (given at 30 s intervals).
Long-term changes in E/IPSCs were examined in one cell
per slice, and the different experimental conditions were
interleaved.

Pharmacology

EPSC recordings in interneurones were done in the
presence of bicuculline (10 µm, Sigma, Oakville,
Ontario, Canada) and elevated concentrations of Ca2+

and Mg2+ (4 mm each) (Perez et al. 2001). When
indicated (2S,2′R,3′R)-2-(2′3-dicarboxycyclopropyl)
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glycine (DCG-IV, 1 µm) and l-(+)-2-amino-4-
phosphonobutyric acid (l-AP4, 100 µm) (Tocris,
MO, USA) were also added to the superfusion
medium. Compound E/IPSCs were recorded in
pyramidal cells in the presence of (+/−)-2-amino-5-
phosphonovalerate (AP-5, 50 µm) and (2S)-3-[[(1S)-
1-(3,4-dicholorophenyl)ethyl]amino-2-hydroxypropyl]
(phenylmethyl)phosphinic acid (CGP 55845; 1 µm;
Tocris).

Measurements and statistical analysis

About 20% of recordings (n = 84) met our criteria
for interneurone morphology (see below), minimal
stimulation, and stability of recordings and were included
in the analysis of EPSCs. Responses were analysed off-line
using Clampfit (versions 6, 8 or 9; Axon Instruments).
E/IPSC amplitude was measured as the peak amplitude
minus the average of the baseline points preceding the
stimulation artefact. Long-term changes were taken as
a significant change (Student’s t test) in the amplitude
of responses, 30 min postpairing or TBS. Amplitude of
average EPSCs (including failures) and EPSCs (excluding
failures), failure rate (number of failures as percentage of
total number of stimulations) and paired-pulse ratio (PPR;
second average EPSC/first average EPSC) were calculated
for 4 min bins. The coefficient of variation (CV−2) was
calculated according to the equation: CV = σ /M, where
M is the mean EPSC amplitude, and σ is the standard
deviation of the responses (Malinow & Tsien, 1991). The
amplitude of the IPSCs was calculated for 10 min bins.
Group comparisons were done using Student’s paired
t tests, Wilcoxon signed rank test or Student’s t tests. The
level of significance was set at P < 0.05 and data were
expressed as mean ± s.e.m.

Biocytin labelling

In all experiments, biocytin labelling was used to verify the
non-pyramidal nature of O/A cells. Following recordings,
slices were fixed overnight in 4% paraformaldehyde in
0.1 m phosphate buffer (PB, pH 7.4). Slices were washed
in PB, treated with 0.3% H2O2 (30 min) and incubated
in avidin–biotin complex (Elite ABC kit; 1 : 200, Vector
Laboratories; 24 h). The reaction product was visualized
using 0.05% 3′3-diaminobenzidine (DAB, Sigma), 0.2%
nickel sulphate (Sigma), 0.1 m imidazole and 0.0015%
H2O2 in Tris buffer (TB, 0.05 m, pH 7.6). This post hoc
morphological identification confirmed that recordings
were made from both horizontal and vertical subtypes of
interneurones (Perez et al. 2001) (data not shown).

Biocytin labelling and mGluR1a immunofluorescence

Whole (300 µm thick) or resectioned (60 µm thick) slices
were placed in 0.3% H2O2, blocked in 10% normal goat
serum and incubated in rabbit anti-mGluR1a (1 : 500,
Diasorin, MI, USA; 24–48 h). Sections were then incubated
in goat anti-rabbit IgGs conjugated to Alexa Fluor 488
(1 : 200, 1.5 h, Jackson Immunoresearch Laboratories)
to reveal mGluR1a labelling, and in rhodamine avidin
D (1 : 200, Vector Laboratories) to reveal biocytin labelling.
Sections were mounted in Prolong Antifade kit (Molecular
Probes) and observed with a confocal microscope using
appropriate filters.

