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Abstract
The release of GABA in synapses is modulated by presynaptic metabotropic glutamate receptors (mGluRs). We tested whether GABA
release to identi®ed hippocampal neurons is in¯uenced by group III mGluR activation using the agonist L-()-2-amino-4-phosphonobutyric acid (L-AP4) on inhibitory postsynaptic currents (IPSCs) evoked in CA1 interneurons and pyramidal cells. In interneurons,
characterized with biocytin and immunolabelling for somatostatin, evoked IPSCs were depressed by 50 mM L-AP4 (activating mGluR4
and 8) to 68  6% of control, but they were rarely depressed in pyramidal cells (96  4% of control). At 300±500 mM concentration
(activating mGluR4, 7 and 8), L-AP4 depressed IPSCs in both interneurons (to 70  6%) and pyramidal cells (to 67  4%). The change
in trial-to-trial variability and in paired-pulse depression indicated a presynaptic action. In interneurons, the degree of IPSC depression
was variable (to 9±87%), and a third of IPSCs were not affected by L-AP4. The L-AP4-evoked IPSC depression was blocked by
LY341495. The depression of IPSCs was similar in O-LM cells and other interneurons. The lack of cell-type selectivity and the similar
ef®cacy of different concentrations of L-AP4 suggest that several group III mGluRs are involved in the depression of IPSCs. Electron
microscopic immunocytochemistry con®rmed that mGluR4, mGluR7a and mGluR8a occur in the presynaptic active zone of GABAergic
terminals on interneurons, but not on those innervating pyramidal cells. The high variability of L-AP4-evoked IPSC suppression is in line
with the selective expression of presynaptic mGluRs by several distinct types of GABAergic neuron innervating each interneuron type.

Introduction
Metabotropic glutamate receptors (mGluRs) are expressed in a cell
type- and subcellular domain-speci®c manner by hippocampal neurons
(Masu et al., 1991; Shigemoto et al., 1992, 1996, 1997; Tanabe et al.,
1992, 1993; Baude et al., 1993; Ohishi et al., 1994, 1995; Lujan et al.,
1996, 1997). All but one of the eight receptor subtypes, and most of
their splice variants, have been localized to pre- and/or postsynaptic
domains of some types of neuron (Shigemoto et al., 1997). In
accordance with the distribution, physiological studies revealed
cell type- and/or target cell-speci®c effects of mGluR activation
(Aniksztejn et al., 1992; Bashir et al., 1993; Otani et al., 1993; McBain
et al., 1994; Ouardouz & Lacaille, 1995; Carmant et al., 1997;
Scanziani et al., 1998; Bortolotto et al., 1999). Similar to other
presynaptic receptors (Vizi, 1979), the activation of presynaptic group
II (mGluR2 and mGluR3) and group III (mGluR4, mGluR7, mGluR8)
mGluRs was shown to depress the release of glutamate (Baskys &
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Malenka, 1991; Desai et al., 1994; Gereau & Conn, 1995; Vignes et al.,
1995; Scanziani et al., 1998) and GABA (Gereau & Conn, 1995;
Poncer et al., 1995, 2000; Morishita et al., 1998; Morishita & Alger,
2000; Semyanov & Kullmann, 2000; Cossart et al., 2001) in the
hippocampus, and in other parts of the brain (Salt & Eaton, 1995;
Schrader & Tasker, 1997; Schaffhauser et al., 1998; van den Pol et al.,
1998; Wittmann et al., 2001). In the Schaffer collateral±commissural
connection, the depression of glutamatergic transmission is cell typeselective; the activation of group III mGluRs depressed glutamate
release to GABAergic neurons but not to pyramidal cells from the
same stimulated presynaptic axon (Scanziani et al., 1998). This
selective functional effect appears to parallel a cell type-speci®c
expression of a much higher level of presynaptic group III mGluRs
in the terminals received by some GABAergic neurons than in
terminals given by the same pathway to pyramidal cells (Shigemoto
et al., 1996, 1997). However, the receptor subtype(s) involved in the
depression of transmitter release in the Schaffer collateral±commissural pathway has not been identi®ed.
A distinct type of interneuron in the CA1 area of the hippocampus,
the oriens±lacunosum moleculare (O-LM) cell, expresses somatostatin
(Maccaferri et al., 2000) and has horizontally extended dendrites in
stratum oriens±alveus, which overlap with the area of axon collaterals
from pyramidal cells. The somatic and dendritic membrane of O-LM
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cells contains a high level of mGluR1a (Baude et al., 1993; Pollard
et al., 2000; Losonczy et al., 2002; Ferraguti et al., 2004). The axon of
O-LM cells projects to stratum lacunosum moleculare, providing a
dense and restricted GABAergic innervation of this layer overlapping
with the input from entorhinal cortex (McBain et al., 1994; Sik et al.,
1995). The highly specialized anatomical organization of O-LM cells
has generated strong interest in their properties and potential roles
(Lacaille et al., 1987; Maccaferri & McBain, 1995, 1996a,b; Hajos &
Mody, 1997; Somogyi et al., 1998; Martina et al., 2000). Interestingly,
most input terminals to O-LM cells, including those originating from
pyramidal cells and therefore releasing glutamate, are highly enriched
in presynaptic mGluR7a immunoreactivity as compared to the terminals innervating other types of interneuron or pyramidal cells (Shigemoto et al., 1996; Losonczy et al., 2002). However, the role of the
high level of mGluR7a on these synaptic terminals remains unknown.
Recently we found that, in addition to the glutamatergic terminals,
GABAergic terminals also express high levels of mGluR7a selectively
on O-LM cells (Somogyi et al., 2003). In the CA3 area, other group III
mGluRs, mGluR7b, mGluR4 and mGluR8, have been shown to be
present in the presynaptic active zone of type 2 synapses (Shigemoto
et al., 1997), most of which are probably GABAergic. Such selectivity
may endow the GABAergic input of these interneurons with speci®c
pharmacological and physiological properties. Indeed, inhibitory postsynaptic currents (IPSCs) were strongly depressed by the group III
mGluR agonist L-()-2-amino-4-phosphonobutyric acid (L-AP4), in
unidenti®ed interneurons of stratum radiatum, but only slightly
reduced in pyramidal cells in the guinea pig (Semyanov & Kullmann,
2000) or the rat (Cossart et al., 2001). However, the interneuron types
affected, the receptor subtypes mediating the effect and the source of
innervation of stratum radiatum interneurons and whether this effect
applies to all interneurons and to other species, remain unknown.
Therefore, we tested the effect of L-AP4 on postsynaptic IPSCs evoked
in characterized interneurons of stratum oriens and compared the effect
to that on IPSCs evoked in pyramidal cells. The interneurons were
identi®ed on the basis of their dendritic and axonal arborization
revealed by biocytin labelling and somatostatin immunoreactivity.
The identi®cation of cell types was deemed to be important, because
the high level of mGluR7a expression in the presynaptic input
appeared to be cell type-speci®c (Shigemoto et al., 1996; Somogyi
et al., 2003), and stratum oriens±alveus of the hippocampus contains at
least six distinct types of GABAergic cell (Sik et al., 1995; Freund &
Buzsaki, 1996; Maccaferri et al., 2000).
Preliminary results have been published in abstract form (Kogo
et al., 1999; Somogyi et al., 1999).

Materials and methods
Slice preparation
Hippocampal slices were prepared from young rats (Wistar, age P12±
P20) deeply anaesthetized using iso¯urane and killed by decapitation
according to a procedure approved by the Home Of®ce in line with The
Animals (Scienti®c Procedures) Act 1986. The brain was quickly
removed and placed into ice-cold arti®cial cerebrospinal ¯uid (ACSF)
of the following composition (in mM): NaCl, 130; NaHCO3, 24; KCl,
3.5; NaH2PO4, 1.25; CaCl2, 1; MgSO4, 3; and glucose, 10; saturated
with 95% O2 : 5% CO2, at pH 7.4. The hemisected brain was then
glued onto the stage of a vibrating microtome (Leica, Milton Keynes,
UK) and sections of 300 mm thickness were cut and stored in an
incubation chamber at room temperature for  1 h before use. During
recording, ACSF with the same concentration as above, except containing 3 mM CaCl2 and 1.5 mM MgSO4, was used. The ACSF contained 100 mM D(±)-2-amino-5-phosphonopentanoic acid (D-AP5)