Hippocampal mGluR1a immunolabelling

Mice were deeply anaesthetized with sodium pentobarbital
and perfused with 4% paraformaldehyde in 0.1 m PB. The
brain was dissected, postfixed and placed in 30% sucrose
(12 h at 4◦C). Coronal sections (30–35 µm thick) were cut
on a freezing microtome (Leica SM 2000R, Germany) and
processed as for double labelling with rabbit anti-mGluR1a
(1 : 1200, 24 h). Sections were subsequently incubated in
biotinylated goat anti-rabbit IgGs (1 : 200, 2 h) and in
avidin–biotin complex (1 : 200, 2 h). The reaction product
was visualized using DAB and nickel sulphate.

Results

LTP in O/A interneurones

Minimal stimulation combined with a pairing induction
protocol during whole cell recording (Perez et al. 2001)
was used to induce LTP directly at excitatory synapses
of O/A interneurones in the CA1 region of mouse
hippocampal slices (Fig. 1A–C). In C57BL/6 mice, the
amplitude of average EPSCs (including failures) was
significantly increased to 203 ± 31% of control following
the pairing of TBS with postsynaptic depolarization,
but was unchanged in untetanized (neither TBS nor
postsynaptic depolarization) interneurones (94 ± 19% of
control). TBS or postsynaptic depolarization alone did
not produce LTP (n = 3 each, data not shown). These
results indicate that the pairing of TBS and postsynaptic
depolarization is necessary to produce LTP at excitatory
synapses of O/A interneurones in mouse hippocampus,
extending previous findings obtained in rats (Perez et al.
2001).

Mechanisms of LTP expression

LTP can result from an increase in EPSC amplitude, a
decrease in transmission failure, or both. We examined
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Figure 1. Mechanisms of long-term potentiation expression in
stratum oriens/alveus interneurones
A, graph of EPSC amplitude from a representative interneurone
showing long-term potentiation (LTP) after the pairing of theta-burst
stimulation (TBS) of afferents with postsynaptic depolarization (TBS +
depo) delivered at time = 0 (vertical line). Ten consecutive sample
traces are shown to the right for the control (top) and the 30 min
period (middle). Superimposed average EPSCs (including failures;
n = 128) demonstrate the increase of responses at 30 min postpairing
(bottom right). In this cell, LTP results from both an increase in EPSC
amplitude (potency) and a decrease in failure rate. B, graph from an
untetanized interneurone indicating that test stimuli had no effect on
EPSC amplitude. Consecutive traces and superimposed average EPSCs,
at right, illustrate the absence of LTP in the untetanized interneurone.
C, bar graph for all cells tested, showing the significant increase in
amplitude of average EPSCs in tetanized interneurones and the
stability of average EPSCs in the absence of tetanization. D, summary
bar graphs for interneurones with LTP of average EPSCs (D1), showing
that this change was accompanied by a significant decrease in failure
rate (D2) and increase in amplitude (D3) of EPSCs. (∗ P < 0.05.)

changes in these parameters in cells expressing LTP
(n = 16/23, Fig. 1D). For this group of interneurones,
a significant increase in amplitude of average EPSCs
(including failures) to 257 ± 36% of control was associated
with a decrease in failure rate to 47 ± 7% of control and
an increase in EPSC amplitude (excluding failures; also
called potency) to 144 ± 15% of control. The combined
reduction of failure rate and increase of potency was
observed in 62.5% of cells expressing LTP, whereas 25.0%
displayed solely a significant decrease in failure rate, and
12.5% showed only a significant increase in potency. These
data indicate that LTP in O/A interneurones usually arises
from changes in both failure rate and EPSC amplitude, but
in some instances each change may occur independently.

The decrease in failure rate, observed occasionally with
no change in EPSC amplitude, suggests the implication
of presynaptic mechanisms (Stevens & Wang, 1994). The
involvement of presynaptic mechanisms in LTP expression
was investigated using paired-pulse stimulation (Fig. 2).
In control conditions, average EPSCs (including failures)
elicited by the second pulse were facilitated relative to
the responses to the first pulse (Ali & Thomson, 1998).
The magnitude of paired-pulse facilitation was decreased
following the induction of LTP (1.87 ± 0.21 in control
versus 1.53 ± 0.15 at 30 min postpairing), whereas it
was stable in untetanized interneurones (1.32 ± 0.14
in control versus 1.26 ± 0.15 at 30 min). To examine
further the involvement of presynaptic mechanisms, we
compared the coefficient of variation (CV−2) of EPSCs
before and after LTP (Malinow & Tsien, 1991; Alle
et al. 2001). The plot of the CV−2 against the average
EPSC amplitude, both normalized to their control values,
indicated that the changes in CV−2 were consistent with
presynaptic changes (Fig. 2D). These changes in paired-
pulse facilitation and coefficient of variation suggest that
presynaptic mechanisms are involved in the expression of
LTP in O/A interneurones.

mGluR1 in LTP induction

To determine precisely the role of mGluR1 in LTP (Perez
et al. 2001), we combined mGluR1a immunocytochemical
labelling with the analysis of LTP in normal and transgenic
mice with mGluR1 knockout (Fig. 3). In the CA1 region
of C57BL/6 mice (Fig. 3C), mGluR1a-immunopositive
interneurone somata and dendritic processes were mostly
found in stratum oriens and in the alveus as previously
reported (Baude et al. 1993). Immunolabelled fine
processes were more sparsely observed in stratum
radiatum and lacunosum-moleculare. A similar mGluR1a
immunocytochemical distribution was found in control
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littermates (+/+ or +/–) of mGluR1 knockout mice
(Fig. 3A). Following the pairing protocol, LTP was
observed in 73% of O/A interneurones from mGluR1
control littermates (n = 8/11). For these cells, the
potentiation of average EPSCs (249 ± 48% of control,
n = 11) was associated with a decrease in failure rate
(60 ± 13% of control) and an increase in EPSC amplitude
(excluding failures, 156 ± 21% of control) (Fig. 3D). These
changes were not different from those in C57BL/6 mice
(see Fig. 1) suggesting similar LTP mechanisms in O/A
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Figure 2. Change in paired-pulse facilitation and coefficient of
variation during LTP
A, average EPSCs (including failures) evoked by paired-pulse
stimulation during the control (left) and 30 min postpairing (middle)
periods in an interneurone showing LTP. At right, traces are scaled to
the amplitude of the first responses in control. The dashed lines
indicate that the amplitude of the second average EPSC is facilitated
relative to the first response. However, paired-pulse facilitation was
reduced after LTP. B, paired-pulse facilitation was unchanged in an
untetanized cell. C, bar graph of the paired-pulse ratio for all cells
tested, showing the significant decrease in paired-pulse facilitation in
interneurones with LTP, but not in untetanized interneurones. D, plot
of the coefficient of variation (CV−2) against average EPSC amplitude,
both normalized to their control values. The location of data points in
relation to the identity line is indicative of presynaptic changes during
LTP. (∗ P < 0.05.)

interneurones from control littermates of transgenic mice.
In contrast, in mGluR1 (–/–) transgenic mice, mGluR1a-
immunolabelling was absent from the hippocampus
(Fig. 3B) and, during whole cell recording, the pairing
protocol failed to induce LTP in 90% (n = 9/10) of O/A
interneurones. In these cells, the amplitude of EPSCs and
the failure rates were unchanged postpairing. These results
demonstrate the absence of both mGluR1a and LTP in
O/A interneurones of mGluR1 knockout mice, and clearly
indicate that mGluR1a are necessary for LTP in these
cells.