and 20 mM 6,7-dinitroquinoxaline-2,3-dione (DNQX) (both from
Tocris, Bristol, UK) to block ionotropic glutamate receptors during
the recording of monosynaptic IPSCs. The temperature of ACSF inside
the recording chamber was 32±35 8C and controlled via a Peltier
device connected to the chamber (Luigs & Neumann, Ratingen,
Germany) and monitored via a thermometer applied to the metal
frame supporting the recording chamber.
Electrophysiological recording
Both stratum (str.) oriens±alveus interneurons and pyramidal cells
were identi®ed visually as potential targets using a Zeiss Axioskop
microscope (Zeiss, Oberkochen, Germany) equipped with a 40
immersion differential interference contrast (DIC) objective coupled
to an infrared camera system (Hamamatsu, Hamamatsu City, Japan).
Conventional whole-cell recordings were applied. Cells were voltageclamped at a holding potential of 70 mV using an Axopatch 1-D
(Axon Instruments, USA) ampli®er and pipettes of 3±7 MV direct
current resistance. Two different solutions were used to ®ll the
electrodes. One of them consisted of (in mM): KCl, 130; ATP (Mg
salt), 4; GTP (sodium salt), 0.3; and HEPES, 10; with biocytin, 0.5%;
the pH was adjusted to 7.3. The other solution contained 125 mM CsCl
instead of KCl and, in addition, included 5 mM phosphocreatine and
10 mM QX314, and was used to record three interneurons (four IPSCs)
and ®ve pyramidal cells (®ve IPSCs). Results obtained with these two
different pipette solutions were similar; therefore, data were pooled for
analysis.
Pairs of rectangular constant-current pulses (0.1 or 0.2 ms duration,
100 ms interpulse interval), repeated at 0.1 Hz, were delivered through
an isolation unit (Model A360D, World Precision Instruments, USA)
to a stimulus electrode. Most often a monopolar extracellular glass
electrode, ®lled with ACSF, was used to evoke IPSCs. The stimulus
electrode was placed in str. oriens to evoke IPSCs in str. oriens±alveus
neurons. For 25 str. oriens±alveus neurons, a concentric metal electrode or an 8  2 matrix metal electrode (FHC, Bowdoinham, USA)
was used and placed in str. oriens. The results reported here were not
obviously different with these three different stimulus electrodes, and
the data were pooled. For IPSCs evoked in pyramidal cells, the
monopolar glass pipette stimulating electrode was placed in the
vicinity of the soma to increase the likelihood that inputs on or close
to the soma would be activated (Davies et al., 1990).
Series resistance was not compensated and it was constantly
monitored during recording by injecting 10 mV 20 ms command
pulses to the cell 750 ms after each stimulation. Only stable recordings with a <30% change in series resistance (Rs) for the duration of
the control, drug application and washout periods were included for
analysis. Plots of Rs vs. time were made for the recorded cells. In the
cells included in the analysis, there was no correlation between the
change in IPSC peak amplitude during L-AP4 application and
washout and any change in Rs. Likewise, no systematic changes
in IPSC kinetics were observed during L-AP4-induced effects.
Recordings with series resistance >50 MV were discarded. All drugs
were delivered by bath application for 10 or 15 min. The washout of
drugs was monitored for 20±30 min.
Data analysis
Data were ®ltered at 5 kHz and acquired directly on a hard disc of an
Intel Pentium II-based computer using a Digidata 1200 A/D board
(50 msec sampling rate) controlled by Clampex software (Axon Instruments, Foster City, USA). The data were also recorded in a DAT
recorder (Biologic, France) continuously throughout whole cell
recording. Analysis of IPSCs was performed using Axograph software
packages (Axon Instruments) and IGOR Pro software (WaveMetrics,
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Inc., Portland, OR, USA). Thirty consecutive IPSCs from the end of
control, drug application and washout periods were collected and
averaged for the comparison of IPSC peak amplitudes. Peak amplitudes of a population of 30 individual responses during control and
drug application periods were compared for each cell using the
nonparametric Mann±Whitney U-test. The Wilcoxon rank test was
used to compare mean peak amplitudes within groups of cells before
and during drug application.
The variability of IPSCs was analysed for periods before and during
the application of L-AP4 in order to test for potential pre- and/or
postsynaptic effects. The inverse square power of the coef®cient of
variation (CV) of each IPSC was calculated with the formula:
CV 2  M2 (sr 2 sn 2 ) 1, where M is the mean amplitude of the
IPSC, sr 2 is the variance of the noise-contaminated IPSCs and sn 2 is
the variance of the noise. To obtain the amplitudes of individual IPSCs,
®rst, 30 consecutive IPSCs in the control period and separately in the
period of L-AP4 application were averaged and the time to the peak of
the averaged responses was measured. Then, the amplitude of individual IPSCs was measured during a 1-ms period centred at the time to
peak of the averaged response, and the mean amplitude (M) and
standard deviation (sr) of the 30 signals were calculated. Standard
deviation of noise (sn) was measured in the same way, except at the
time preceding IPSC onset, with the same period as between IPSC
onset and the peak time. The paired-pulse ratio was calculated by
dividing the mean IPSC2 by the mean IPSC1. Data are presented as
mean  SEM unless otherwise indicated.
Stability test and measures for IPSCs
The stability of IPSC amplitude was recorded to test for any timedependent change in our recordings of the amplitude of evoked IPSCs
at 0.1 Hz. Two interneurons and four pyramidal cells were recorded for
32.5  11.6 min (range 22±54 min) without drug application, and
running averages of the amplitude of 30 responses were obtained.
Stability was acceptable if over the recording period the mean of any
30 responses was within one SD of the ®rst 30 responses. This was
ful®lled for the two interneurons and for three of the pyramidal cells.
Therefore, in general, once the method to determine the stimulus site
and conditions mentioned above were applied, our IPSC recordings
were stable enough for the testing of the effect of the drug over at least
30 min including the control period.
In the pharmacological tests, during the washout period the
responses did not always return to the predrug control level. This
may be due to numerous factors, including long-term change in
synaptic ef®cacy induced by the drug or the rundown of the response
due to dialysis, etc. As mentioned above, if the amplitude of the IPSC
during the washout did not return to at least 70% of the control level,
the data were discarded. In order to characterize the overall difference
in IPSC amplitudes between the control and the washout period, the
slope of the linear regression line ®tted to the two sets of data points
was calculated for each recording included in this study. From the
average slope it was calculated that, if there was a time-dependent
gradual decline in IPSC amplitude, on average, an IPSC would decline
by 1.3% over 10 min. Considering that the measured control period
was 5 min before drug application, which was typically for 10 min, in
the analysed IPSC population, on average, <2% decline in IPSC
amplitude was expected to be due to factors other than the effect of the
drug.
Immunocytochemistry for light microscopy and visualization of
recorded cells
The identity of the cells was veri®ed anatomically. Brie¯y, slices were
sandwiched between two Millipore ®lters to avoid deformations and
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®xed for a period of 2 h to 1 day in 2.5% paraformaldehyde, 0.05%
glutaraldehyde and 15% (v/v) saturated picric acid in 0.1 M phosphate
buffer (pH 7.4). Following gelatin embedding, the slices were resectioned at 60 mm thickness and washed in phosphate-buffered saline
(PBS). In triple ¯uorescence labelling experiments (Maccaferri et al.,
2000) two of three antibodies, either to somatostatin, mGluR1a or
parvalbumin, were employed together with visualization of biocytin by
7-amino-4-methylcoumarin-3-acetic acid (AMCA)-labelled streptavidin. Although acceptable labelling of nearby cells for mGluR1a and
parvalbumin was often obtained, the recorded cells generally displayed
undetectable or very weak immunoreactivity, probably due to the long
recording and dialysis of the neurons, so only the results for somatostatin labelling are reported. Non-speci®c protein binding was
blocked by incubation in normal goat serum for 1 h. A monoclonal
antibody to somatostatin (Code: SOMA8, ascites ¯uid diluted 1 : 500,
gift from Dr A. Buchan, Department of Physiology, University British
Columbia, Canada), characterized by Vincent et al. (1985), was used to
detect O-LM and O-bistrati®ed cells. The antibody was diluted in PBS
containing 0.2% Triton X-100 and applied overnight. The sections
were subsequently washed in PBS and incubated for 2 h in a mixture of
Alexa Fluor1 488-conjugated goat antimouse IgG (diluted 1 : 1000;
Molecular Probes, Leiden, The Netherlands), or CyTM.3-conjugated
goat antimouse IgG (diluted 1 : 100; Jackson ImmunoResearch
Laboratory, West Grove, Pennsylvania, USA) and AMCA-conjugated
streptavidin (diluted 1 : 1000, Vector Laboratories, Burlingame, CA,
USA). Biocytin-®lled cells were studied using a Leica dichromatic
mirror system (Maccaferri et al., 2000). Cells were recorded on a
cooled CCD camera, analysed and displayed using the Openlab software (Improvision, Coventry, UK). Brightness and contrast were
adjusted for the whole frame; no part of a frame was enhanced or
modi®ed in any way. The immunonegativity of a cell for a marker
could be due to damage caused by the recording, an undetectably low
level of the molecule or the genuine absence of the molecule; therefore, only the positive detection of immunoreactivity is informative
following extensive whole-cell recording. The recorded cells usually
showed signi®cantly lower immunoreactivity than nearby unrecorded
cells, suggesting that the recording decreased the somatic level of
somatostatin.
Following immunocytochemical testing, the sections were removed
from the slides, washed in PBS and processed for peroxidase-based
visualization of the recorded cells in order to evaluate the axonal and
dendritic patterns and for permanent storage. The sections were
incubated in biotinylated horseradish peroxidase (diluted 1 : 100;
Vector) before further washing and incubation in avidin-biotinylated-horseradish peroxidase complex (diluted 1 : 100; Vector). Peroxidase activity was revealed with 0.05% diaminobenzidine as
chromogen and 0.01% H2O2 as substrate.
Method speci®city was tested by replacing the primary antibodies
with 1% normal mouse serum, and for the antibody to somatostatin
by preincubating the antibody with 10 mM somatostatin (Sigma,
Poole, UK) for 5 h at room temperature before applying the mixture
to the sections. This completely prevented immunolabelling.
From the control experiments we conclude that the labelling detected
by ¯uorescence was due to the selective binding of the primary
antibody.
Immunocytochemistry for electron microscopy
Two adult (350±400 g) male Wistar rats were deeply anaesthetized
with Sagatal (pentobarbitone sodium, 100 mg/kg i.p.) and transcardially perfused with 0.9% saline followed for 20 min by a ®xative
containing 4% paraformaldehyde, 0.05% glutaraldehyde and  0.2%
picric acid in 0.1 M phosphate buffer (pH  7.4). Brains were then
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sectioned and treated as described earlier (Dalezios et al., 2002).
Brie¯y, free-¯oating sections were preincubated in 20% normal goat
serum (NGS) diluted in TBS for 2 h and then incubated for 48 h at 4 8C
in a mixture of two primary antibodies diluted in TBS 1% NGS.
Three different combinations of primary antibodies were used in which
antibodies to mGluR7a, mGluR8a or mGluR4 were coincubated with
human antibodies to GAD. Human antibodies to GAD, puri®ed from
the plasma of a patient suffering from Stiff-man syndrome (Oe et al.,
1996; Dalezios et al., 2002), were a gift from Dr K. Tanaka (Niigata
University, Japan). They were used at 1 mg/mL protein concentration.
The speci®city of polyclonal antibodies to mGluR7a (rabbit, 1 mg/
mL), mGluR7b (rabbit, 1 mg/mL) and mGluR8a (guinea pig, 1.7 mg/
mL) were reported previously (Kinoshita et al., 1998; Shigemoto et al.,
1996, 1997). Af®nity-puri®ed polyclonal antibodies to mGluR4 were
raised in rabbit against amino acid residues 834±912 of rat mGluR4
(Corti et al., 2002) and used at a ®nal protein concentration of 1 mg/
mL. Primary antibodies were followed by a mixture of goat antihuman
af®nity-puri®ed Fab0 fragment coupled to 1.4-nm gold (1 : 100; Nanoprobes Inc., Stony Brook, NY, USA) and biotinylated goat antirabbit
(1 : 100, Vector) or goat antiguinea pig IgG (1 : 100, Vector). Immunoreaction for mGluR7b did not include colabelling for GAD. For the
other three antibodies, immunolabelling for GAD was always visualized with silver-intensi®ed gold reaction and group III mGluR
immunolabelling with peroxidase reaction. Gold particles were
enhanced by silver ampli®cation for 8±12 min using the HQ Silver
kit (Nanoprobes Inc.). Subsequently, sections were incubated overnight in avidin±biotin±horseradish peroxidase complex (ABC, 1 : 100;
Vector), which was visualized with diaminobenzidine (0.5 mg/mL)
and 0.01% H2O2 as substrate. Sections were treated with 2% OsO4 and
contrasted in 1% uranyl acetate before embedding in epoxy resin
(Durcupan ACM, Fluca, Sigma-Aldrich, Gillingham, UK). Serial
electron microscopic sections (70±80 nm) were collected on pioloform-coated copper slot grids. To test for cross-reactivity of secondary
antibodies, some sections were always incubated with either none or
only one primary antibody and the full complement of secondary
antibodies. No cross-reactivity was detected, and the low level of
nonspeci®c signal allowed unequivocal localization of the respective
molecules.

Results
Identification of recorded neuron populations
In total, data were included from 52 interneurons with 59 IPSCs and 24
pyramidal cells with 28 IPSCs in the CA1 area. From these, ®ve cells
(two interneurons and three pyramidal cells) were used only to test the
stability of recordings, and 13 cells (nine interneurons, four pyramidal
cells) were used only to assess the effect of bicuculline on IPSCs. Five
of the interneurons were tested from two different stimulation sites;
therefore, data on interneurons are presented from 46 extracellular
stimulation sites. Two sites on two cells were used for testing two
different doses of L-AP4 and for each dose an independent control
IPSC was obtained; therefore, they have been treated as independent
IPSCs. Consequently, 41 interneurons with 48 IPSCs and 17 pyramidal
cells with 19 IPSCs were used to test the effects of L-AP4 and the
antagonist LY341495 (Table 1). Interneurons were selected under DIC
optics and infrared illumination on the basis of their spindle-like,
elongated cell body parallel with the hippocampal layers in stratum
oriens bordering the alveus. Their nonpyramidal nature was con®rmed
in all but the three CsCl-recorded cases by their characteristic ®ring
pattern, and in 39 cases by subsequent recovery and anatomical
analysis of the biocytin-®lled cells (Table 1). In two cases the cells
were not ®lled or the tissue was lost during processing. Immunocytochemical labelling was also used to assist the identi®cation of the
neurons. Somatostatin immunoreactivity was detected in 18 (51%) of
35 tested neurons.
In the pharmacologically tested interneuron population of 41 cells
(Table 1), 17 interneurons were characterized by the laminar pattern of
their dendritic and axonal arborizations, and an additional 22 only by
their dendritic arborization. Brie¯y, O-LM cells (n  13) were de®ned
as cells having a dendritic tree largely restricted to str. oriens±alveus
and an axon mostly innervating str. lacunosum moleculare (Fig. 1). Six
O-LM cells were somatostatin-immunopositive (Fig. 3). The oriens±
bistrati®ed (O-Bi) cells (n  3) were recognized on the basis of a
dendritic tree largely restricted to str. oriens±alveus and an axonal
arborization mostly innervating str. radiatum and oriens (Fig. 2,
Maccaferri et al., 2000). Two O-Bi cells were somatostatin-immunopositive. In 22 cases the main axon of the cell was cut during the

Table 1. Identi®cation of neurons tested with L-AP4 and number of IPSCs tested with L-AP4
IPSCs
Cells
Somatostatin immunoreactivity
Cell type

Number
recorded Tested

O-LM
13
O-Bistratified
3
Horizontal, not enough axon recovered 22
Total (O-LM, O-Bi and horizontal)
38
Basket
Not recovered interneuron
Total (interneuron)

Immunonegative

300±500 mM L-AP4

Total

Depressed

Depressed

Depressed

No.

%

No.
tested No.

%

No.
tested

No.

%

No.
tested

11
3
20
34

6
2
10
18

±
±
±
±

5
0
9
14

50
±
56
54

10
0
16
26

5
2
7
14

71
±
78
74

7
3
9
19

10
2
16
28

59
±
64
62

17
3
25
45

1
2

1
±

0
±

±
±

1
2

±
±

1
2

0
0

±
±

0
0

1
2

±
±

1
2

41

35

Somatostatin-immunopositive
Somatostatin-immunonegative
Pyramidal recovered
Pyramidal not recovered
Total (pyramidal)

Immunopositive

50 mM L-AP4

13
4
17

0
±
0

18

±

18

62

29

14

74

19

32

67

48

18
±

±
17

7
6

58
50

12
12

9
4

90
50

10
8

16
10

73
50

22
20

±
±
±

±
±
±

1
1
2

13
20
15

8
5
13

5
±
5

83
±
83

6
±
6

6
1
7

43
20
37

14
5
19



Some of the cells were tested from more than one stimulation site or for both doses of L-AP4, and the resulting IPSCs are counted separately.
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Fig. 1. Depression of IPSCs by L-AP4 in a somatostatin-immunopositive identi®ed O-LM cell (N2551) of the hippocampus (age, P14). (A) Reconstruction of the cell
showing a dendritic arbor restricted to stratum oriens (Str. Or.) and alveus (a), and an axon innervating str. lacunosum moleculare (Str. l-m). One axon collateral
(arrow), displaying varicosities, returned to str. oriens±alveus. (B) Extracellular paired-pulse stimulation at 100 ms interpulse interval evoked inward currents, in the
presence of 100 mM D-AP-5 and 20 mM DNQX, when the recording pipette contained 130 mM KCl. In other cells such currents were completely blocked by
bicuculline; therefore, they are considered to be GABAA receptor-mediated IPSCs. The IPSCs showed paired-pulse facilitation in this cell, were depressed by L-AP4,
and the effect was washed out. Scale bar for A, 100 mm.

preparation of the slice; therefore, it could not be decided which of
them were O-LM, O-Bi or other interneurons. All these cells had a
dendritic arbor orientated parallel with the hippocampal layers; therefore, they are called here `horizontal cells' (Table 1). Most of the
dendritic arbors had the characteristics of O-LM cells in that they
were emitting numerous spines, thin ®lopodia and appendages. Of
the horizontal cells, 10 of 20 tested were somatostatin-immunopositive, supporting the notion that most of them were O-LM or O-Bi cells.

One of the identi®ed cells was a basket cell innervating str. pyramidale
and the adjacent regions.
Pyramidal cells were selected on the basis of their shape as seen in
infrared DIC microscopy. The identity of some of them was con®rmed
by light microscopy following visualization by biocytin. Of the 17
recorded cells, eight out of 12 cells tested with 50 mM of L-AP4 and six
out of six cells tested with 400 mM L-AP4 were recovered and
anatomically con®rmed to be pyramidal cells.
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Fig. 2. Depression of IPSCs by L-AP4 in a somatostatin-immunopositive identi®ed O-Bi cell (N5341, P16). (A) Reconstruction of the cell showing dendritic arbor restricted
to the str. oriens±alveus and an axon mostly terminating in str. radiatum and oriens. The cell was reconstructed from four 60-mm-thick sections which were cut slightly
tangentially to the layers, resulting in a drift of laminar boundaries from section to section; therefore, only the approximate boundaries of str. radiatum and str. pyramidale are
indicated. (B) Extracellular paired-pulse stimulation at 100-ms interpulse interval evoked IPSCs showing pronounced facilitation in this cell. Both IPSCs were depressed by
L-AP4. The depression was antagonized by LY341495 showing the involvement of mGluRs, and the effect was partially washed out. Scale bar for A, 100 mm.