To characterize further the relation between mGluR1a
and LTP, we examined the presence of mGluR1a in
individual interneurones showing LTP by combining
whole cell recordings, biocytin cell labelling and mGluR1a
immunofluorescence (Fig. 4). Eighty-three percent of
biocytin-filled cells that showed LTP were also mGluR1a-
immunopositive (n = 5/6). One interneurone that
showed LTP was mGluR1a-immunonegative. Another
interneurone which did not show LTP was mGluR1a-
immunopositive. These double-labelling experiments
demonstrate that the occurrence of LTP is associated
with the presence of mGluR1a in the same cells. This
immunocytochemical evidence, together with the absence
of LTP in mGluR1 knockout mice, clearly indicate that
the induction of LTP requires postsynaptic activation of
mGluR1a in O/A interneurones.

Postsynaptic Ca2+ in LTP induction

Since mGluR1 is linked to intracellular Ca2+, the
role of postsynaptic Ca2+ in LTP was explored by
including the Ca2+ chelator BAPTA (10 mm) in the
whole cell recording solution (Fig. 5). During recordings
with BAPTA, the pairing protocol did not produce
LTP. At 30 min postpairing, the amplitude of average
EPSCs (including failures) was not increased but instead
significantly decreased to 47 ± 8% of control. A similar
decrease in EPSC amplitude was observed in untetanized
interneurones recorded with solution containing BAPTA.
Group comparisons showed that BAPTA prevented the
long-term increase in amplitude of EPSCs and the decrease
in failure rate induced by the pairing protocol in control
recordings (Fig. 5). Similar experiments using a lower
concentration of BAPTA (5 mm) did not block the
induction of LTP; in 5 of 6 cells tested with 5 mm BAPTA,
EPSC amplitude increased by 206 ± 31% at 30 min
postpairing. These data demonstrate that the induction of
LTP requires a postsynaptic increase in intracellular Ca2+

levels in interneurones.
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Figure 3. Absence of mGluR1a and LTP in
mGluR1 knockout mice
A1, digital images showing dense
mGluR1a-immunolabelling in stratum
oriens/alveus (O/A) of the CA1 region in
mGluR1 control littermates (+/+ or +/–). A2,
higher power image illustrating
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mGluR1 (–/–) mice. B3, electrophysiological
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A, confocal image of a biocytin-labelled
interneurone (arrow) that showed LTP (data in
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Differential regulation by presynaptic mGluRs

Since we found that LTP is observed in approximately
70–75% of O/A cells tested in control conditions,
we postulated that synapses displaying LTP could be
pharmacologically distinct from those not showing LTP.
Therefore, we examined the modulation of both groups
of synaptic responses by agonists of group II (DCG-IV)
and group III (l-AP4) mGluRs. In cells that displayed
LTP, DCG-IV (1 µm) reversibly reduced the amplitude
of average EPSCs (including failures) by 33 ± 10%
(Fig. 6A). In contrast, in O/A cells that did not show
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Figure 5. LTP induction requires a postsynaptic Ca2+ rise
A, graph of EPSC amplitude, sample traces and superimposed average
EPSCs (including failures) showing the absence of LTP in an
interneurone receiving the pairing protocol with the calcium-chelator
BAPTA in the recording electrode. With time, a decrease in EPSC
amplitude was noted. B, results from a cell that did not receive the
pairing protocol, illustrating a similar decrease in EPSC amplitude
caused by BAPTA. C, summary bar graphs for all cells tested with
BAPTA (with or without the pairing protocol) and for cells given the
pairing protocol with control recording solution (data from TBS +
depo group shown in Fig. 1). BAPTA prevented the increase in EPSC
amplitude and the decrease in failure rate induced by the pairing
protocol in control solution. The decrease in amplitude of average
EPSCs was similar in cells with BAPTA that received or did not receive
the pairing protocol. (∗ P < 0.05.)