Evoked IPSCs in stratum oriens interneurons and pyramidal cells
Stimulation in str. oriens evoked inward currents in interneurons
(n  41) held at 70 mV membrane potential (Figs 1 and 2). The
inward currents were mediated by GABAA receptors, as 10 mM
bicuculline (n  9 cells) either completely abolished the current
or, in one case, reduced it to <10% (data not shown). Paired-pulse

stimulation at 100 ms interpulse interval evoked IPSCs with an
average ®rst IPSC amplitude of 235.3  37.7 pA (mean  SEM,
n  48, range 24.9±1556.4 pA). Only one IPSC exceeded 1 nA.
All amplitude values below represent the ®rst of the pair of
evoked IPSCs. Paired-pulse ratios (IPSC2/IPSC1) showed wide
variation (range 0.46±1.80), but the average was close to one
(0.92  0.04).

Fig. 3. Somatostatin immunoreactivity in an identi®ed O-LM cell (P13, case N5331), which had an evoked IPSC depressed by 400 mM L-AP4 (not shown). The OLM cell (vertical arrow) displays ¯uorescence for (A) AMCA, demonstrating the presence of biocytin, and for (B) Cy3TM, demonstrating the presence of somatostatin
immunoreactivity. Another somatostatin-immunolabelled cell, which was not recorded, having a soma out of focus and proximal dendrites showing granular
labelling, is also seen (horizontal arrow). (C) For the identi®cation of the cell by its axonal arborization, biocytin was subsequently visualized with the peroxidase
reaction. Scale bar, 20 mm.
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Pyramidal cells (n  17), held at 70 mV membrane potential, were
recorded in two separate series of experiments with two different
pipette solutions. In the ®rst series, using KCl as the main solute, the
average amplitude of evoked IPSCs was 151.1  28.6 pA (n  13
stimulation sites for 12 cells, range 38.9±323.1 pA). Paired-pulse
stimulation at 100 ms interpulse interval evoked IPSCs showing a
signi®cant (P < 0.005, Wilcoxon test) paired-pulse depression (IPSC2/
IPSC1, 0.77  0.02; range 0.61±0.89, n  13). In the second series of
recordings, using CsCl as the main solute and QX314 to block some
voltage-sensitive channels, signi®cantly larger IPSCs were evoked, but
only one IPSC exceeded 1.5 nA. The average amplitude of IPSCs was
1126.2  329.1 pA (n  5; range, 257.1±2157.0 pA) and a paired-pulse
depression (IPSC2/IPSC1, 0.78  0.04; P < 0.05, range 0.68±0.90)
similar to that found in the ®rst series was observed.
Effect of L-AP4 on IPSCs recorded in interneurons
Bath-applied L-AP4, a selective group III mGluR agonist, at a concentration of 50 mM depressed IPSCs to 68  6% (n  29, P < 0.001)
of control (Figs 1B, 4 and 5). The depression of IPSCs in interneurons
was highly variable. Interneurons receive GABAergic input from
several sources, and this input in some cases is highly speci®c for a
given cell type (Freund & Buzsaki, 1996). It is possible that the
variability in the response is a result of stimulating different types of
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presynaptic GABAergic axons, some of which may not contain
mGluRs, or may differ in the expression of mGluR subtypes. A
statistical comparison of the population of control IPSCs with IPSCs
in the presence of L-AP4 showed that, at a signi®cance level of
P < 0.05 (Mann±Whitney U-test, Table 1), evoked IPSCs were
depressed in 18 of 29 cases (62%) to an average of 51  6% of control
(range, 12±87%, P < 0.001).
The agonist L-AP4 was also tested at higher doses, because it has
been reported that at human group III mGluRs expressed in a heterologous system, L-AP4 is highly potent at mGluR4 and mGluR8
subtypes with an EC50 of <1 mM, whereas the EC50 at mGluR7 is
175 mM (Wu et al., 1998). At a concentration of 300 mM of L-AP4,
IPSCs were signi®cantly reduced in three of four interneurons; at a
concentration of 400 mM IPSCs were signi®cantly reduced in 11 of 14
interneurons, and at a concentration of 500 mM the IPSC was signi®cantly reduced in one tested interneuron. The higher doses of LAP4 depressed the IPSCs to 70  6% (n  19) of control (Fig. 5). The
depression of IPSCs in interneurons was as variable as at the lower
dose (Fig. 5). Evoked IPSCs were signi®cantly depressed in 14 cells to
62  7% of control (P < 0.001, range 9±87%). Overall, the proportion
of IPSCs (74%) depressed by 300±500 mM L-AP4 was not signi®cantly
higher (P > 0.1, x2 test) than the proportion (62%) obtained with
50 mM of the agonist. The mean depression of IPSCs elicited by the low

Fig. 4. Time course of the depression of IPSCs in an interneuron by L-AP4 (P15, case N3661). Only the soma and dendrites were recovered following histological
processing and the cell was classi®ed as a horizontal cell. (A) The amplitude of individual IPSCs, evoked at 0.1 Hz, is shown and demonstrates a strong depression by
L-AP4, which is antagonized by the mGluR antagonist LY341495 in a dose-dependent manner. Upon discontinuing LY341495, the depressive effect of L-AP4
returned. Washing out L-AP4 led to the restoration of IPSCs to predrug level. (B) Average traces of the last 30 IPSCs before a change to 50 mM L-AP4 (Control), in
50 mM L-AP4 (middle) and 50 mM L-AP4 plus 30 mM LY341495 30 mM (bottom). (C) Average IPSC amplitudes ( SD) of the last 30 IPSCs before a change in the
drugs in each period. (D) Average paired-pulse ratios of the last 30 IPSCs before a change in the drugs in each period. Note the increased paired-pulse ratio during
suppression of the IPSC and decrease upon return of the response to control level.
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Fig. 5. Variability in the effect of low or high doses of L-AP4 on IPSCs in interneurons of stratum oriens±alveus and in pyramidal cells. (A) The effect of the drug on the ®rst IPSCs of a pair evoked by extracellular
stimulation is shown for each neuron. IPSCs were normalized to the respective control IPSCs. Above the code number of each neuron, the triangle represents the ®rst of a pair of IPSCs. Statistically signi®cant
depression is shown by open triangles. The cells are grouped as O-LM, O-Bi, basket (B), horizontal (the axon not recovered), pyramidal (P), or unidenti®ed (U). (B) The histograms show the distribution of the degree of
depression of the IPSCs by L-AP4. In interneurons, about the same proportion of IPSCs were affected (open columns) by either the low or the high dose of L-AP4. However, in pyramidal cells a high dose of L-AP4
depressed most IPSCs, whereas the low dose affected relatively few.

Depression of IPSCs by group III mGluRs
and high doses of L-AP4 was also not different (P > 0.1, Mann±
Whitney U-test).
We also applied 50 mM L-AP4 twice with an interval of 40  9 min
(range 35±50 min, n  3) to test whether the ®rst application of the
drug produced desensitization. Clearly, this was not the case because
both the ®rst and second applications of L-AP4 reduced signi®cantly
(P < 0.05, Mann±Whitney test) the IPSCs in all three cells tested, to
40  24% (®rst application, range 12±57%) and 59  11% (second
application, range 47±68%) of the control value.
There was no signi®cant difference (x2 test, P > 0.05) in the
proportion of IPSCs depressed by the low or high doses of L-AP4
amongst interneurons. In the most frequent cell type, the O-LM cell,
there appeared to be a higher probability of depression of IPSCs by the
higher doses of L-AP4 than by the 50 mM concentration (71 vs. 50%),
but this difference did not reach statistical signi®cance. Similarly, the
proportion of IPSCs depressed (90%) by 300±500 mM L-AP4 in
somatostatin-positive cells was not signi®cantly higher (x2 test,
P > 0.1) than that in somatostatin-immunonegative cells (50%). At
50 mM L-AP4 concentration, signi®cant depression of IPSCs was
observed in a basket cell.
Effect of L-AP4 on IPSCs recorded in pyramidal cells
In contrast to the results obtained in interneurons, in the majority of the
pyramidal cells tested 50 mM L-AP4 did not reduce IPSCs (96  4% of
control, n  13; Fig. 5). L-AP4 (50 mM) depressed only two out of 13
IPSCs (15%) to 78 and 83%, respectively, and enhanced one by 30%
(cf. Evans et al., 2000). In contrast, evoked IPSCs were signi®cantly
depressed in ®ve out of six cases by 400 mM L-AP4 to a mean of
67  4% (n  6) of control. The degree of depression and the frequency
of depressed IPSCs were signi®cantly higher than that caused by
50 mM L-AP4 (for both, P < 0.01; Mann±Whitney U and x2 tests,
respectively). Paired-pulse depression at 100 ms interpulse interval
was not signi®cantly reduced in pyramidal cells by 400 mM L-AP4
(IPSC2/IPSC1, before 0.84  0.07, after 0.96  0.09; 114  11%,
n  6).
The average depression of IPSCs caused by 50 mM L-AP4 (P < 0.05,
Mann±Whitney U-test) and the frequency of a signi®cant depression
was higher (P < 0.01, x2 test) in interneurons than in pyramidal cells.
There was no difference between interneurons and pyramidal cells in
the frequency (P > 0.5) or the average degree (P > 0.1) of depression
of IPSCs by 300±500 mM L-AP4.
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compound acts presynaptically by affecting transmitter release it
modulates the paired-pulse ratio, whereas a postsynaptic action produces a similar change in both the ®rst and second responses to a pair
of stimuli (Manabe et al., 1993). Paired-pulse ratio (IPSC2/IPSC1) was
increased by 50 mM L-AP4 from 0.90  0.05 to 1.10  0.08 (n  29,
Wilcoxon test, P < 0.05) but no signi®cant change was caused by 300±
500 mM L-AP4 (from 0.96  0.05 to 1.05  0.10, n  19) for the
overall population of IPSCs in interneurons (Fig. 6). However, there
was a signi®cant increase in PPR of those IPSCs that showed signi®cant depression of the IPSC by 50 mM (46  17%, from 0.92  0.07
to 1.24  0.11, n  18, P < 0.05), and also by 300±500 mM L-AP4
(15  6%, from 0.94  0.07 to 1.10  0.13, n  14, P < 0.05). The
paired-pulse ratio of the IPSCs that were not depressed did not change
signi®cantly (Fig. 6)
Second, we plotted CV 2 against the mean amplitude of IPSCs
signi®cantly depressed by L-AP4 (n  16), both normalized to the
individual control IPSC. In all but one case CV 2 decreased together
with the IPSC amplitudes (Fig. 7). The points representing each IPSC
fell close to the line of unitary slope, with the majority of shifts having
slopes close to 1, hence indicating a presynaptic action of the drug. The
group average for the effect of 50 mM L-AP4 on the ®rst IPSC of a pair
resulted in a slope of 1.47  0.27 (n  16) and the group average for the
effect of 300±500 mM L-AP4 was 1.22  0.37 (n  14). The same trend
was caused by 400 mM L-AP4 for the IPSCs in six pyramidal cells,
with a mean slope of 0.75  0.95, which was not signi®cantly different
from 1 (P > 0.5, one-sample sign test, Fig. 7). Overall, the analysis
indicated a presynaptic effect of L-AP4.
Next, to establish the location of group III mGluRs directly in the
synapses tested above by physiological methods, we carried out an

The effect of the mGluR antagonist LY341495
The mGluR antagonist LY341495 (10±30 mM; Kingston et al., 1998)
reduced L-AP4-evoked depression of IPSCs in a dose-dependent
manner (Figs 2 and 4). Following the depression of IPSCs by
50 mM L-AP4±33  1% of control (n  4 interneurons), the application
of 30 mM LY341495, in the continuing presence of L-AP4, returned
IPSCs to 97  1% of control. Likewise, LY341495 at 30 mM either
completely (to 114%) or partially (to 75%) restored the IPSCs previously reduced by 400 mM L-AP4 (n  2). In both cases the sensitivity
of the IPSC to L-AP4 was recon®rmed following the washout of
LY341495. None of the IPSCs tested in four interneurons was changed
signi®cantly by 30 mM LY341495 alone (96  4% of control; n  4),
ruling out the possibility that a tonic activation of mGluRs affected
IPSCs in interneurons. There was no change in the paired-pulse ratio
either.
L-AP4 depressed IPSCs, probably through a presynaptic
mechanism
Next we investigated the site of action of mGluRs activated by L-AP4.
First, we analysed the change in PPR relative to control conditions. If a

Fig. 6. Normalized data showing the effect of low and high doses of L-AP4
on IPSCs and paired-pulse ratios (PPR) in interneurons. The ®rst column
(open) in each case shows the mean ( SEM) depression of IPSCs in all
interneurons; the second column (®lled) shows the mean depression of those
IPSCs which individually showed a signi®cant depression, and the third
column (stippled) shows the mean of those IPSCs which individually were
not signi®cantly affected by L-AP4. The low and high doses of L-AP4
affected IPSCs similarly. Numbers above the columns indicate the number of
IPSCs. P < 0.05 vs. 1.0.
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Fig. 7. Effect of L-AP4 on the relationship between mean IPSC amplitude and CV 2 (inverse square of the coef®cient of variation) of the ®rst IPSC of a pair evoked
by extracellular stimulation. All points show averages of 30 IPSCs normalized to the control IPSC. In most cases, L-AP4 caused a reduction in CV 2 along with a
depression of the IPSC. Most points fall close to the line of unitary slope (dotted), consistent with a decrease in the amount of transmitter released.

electron microscopic immunocytochemical double-labelling analysis
for glutamic acid decarboxylase (GAD), the enzyme responsible for
the synthesis of GABA, and group III mGluRs (Fig. 8). The presence of
mGluR7a in some hippocampal GABAergic terminals has been established in a recent study (Somogyi et al., 2003), and we compared its
location to the location of mGluR4 and mGluR8a. In order to
differentiate the immunoreactivity for mGluRs and GAD in the same

sections, GAD was demonstrated with the silver-intensi®ed immunogold reaction, producing electron-opaque particles as a signal, whereas
mGluRs were demonstrated with an immunoperoxidase reaction giving a homogeneous electron-opaque deposit. Being an enzyme-based
reaction the immunoperoxidase reaction is more sensitive than the
immunogold reaction; therefore it was used for the visualization of the
receptors. Immunoreactivity for mGluR4, mGluR7a and mGluR8a

Fig. 8. Electron microscopic demonstration of immunoreactivity for group III mGluRs in the presynaptic active zones of GABAergic and non-GABAergic synaptic
terminals innervating interneuron dendritic shafts (d) in str. oriens. Immunoreactivity for GAD is demonstrated by silver-intensi®ed immunogold reaction (particles);
mGluRs are demonstrated by immunoperoxidase product, a homogeneous electron-opaque deposit in the active zone. The GAD-immunopositive boutons form type II
synapses (arrows), whereas the GAD-immunonegative boutons form type I synapses (arrowheads), except the one in A, which forms a type II synapse. (A) A GADimmunopositive (top) and a GAD-immunonegative (right) bouton forming synapses (arrows) with a GAD-immunopositive dendrite are both immunoreactive for
mGluR4. A bouton (b) forming synapses with two spines (s) is immunonegative. (B) A GAD-immunopositive (top) and two GAD-immunonegative (left and bottom)
boutons forming synapses with a GAD-immunopositive dendrite are immunoreactive for mGluR7a. (C) A GAD-immunopositive (top) and a GAD-immunonegative
(bottom) bouton forming synapses with a dendrite are seen. Only the GAD-positive bouton is immunoreactive for mGluR8a. Scale bar, 0.2 mm (A±C).
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was selectively located in the presynaptic active zone of both GADimmunopositive and -immunonegative boutons (Fig. 8). Terminals
immunopositive for GAD formed type II (frequently called symmetrical) synapses, whereas the vast majority of GAD-immunonegative
boutons formed type I (frequently called asymmetrical) synapses.
MgluR7b was also present in boutons forming either type I or type
II synapses; it has not been tested together with GAD (data not shown).
The postsynaptic targets of mGluR4-, mGluR7b- and mGluR8a-positive boutons were dendritic shafts; mGluR7a-positive boutons innervated both dendritic shafts and dendritic spines. The vast majority of
dendritic shafts could be identi®ed as originating from interneurons,
because they were either immunopositive for GAD (Fig. 8A and B) or
they received type I synapses (Fig. 8C) which are not present on the
dendritic shafts of pyramidal cells (Megias et al., 2001). Interestingly,
if a dendritic shaft received a group III mGluR-immunopositive
synapse, usually most of the other synapses were also immunopositive
on that particular dendrite whereas on neighbouring dendrites they
were immunonegative, as reported previously for these three mGluRs
(Shigemoto et al., 1996, 1997; Corti et al., 2002; Dalezios et al., 2002;
Somogyi et al., 2003). However, some of the GAD-positive terminals
making synapses on dendrites receiving innervation from group III
mGluR-enriched terminals were mGluR-immunonegative. Although
false-negative reaction due to the lack of antibody penetration into the
tissue cannot be excluded with this method, the consistent presence of
mGluR-negative and GAD-positive boutons in well-reacting areas of
the section suggests a heterogeneous expression of group III mGluRs
in GABAergic boutons innervating interneurons. The overlap in the
postsynaptic cell populations innervated by the three mGluRs could
not be established in the current study. No group III mGluR immunoreactivity could be detected in synapses on pyramidal cell somata,
proximal dendrites or axon initial segments.