LTP, DCG-IV had no significant effect on the amplitude
of average EPSCs (Fig. 6A), suggesting that group II
mGluRs may selectively depress synapses showing LTP
in O/A interneurones. Conversely, l-AP4 (100 µm) did
not affect the amplitude of average EPSCs (including
failures) in cells showing LTP, but produced a significant
increase of 123 ± 80% in O/A cells not displaying LTP
(Fig. 6B), suggesting that synapses that do not show
LTP are specifically modulated by group III mGluRs.
This differential sensitivity does not result from changes
induced by the tetanic stimulation, since naive synapses
were also sensitive to the agonists. In 6 of 7 naive
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synapses tested, DCG-IV (1 µm) significantly reduced
the amplitude of average EPSCs (including failures) by
78 ± 10%. The one naive synapse that did not respond to
DCG-IV was sensitive instead to l-AP4 (100 µm), which
caused an increase in response to 134% of its initial value.
Thus, our results indicate that synapses with and without
LTP can be distinguished by their differential sensitivity
to agonists of group II and III mGluRs, respectively. This
differential pharmacological profile of synaptic responses
with or without LTP implies that LTP may be synapse
specific in O/A interneurones.

We also examined whether properties of short-
term plasticity differed in synapses with different
pharmacological sensitivity. The PPF ratio did not differ
significantly in synapses sensitive to DCG-IV versus l-AP4
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Figure 7. mGluR1-dependent potentiation of polysynaptic
inhibition by theta-burst stimulation
A, graph for all pyramidal cells tested from mGluR1 control littermates
showing a long-term increase in IPSC amplitude following theta-burst
stimulation (TBS; arrow). Superimposed average traces (right panel;
n = 21) in a representative cell show the increase in IPSC at 30 min
post-TBS. B, results for pyramidal cells from mGluR1 (–/–) transgenic
mice illustrating the absence of a long-term increase in IPSC amplitude
following TBS in these animals. C, summary bar graph for all groups
showing the significant long-term increase in IPSC amplitude (30 min
post-TBS) in cells from mGluR1 control littermates, but not in
pyramidal cells from mGluR1 (–/–) mice nor in untetanized cells of
mGluR1 control littermates. (∗ P < 0.05.)

(P = 0.63, n = 7 and 5, respectively); nor did it differ,
when measured during the initial control period, between
synapses that subsequently showed or did not show LTP
(P = 0.95, n = 23 and 9, respectively). Hence the PPF
ratio did not predict whether a particular synapse would
be sensitive to DCG-IV or l-AP4, nor whether it would
show LTP or not.

mGluR1-dependent potentiation of inhibition

To assess the functional impact of LTP at excitatory
synapses in O/A interneurones on the hippocampal
network, we examined the effect of the TBS protocol
on polysynaptic inhibition of CA1 pyramidal cells in
control littermates and mGluR1 transgenic mice (Fig. 7).
To prevent both NMDA-dependent plasticity and direct
modulation of inhibitory synapses onto pyramidal cells
whole cell recordings were obtained in the presence of
the NMDAR antagonist AP-5 and the GABAB receptor
antagonist CGP 55845, and GTP was omitted from the
recording solution. In these conditions, a single shock
evoked a fast non-NMDA EPSC followed by a GABAA IPSC
in CA1 pyramidal cells (Fig. 7). TBS applied in stratum
O/A produced a significant long-term increase in the
amplitude of IPSCs in pyramidal cells (152±9% of control
at 30 min post-TBS) in control littermates of mGluR1
transgenic mice. EPSC amplitude was unchanged (105 ±
34% of control). In contrast, in pyramidal cells of mGluR1
(–/–) mice, no significant change in IPSC amplitude was
seen following TBS (101 ± 2% of control). The long-term
increase in IPSC amplitude was also absent in untetanized
cells (114 ± 6% of control; Fig. 7C) from mGluR1 control
littermates. These data indicate that mGluR1-dependent
LTP at excitatory synapses of O/A interneurones can
regulate the polysynaptic inhibition of pyramidal cells.