Discussion
The comparison of the effect of a group III mGluR agonist, L-AP4
(50 mM), on GABAA receptor-mediated synaptic transmission in identi®ed stratum oriens GABAergic interneurons and pyramidal cells has
revealed a depression of IPSCs in interneurons, but only occasional and
small effects in pyramidal cells. A higher concentration of L-AP4,
however, also depressed IPSCs in pyramidal cells, as reported earlier
(Morishita et al., 1998). The degree of depression of IPSCs in interneurons was highly variable, and the increase in paired-pulse ratio under
the in¯uence of L-AP4 suggested a presynaptic action of the drug. This
was further supported by variance analysis of the response, which
showed a proportional decrease in the mean amplitude and CV 2, as
also shown previously for str. radiatum interneurons (Semyanov &
Kullmann, 2000). Direct evidence for the presynaptic location of
mGluR4, mGluR7a and mGluR8a in GABAergic terminals on str.
oriens interneurons was obtained by electron microscopic immunocytochemistry. However, these results do not exclude an additional postsynaptic effect of L-AP4, and further work on miniature IPSCs
(mIPSCs) is required to clarify the mechanism of presynaptic depression. These observations demonstrate that GABAergic inputs to different cell types in the same brain area may express different presynaptic
receptors, as found here for pyramidal cells and interneurons.
Differential distribution and effect of presynaptic mGluRs in
hippocampus
Cells expressing somatostatin and a high density of mGluR1a receive
synaptic input which is highly enriched in presynaptic mGluR7a as
compared to that of pyramidal cells (Shigemoto et al., 1996). A similar
interneuron target-speci®c enrichment was also found in glutamatergic
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terminals for mGluR4 and mGluR8 (Shigemoto et al., 1997; Corti
et al., 2002). Both mGluR7 splice variants and, less frequently, the
other group III mGluRs, mGluR4 and mGluR8a, were found in the
presynaptic active zone of type 2 synapses (Shigemoto et al., 1997;
Corti et al., 2002; Dalezios et al., 2002; Somogyi et al., 2003), most of
which are GABAergic in the hippocampus. Here we have demonstrated that in the CA1 area some GABAergic terminals contain high
levels of at least one of the three group III mGluRs known to be present
in the hippocampus; therefore, these receptors are candidates for
mediating the depression of IPSCs in interneurons. The antibodies
to mGluR4, mGluR8 and two of the splice variants of mGluR7 did not
reveal receptor immunoreactivity in the proximal GABAergic input to
pyramidal cells, but high doses of L-AP4, which are known to activate
mGluR7, depressed IPSCs. It is possible that other splice variants of
mGluR7 reported recently (Schulz et al., 2002) and not recognized by
our antibodies are responsible for this effect.
The GABAergic input to interneurons as well as pyramidal cells was
differentially affected by L-AP4 as shown here in rat, and previously in
the guinea pig (Semyanov & Kullmann, 2000). However, Semyanov &
Kullmann (2000) studied unidenti®ed interneurons, at room temperature, in stratum radiatum, whereas we have investigated identi®ed
types of interneuron at 32±35 8C in stratum oriens. Despite differences
in the species, temperature and populations of interneurons, the two
studies are in general agreement. Similarly to stratum oriens, stratum
radiatum also contains a heterogeneous population of interneurons
(Freund & Buzsaki, 1996).
Variability of L-AP4-mediated depression of IPSCs, diversity of
cell types and sources of GABAergic terminals
The variability of IPSC depression may be due to heterogeneity of
postsynaptic cells or presynaptic inputs differing in presynaptic receptors. Interneuron populations can be subdivided into broad groups
using molecular markers, but can only be identi®ed on the basis of their
postsynaptic targets as re¯ected in their axonal pattern (Somogyi et al.,
1998). The somatostatin-expressing cells in stratum oriens include the
O-LM and O-Bi cells (Maccaferri et al., 2000) and the hippocamposeptal projection neuron (Gulyas et al., 2003). We had a reasonably
large sample of axonally identi®ed O-LM cells showing high variability in the effect of L-AP4 on IPSCs between individual cells, which
did not appear to differ from the IPSCs in other less frequently
encountered cell types. Many of the cells without axonal recovery
were probably also O-LM cells, because they showed very similar
dendritic trees to identi®ed O-LM cells. Therefore, diversity of interneuron types in the sample is probably not the major contributor to the
variability of the effect of L-AP4.
Each type of neuron is likely to be innervated by multiple, functionally distinct GABAergic cells (Freund & Buzsaki, 1996; Hajos &
Mody, 1997; Maccaferri et al., 2000), which may differ in presynaptic
mGluR expression. This is well documented for pyramidal cells
(Gulyas et al., 1993; Buhl et al., 1994; Freund & Buzsaki, 1996;
Vida et al., 1998), but it is less clear for many interneuron types. The
most frequent cell in our sample, the O-LM cell, is densely innervated
by a speci®c class of GABAergic cell, called the IS-III (interneuronspeci®c type III) cell, expressing vasoactive intestinal polypeptide
(Blasco-Ibanez & Freund, 1995; Acsady et al., 1996). The septohippocampal GABAergic projection also innervates somatostatinpositive cells (Gulyas et al., 1990). Furthermore, O-LM cells also
innervate each other (N. Kogo & P. Somogyi, unpublished observation). Therefore, GABAergic innervation of O-LM cells originates
from at least three sources. Some of these different presynaptic
GABAergic neurons may either lack or express distinct subtypes of
presynaptic group III mGluRs. Other factors, such as the variation of
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presynaptic receptor level in individual terminals, or the state of
activation or desensitization of receptors by endogenous agonists in
the control condition (Awatramani & Slaughter, 2001), may have also
contributed to the variability in L-AP4 effect.
Identity of group III mGluR(s) mediating the effect of L-AP4
Our results show that three presynaptic group III mGluRs are present in
GABAergic terminals, and the results do not exclude their coexistence
in the same terminal. Although the effective concentration of L-AP4
on mGluR7a in situ at the synapses is not known, at human mGluRs
expressed in a mammalian cell line, the EC50s of L-AP4, for the
inhibition of forskolin-stimulated cAMP production, were 0.32, 175
and 0.061 mM for mGluR4, 7 and 8, respectively (Wu et al., 1998). If
these values were applicable to presynaptic mGluRs, the involvement
of subtypes other then mGluR7 would be expected from the depression
obtained by 50 mM L-AP4. A similar conclusion was reached for the
mGluR-mediated depression of IPSCs to stratum radiatum interneurons on the basis of both agonist concentration dependence and the
blocking of the response by a-methylserine-O-phosphate (Semyanov
& Kullmann, 2000), an antagonist that was described as ineffective on
mGluR7. In our study, increasing the dose of L-AP4 to a level expected
to activate mGluR7 did not signi®cantly enhance the effect in interneurons. Therefore, either a maximal activation of the effector
mechanism is already achieved by the low dose of L-AP4 having
high ef®cacy on another receptor, or the potency of L-AP4 is higher on
synaptic mGluR7 than in expression systems. Unfortunately, there are
no agonists or antagonists selective to mGluR7, which has the lowest
af®nity among the group III mGluR subtypes not only to L-AP4 but
also to glutamate (Wu et al., 1998; Cartmell & Schoepp, 2000). The
reduction in the increase of PPR at the high doses of L-AP4, as
compared to 50 mM, could be due to an additional postsynaptic effect,
although no consistent postsynaptic immunolabelling was seen with
the speci®c antibodies and method used here, in agreement with
previous studies (Shigemoto et al., 1997; Corti et al., 2002; Somogyi
et al., 2003).
In pyramidal cells IPSCs were depressed only by a high dose of LAP4, but not by a low dose, suggesting the involvement of mGluR7.
Immunoreactivity for mGluR7a or mGluR7b has not been found on
GABAergic terminals innervating the somatic region of pyramidal
cells in the present study. Therefore, the identity of the receptor
involved in the depression of evoked IPSCs in pyramidal cells remains
to be established. All in all, the results indicate that receptor subtypes
other than mGluR7 contribute to the depression of IPSCs in interneurons, but the involvement of mGluR7 is not excluded.
Functional roles of presynaptic mGluRs
The functional roles of presynaptic mGluRs on the GABAergic
terminals depend on the source of the endogenous agonist for their
activation. It is possible, but at present least likely, that an agonist, such
as L-serine-O-phosphate, which is present in the brain at high levels, is
released by the GABAergic terminals and acts as a feedback modulator
through autoreceptors. Glutamate is unlikely to be released by most
GABAergic terminals, because they contain a low level of this amino
acid (Somogyi et al., 1986), which serves as a precursor for GABA
synthesis by GAD. However, in rare cases, both GABA and glutamate
might be stored (Sandler & Smith, 1991; Somogyi, 2002) and released
(Walker et al., 2001) by the same nerve terminals. In other synapses,
there is evidence for two other possible mechanisms of receptor
activation: (i) glutamate, released from nearby excitatory terminals,
may diffuse through the extracellular space (Vizi & Kiss, 1998) and
reach high enough concentration to activate presynaptic mGluRs
(spillover; Mitchell & Silver, 2000; Semyanov & Kullmann, 2000);

(ii) postsynaptic dendrites may release glutamate or other transmitters
speci®cally to the presynaptic terminals (Zilberter, 2000).
The depolarization-induced suppression of inhibition in the hippocampus can also be enhanced by the activation of postsynaptically
located group I mGluRs, leading to the suppression of presynaptic
transmitter release via the retrograde activation of CB1 cannabinoid
receptors on GABAergic terminals (Daniel & Crepel, 2001; Maejima
et al., 2001; Ohno-Shosaku et al., 2002; Yoshida et al., 2002). Group III
mGluRs do not seem to be involved in this effect. In contrast, long-term
depression of excitatory input to some stratum radiatum interneurons in
the CA3 region requires postsynaptic Ca2 in¯ux through Ca2-permeable AMPA receptors as well as activation of a presynaptic group III
mGluR with properties similar to mGluR7 (Laezza et al., 1999).
The selectively high level of presynaptic mGluR7 on the mGluR1a±
somatostatin-expressing hippocampal interneurons suggests that these
cells govern presynaptic receptor level via a retrograde signal in most
of their synaptic input irrespective of the transmitter mechanism, i.e.
the target cell-speci®c rather than origin-speci®c property of synapses.
These cells show strong excitatory postsynaptic potential (EPSP)
frequency facilitation in both the hippocampus and the isocortex
(Ali & Thomson, 1998; Reyes et al., 1998; Losonczy et al., 2002,
2003). Intraterminal calcium dynamics play a key role in this frequency facilitation (Rozov et al., 2001), and group III mGluR activation can depress the calcium current in terminals at the calyx of Held
(Takahashi et al., 1996). We found that most IPSCs on the hippocampal cells lack paired-pulse depression, as it has been found also in
the isocortex (Reyes et al., 1998). Similarly to other synapses (Scanziani et al., 1998; Semyanov & Kullmann, 2000), the activation of
group III mGluRs increased paired-pulse facilitation of IPSCs. This
suggests a possible role for presynaptic mGluRs, i.e. modifying the
pattern of frequency response of postsynaptic potentials depending on
the rate of presynaptic activity and the resulting extracellular glutamate level (Awatramani & Slaughter, 2001; Losonczy et al., 2003).
However, if such a mechanism were operating at GABAergic synapses
it may require speci®c conditions, because in our preparation the
application of an mGluR antagonist alone did not cause any modi®cation of the synaptic response. It is possible that the differences in the
af®nities of group III mGluR subtypes to glutamate support distinct
roles when they coexist in the same synapses (Wada et al., 1998). Some
may act as extracellular glutamate sensors, and other ones for the
detection of possible retrograde messengers.

Acknowledgements
We thank Dr A. Buchan (Department of Physiology, University British
Columbia, Canada) for antibodies to somatostatin, Dr K. Tanaka (Niigata
University, Faculty of Medicine, Department of Neurology, Japan) for antibodies to GAD, Dr C. Corti (GlaxoSmithKline Group) for allowing the use of
antibodies to mGluR4 and Dr B. Clark (Eli Lilly Ltd) for the supply of
LY341495. We also thank Dr Gianmaria Maccaferri for his comments on an
earlier version of the manuscript. Mr Philip Cobden, Ms A. Halsey and Mr J. D.
B. Roberts provided excellent technical assistance for this work.

Abbreviations
ACSF, arti®cial cerebrospinal ¯uid; AMCA, 7-amino-4-methylcoumarin-3acetic acid; CV, coef®cient of variation; D-AP5, D(±)-2-amino-5-phosphonopentanoic acid; DIC, differential interference contrast; DNQX, 6,7-dinitroquinoxaline-2,3-dione; GAD, glutamic acid decarboxylase; IPSC, inhibitory
postsynaptic current; L-AP4, L-()-2-amino-4-phosphonobutyric acid;
mGluR, metabotropic glutamate receptor; mGluR1a, mGluR subtype 1, `a'
splice variant; MGluR4, mGluR subtype 4; mGluR7a, mGluR subtype 7, `a'
splice variant; mGluR8, mGluR subtype 8; O-Bi, oriens±bistrati®ed; O-LM,
oriens±lacunosum moleculare; PBS, phosphate-buffered saline; Rs, series
resistance; Str., str., stratum.

ß 2004 Federation of European Neuroscience Societies, European Journal of Neuroscience, 19, 2727±2740

Depression of IPSCs by group III mGluRs

References
Acsady, L., Gorcs, T.J. & Freund, T.F. (1996) Different populations of vasoactive intestinal polypeptide-immunoreactive interneurons are specialized to
control pyramidal cells or interneurons in the hippocampus. Neuroscience,
73, 317±334.
Ali, A.B. & Thomson, A.M. (1998) Facilitating pyramid to horizontal oriensalveus interneurone inputs: dual intracellular recordings in slices of rat
hippocampus. J. Physiol. (Lond.), 507, 185±199.
Aniksztejn, L., Otani, S. & Ben-Ari, Y. (1992) Quisqualate metabotropic
receptors modulate NMDA currents and facilitate induction of long-term
potentiation through protein kinase C. Eur. J. Neurosci., 4, 500±505.
Awatramani, G.B. & Slaughter, M.M. (2001) Intensity-dependent, rapid activation of presynaptic metabotropic glutamate receptors at a central synapse. J.
Neurosci., 21, 741±749.
Bashir, Z.I., Jane, D.E., Sunter, D.C., Watkins, J.C. & Collingridge, G.L. (1993)
Metabotropic glutamate receptors contribute to the induction of long-term
depression in the CA1 region of the hippocampus. Eur. J. Pharm., 239, 265±266.
Baskys, A. & Malenka, R.C. (1991) Agonists at metabotropic glutamate
receptors presynaptically inhibit EPSCs in neonatal rat hippocampus. J.
Physiol. (Lond.), 444, 687±701.
Baude, A., Nusser, Z., Roberts, J.D.B., Mulvihill, E., McIlhinney, R.A.J. &
Somogyi, P. (1993) The metabotropic glutamate receptor (mGluR1a) is
concentrated at perisynaptic membrane of neuronal subpopulations as
detected by immunogold reaction. Neuron, 11, 771±787.
Blasco-Ibanez, J.M. & Freund, T.F. (1995) Synaptic input of horizontal interneurons in stratum oriens of the hippocampal CA1 sub®eld: structural basis
of feed-back activation. Eur. J. Neurosci., 7, 2170±2180.
Bortolotto, Z.A., Fitzjohn, S.M. & Collingridge, G.L. (1999) Roles of metabotropic glutamate receptors in LTP and LTD in the hippocampus. Current
Neurobiol., 9, 299±304.
Buhl, E.H., Halasy, K. & Somogyi, P. (1994) Diverse sources of hippocampal
unitary inhibitory postsynaptic potentials and the number of synaptic release
sites. Nature, 368, 823±828.
Carmant, L., Woodhall, G., Ouardouz, M., Robitaille, R. & Lacaille, J.-C.
(1997) Interneuron-speci®c Ca2 responses linked to metabotropic and
ionotropic glutamate receptors in rat hippocampal slices. Eur. J. Neurosci.,
9, 1625±1635.
Cartmell, J. & Schoepp, D.D. (2000) Regulation of neurotransmitter release by
metabotropic glutamate receptors. J. Neurochem., 75, 889±907.
Corti, C., Aldegheri, L., Somogyi, P. & Ferraguti, F. (2002) Distribution and
synaptic localisation of the metabotropic glutamate receptor 4 (mGluR4) in
the rodent CNS. Neuroscience, 110, 403±420.
Cossart, R., Tyzio, R., Dinocourt, C., Esclapez, M., Hirsch, J.C., Ben-Ari, Y. &
Bernard, C. (2001) Presynaptic kainate receptors that enhance the release of
GABA on CA1 hippocampal interneurons. Neuron, 29, 497±508.
Dalezios, Y., Lujan, R., Shigemoto, R., Roberts, J.D.B. & Somogyi, P. (2002)
Enrichment of mGluR7a in the presynaptic active zones of GABAergic and
non-GABAergic terminals on interneurones in the rat somatosensory cortex.
Cereb. Cortex, 12, 961±974.
Daniel, H. & Crepel, F. (2001) Control of Ca2 in¯ux by cannabinoid and
metabotropic glutamate receptors in rat cerebellar cortex requires K
channels. J. Physiol. (Lond.,), 537, 793±800.
Davies, C.H., Davies, S.N. & Collingridge, G.L. (1990) Paired-pulse depression
of monosynaptic GABA-mediated inhibitory postsynaptic responses in rat
hippocampus. J. Physiol. (Lond.), 424, 513±531.
Desai, M.A., McBain, C.J., Kauer, J.A. & Conn, P.J. (1994) Metabotropic
glutamate receptor-induced disinhibition is mediated by reduced transmission at excitatory synapses onto interneurons and inhibitory synapses onto
pyramidal cells. Neurosci. Lett., 181, 78±82.
Evans, D.I., Jones, R.S.G. & Woodhall, G. (2000) Activation of presynaptic
group III metabotropic receptors enhances glutamate release in rat entorhinal
cortex. J. Neurophysiol., 83, 2519±2525.
Ferraguti, F., Cobden, P., Pollard, M., Cope, D., Shigemoto, R., Watanabe, M. &
Somogyi, P. (2004) Immunolocalization of metabotropic glutamate receptor
1a (mGluR1a) in distinct classes of interneuron in the CA1 region of the rat
hippocampus. Hippocampus, 14, 193±215.
Freund, T.F. & Buzsaki, G. (1996) Interneurons of the hippocampus. Hippocampus., 6, 347±470.
Gereau, R.W. & Conn, P.J. (1995) Multiple presynaptic metabotropic glutamate
receptors modulate excitatory and inhibitory synaptic transmission in hippocampal area CA1. J. Neurosci., 15, 6879±6889.
Gulyas, A.I., Gorcs, T.J. & Freund, T.F. (1990) Innervation of different peptidecontaining neurons in the hippocampus by GABAergic septal afferents.
Neuroscience, 37, 31±44.