Discussion

Our results indicate that a hebbian form of LTP was
present at excitatory synapses of O/A interneurones in
mouse CA1 hippocampus. The induction of this LTP
depended on the activation of postsynaptic mGluR1a and
a rise in postsynaptic Ca2+ levels. The expression of LTP
involved presynaptic mechanisms and was associated with
a decrease in transmission failure rate and an increase in
EPSC amplitude. Moreover, this LTP was synapse specific,
selectively occurring at synapses that can be modulated
by presynaptic group II, but not by group III, mGluRs.
Finally, a similar stimulation protocol (TBS) given in O/A
induced a long-term increase in polysynaptic inhibition
of CA1 pyramidal cells, which was absent in mGluR1
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knockout mice, suggesting that mGluR1-dependent LTP
in interneurones can adaptively upregulate pyramidal cell
inhibition.

LTP induction

The experimental protocol used allowed us to characterize
synaptic plasticity directly at interneurone synapses,
confirming in mice the requirement of pairing synaptic
stimulation and postsynaptic depolarization to induce LTP
in O/A interneurones (Perez et al. 2001). Moreover, the
absence of LTP in interneurones of mGluR1 (–/–) mice,
combined with the correlated presence of postsynaptic
mGluR1a and LTP in individual cells, provide clear
evidence that the activation of postsynaptic mGluR1a
during the pairing protocol is necessary for LTP induction.
These data are consistent with previous pharmacological
evidence that LTP in O/A interneurones was blocked by a
mGluR1a specific antagonist (Perez et al. 2001). Overall,
these data suggest that the high level of expression of
mGluR1a in O/A interneurones (Baude et al. 1993; Freund
& Buzsáki, 1996; Luján et al. 1996; Shigemoto et al. 1997)
likely explains the cell-type specific presence of LTP in CA1
interneurones (Perez et al. 2001).

The signalling cascade involved in the induction
of mGluR1-dependent LTP required a postsynaptic
intracellular Ca2+ rise, since BAPTA prevented LTP.
A similar Ca2+ dependence was previously reported
for tetanus-induced LTP of population EPSCs in O/A
interneurones (Ouardouz & Lacaille, 1995). Activation
of group I/II mGluRs in O/A interneurones has been
linked to increases in intracellular Ca2+ via the coupling
of Ca2+ influx through voltage-dependent Ca2+ channels
and release from ryanodine-sensitive intracellular stores
(Woodhall et al. 1999; Gee et al. 2001). Together these
findings suggest that the hebbian feature of LTP induction
in O/A interneurones arises from the requirement for
coincident activation of mGluR1a and voltage-dependent
Ca2+ channels to trigger the postsynaptic Ca2+ signalling
cascade. This novel induction mechanism is different
from those involved in long-term increases at other
hippocampal interneurone synapses which are dependent
on either postsynaptic activation of protein kinase C (Alle
et al. 2001), or postsynaptic excitability changes linked
to Na+, K+-ATPase (Ross & Soltesz, 2001). In addition,
since we observed that buffering postsynaptic Ca2+ with
10 mm BAPTA resulted in a decrease in EPSC amplitude
over time in untetanized cells, basal synaptic transmission
might also be regulated by postsynaptic Ca2+ in O/A
interneurones.

Presynaptic expression

LTP of average EPSCs was predominantly associated with
an increase in EPSC amplitude (potency) and a decrease in
transmission failures. In some cells, however, a decrease in
transmission failures was solely involved. Coupled to the
observations that the paired-pulse ratio was decreased and
that the coefficient of variation (CV−2) increased during
LTP, these results suggest that presynaptic mechanisms
contribute to LTP expression (Malinow & Tsien, 1991;
Manabe et al. 1993; Sokolov et al. 1998; Alle et al.
2001). Our results do not rule out, however, that some
postsynaptic changes, such as the activation of silent
synapses (Isaac et al. 1995; Liao et al. 1995), might also
contribute to LTP expression. Notwithstanding this, LTP
in O/A interneurones thus appears to involve postsynaptic
induction and presynaptic expression mechanisms. A
similar pattern of induction/expression mechanisms has
been reported for LTP at mossy fibre–interneurone
cell synapses (Alle et al. 2001), suggesting that these
may represent common features of LTP at interneurone
synapses. Such properties are in contrast to those of
NMDA-dependent LTP at the Schaffer collateral–CA1
pyramidal cell synapses which implicate postsynaptic
induction and expression mechanisms (Malenka & Nicoll,
1999). These different properties of LTP in interneurones
provide further evidence that long-term plasticity is a
genuine property of some interneurone synapses, and
not simply due to passive propagation of plasticity from
projection cells (McBain et al. 1999).

Synapse-specific plasticity

The presence/absence of LTP in O/A interneurones
was associated with a differential sensitivity of synaptic
responses to group II and III mGluR agonists. The
group II mGluR agonist DCG-IV decreased the amplitude
of EPSCs that showed LTP, and conversely the group
III mGluR agonist l-AP4 increased the amplitude of
EPSCs that did not show LTP. Consistent with our results,
immunohistochemical labelling of group II mGluRs
(mGluR2 and 3) has been reported mainly in unmyelinated
axons in CA1 alveus (Petralia et al. 1996), and that of group
III mGluRs predominantly on axon terminals in stratum
oriens (Shigemoto et al. 1997). Although the activation
of presynaptic group III mGluRs (mGluR4, 6, 7 and 8)
results in the inhibition of glutamate release in many cell
types (Manzoni et al. 1995; Macek et al. 1996), consistent
with our observations, the activation of mGluR4a by
l-AP4 was recently reported to increase glutamatergic
transmission in entorhinal cortex (Evans et al. 2001). Our
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results showing a differential regulation by presynaptic
group II mGluRs of synapses capable of undergoing LTP
and by presynaptic group III mGluRs of synapses that do
not show LTP, suggest that LTP may be a property that is
synapse specific in O/A interneurones. Hence, LTP may
be both cell-type (Perez et al. 2001) and synapse specific
in CA1 interneurones. The synapse-specific presynaptic
depression by group II mGluRs is analogous to the
pathway-specific group II mGluR modulation of mossy
fibre, but not CA3 recurrent collateral, synapses onto CA3
interneurones (Tóth & McBain, 1998) and pyramidal cells
(Kamiya et al. 1996). Interestingly, this pathway-specific
regulation by mGluRs is also associated with a pathway-
specific long-term depression in CA3 interneurones (Tóth
et al. 2000). It is possible that the synapse specificity of LTP
in O/A interneurones is similarly due to different afferent
pathways onto these cells; however, this issue remains to
be clarified by further experiments.

Functional implications

Previous work has indicated that O/A interneurones
are involved in recurrent inhibition of pyramidal cells
(Lacaille et al. 1987; Blasco-Ibanez & Freund, 1995).
Modelling studies have postulated that the long-term
increase in synaptic efficacy at excitatory synapses of
inhibitory interneurones, and a consequent enhancement
of inhibition of pyramidal cells, play a critical role in
information processing and synchronization of pyramidal
cells (Grunze et al. 1996; Bibbig et al. 2001). Our
findings that the TBS protocol produces a long-lasting
increase in polysynaptic IPSC amplitude in pyramidal
cells, that is absent in mGluR1 (–/–) mice, clearly
indicate that mGluR1-dependent LTP at O/A interneurone
excitatory synapses may adaptively regulate pyramidal
cell inhibition. Thus, the synapse-specific, mGluR1-
dependent and hebbian LTP described here provides
a biological substrate for the interneurone plasticity
postulated in modelling studies (Grunze et al. 1996; Bibbig
et al. 2001). This novel form of interneurone plasticity may
therefore be critical for adaptively adjusting the excitability
and synchrony of CA1 pyramidal cells.
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