2739

Gulyas, A.I., Hajos, N., Katona, I. & Freund, T.F. (2003) Interneurons are the
local targets of hippocampal inhibitory cells which project to the medial
septum. Eur. J. Neurosci., 17, 1861±1872.
Gulyas, A.I., Miles, R., Hajos, N. & Freund, T.F. (1993) Precision and
variability in postsynaptic target selection of inhibitory cells in the hippocampal CA3 region. Eur. J. Neurosci., 5, 1729±1751.
Hajos, N. & Mody, I. (1997) Synaptic communication among hippocampal
interneurons: properties of spontaneous IPSCs in morphologically identi®ed
cells. J. Neurosci., 17, 8427±8442.
Kingston, A.E., Ornstein, P.L., Wright, R.A., Johnson, B.G., Mayne, N.G.,
Burnett, J.P., Belagaje, R., Wu, S. & Schoepp, D.D. (1998) LY341495 is a
nanomolar potent and selective antagonist of group II metabotropic glutamate receptors. Neuropharmacology, 37, 1±12.
Kinoshita, A., Shigemoto, R., Ohishi, H., van der Putten, H. & Mizuno, N.
(1998) Immunohistochemical localization of metabotropic glutamate receptors, mGluR7a and mGluR7b, in the central nervous system of the adult rat
and mouse: a light and electron microscopic study. J. Comp. Neurol., 393,
332±352.
Kogo, N., Shigemoto, R., Roberts, J.D.B. & Somogyi, P. (1999) Suppression of
GABAergic inputs to CA1 O-LM interneurons by group III metabotropic
glutamate receptors. Soc. Neurosci. Abstr., 25, 1259.
Lacaille, J.-C., Mueller, A.L., Kunkel, D.D. & Schwartzkroin, P.A. (1987) Local
circuit interactions between oriens/alveus interneurons and CA1 pyramidal
cells in hippocampal slices: electrophysiology and morphology. J. Neurosci.,
7, 1979±1993.
Laezza, F., Doherty, J.J. & Dingledine, R. (1999) Long-term depression in
hippocampal interneurons: Joint requirement for pre- and postsynaptic
events. Science, 285, 1411±1414.
Losonczy, A., Somogyi, P. & Nusser, Z. (2003) Reduction of excitatory
postsynaptic responses by persistently active metabotropic glutamate receptors in the hippocampus. J. Neurophysiol., 89, 1910±1919.
Losonczy, A., Zhang, L., Shigemoto, R., Somogyi, P. & Nusser, Z. (2002)
Cell type dependence and variability in the short-term plasticity of EPSCs
in identi®ed mouse hippocampal interneurones. J. Physiol. (Lond.), 542,
193±210.
Lujan, R., Nusser, Z., Roberts, J.D.B., Shigemoto, R. & Somogyi, P. (1996)
Perisynaptic location of metabotropic glutamate receptors mGluR1 and
mGluR5 on dendrites and dendritic spines in the rat hippocampus. Eur. J.
Neurosci., 8, 1488±1500.
Lujan, R., Roberts, J.D.B., Shigemoto, R., Ohishi, H. & Somogyi, P. (1997)
Differential plasma membrane distribution of metabotropic glutamate receptors mGluR1a, mGluR2 and mGluR5, relative to neurotransmitter release
sites. J. Chem. Neuroanat., 13, 219±241.
Maccaferri, G. & McBain, C.J. (1995) Passive propagation of LTD to stratum
oriens-alveus inhibitory neurons modulates the temporoammonic input to the
hippocampal CA1 region. Neuron, 15, 137±145.
Maccaferri, G. & McBain, C.J. (1996a) The hyperpolarization-activated current
(Ih) and its contribution to pacemaker activity in rat CA1 hippocampal
stratum oriens-alveus interneurones. J. Physiol. (Lond.), 497, 119±130.
Maccaferri, G. & McBain, C.J. (1996b) Long-term potentiation in
distinct subtypes of hippocampal nonpyramidal neurons. J. Neurosci., 16,
5334±5343.
Maccaferri, G., Roberts, J.D.B., Cottingham, C.A. & Somogyi, P. (2000)
Cell surface domain speci®c postsynaptic currents evoked by identi®ed
GABAergic neurones in rat hippocampus in vitro. J. Physiol. (Lond.),
524, 91±116.
Maejima, T., Hashimoto, K., Yoshida, T., Aiba, A. & Kano, M. (2001)
Presynaptic inhibition caused by retrograde signal from metabotropic glutamate to cannabinoid receptors. Neuron, 31, 463±475.
Manabe, T., Wyllie, D.J.A., Perkel, D.J. & Nicoll, R.A. (1993) Modulation of
synaptic transmission and long-term potentiation: effects on paired pulse
facilitation and EPSC variance in the CA1 region of the hippocampus. J.
Neurophysiol., 70, 1451±1459.
Martina, M., Vida, I. & Jonas, P. (2000) Distal initiation and active propagation
of action potentials in interneuron dendrites. Science, 287, 295±300.
Masu, M., Tanabe, Y., Tsuchida, K., Shigemoto, R. & Nakanishi, S. (1991)
Sequence and expression of a metabotropic glutamate receptor. Nature, 349,
760±765.
McBain, C.J., DiChiara, T.J. & Kauer, J.A. (1994) Activation of metabotropic
glutamate receptors differentially affects two classes of hippocampal interneurons and potentiates excitatory synaptic transmission. J. Neurosci., 14,
4433±4445.
Megias, M., Emri, Z., Freund, T.F. & Gulyas, A.I. (2001) Total number and
distribution of inhibitory and excitatory synapses on hippocampal CA1
pyramidal cells. Neuroscience, 102, 527±540.

ß 2004 Federation of European Neuroscience Societies, European Journal of Neuroscience, 19, 2727±2740

2740 N. Kogo et al.
Mitchell, S.J. & Silver, R.A. (2000) Glutamate spillover suppresses inhibition
by activating presynaptic mGluRs. Nature, 404, 498±501.
Morishita, W. & Alger, B.E. (2000) Differential effects of the group II mGluR
agonist, DCG-IV, on depolarization-induced suppression of inhibition in
hippocampal CA1 and CA3 neurons. Hippocampus, 10, 261±268.
Morishita, W., Kirov, S.A. & Alger, B.E. (1998) Evidence for metabotropic
glutamate receptor activation in the induction of depolarization-induced
suppression of inhibition in hippocampal CA1. J. Neurosci., 18, 4870±4882.
Oe, H., Miyashita, K., Tanaka, K., Naritomi, H., Kinugawa, H. & Sawada, T.
(1996) A case of progressive continuous muscular rigidity and painless and
rhythmic muscle spasm associated with autoantibody against glutamic acid
decarboxylase. Rinsho Shinkeigaku, 36, 1166±1171.
Ohishi, H., Akazawa, C., Shigemoto, R., Nakanishi, S. & Mizuno, N. (1995)
Distributions of the mRNAs for L-2-amino-4-phosphonobutyrate-sensitive
metabotropic glutamate receptors, mGluR4 and mGluR7, in the rat brain. J.
Comp. Neurol., 360, 555±570.
Ohishi, H., Ogawa-Meguro, R., Shigemoto, R., Kaneko, T., Nakanishi, S. &
Mizuno, N. (1994) Immunohistochemical localization of metabotropic glutamate receptors, mGluR2 and mGluR3, in rat cerebellar cortex. Neuron, 13,
55±66.
Ohno-Shosaku, T., Shosaku, J., Tsubokawa, H. & Kano, M. (2002) Cooperative
endocannabinoid production by neuronal depolarization and group I metabotropic glutamate receptor activation. Eur. J. Neurosci., 15, 953±961.
Otani, S., Ben-Ari, Y. & Roisin-Lallemand, M.-P. (1993) Metabotropic receptor
stimulation coupled to weak tetanus leads to long-term potentiation and a
rapid elevation of cytosolic protein kinase C activity. Brain Res., 613, 1±9.
Ouardouz, M. & Lacaille, J.-C. (1995) Mechanisms of selective long-term
potentiation of excitatory synapses in stratum oriens/alveus interneurons of
rat hippocampal slices. J. Neurophysiol., 73, 810±819.
van den Pol, A.N., Gao, X.B., Patrylo, P.R., Ghosh, P.K. & Obrientan, K. (1998)
Glutamate inhibits GABA excitatory activity in developing neurons. J.
Neurosci., 18, 10749±10761.
Pollard, M., Kogo, N., Roberts, J.D.B., Ferraguti, F. & Somogyi, P. (2000) Cell
types expressing somatostatin and/or mGluR1a in the rat hippocampal CA1
area. Soc. Neurosci. Abstr., 26, 1136.
Poncer, J.C., Mckinney, R.A., GaÈhwiler, B.H. & Thompson, S.M. (2000)
Differential control of GABA release at synapses from distinct interneurons
in rat hippocampus. J. Physiol. (Lond.), 528, 123±130.
Poncer, J.-C., Shinozaki, H. & Miles, R. (1995) Dual modulation of synapic
inhibition by distinct metabotropic glutamate receptors in the rat hippocampus. J. Physiol. (Lond.), 485, 121±134.
Reyes, A., Lujan, R., Rozov, A., Burnashev, N., Somogyi, P. & Sakmann, B.
(1998) Target-cell-speci®c facilitation and depression in neocortical circuits.
Nature Neurosci., 1, 279±285.
Rozov, A., Burnashev, N., Sakmann, B. & Neher, E. (2001) Transmitter release
modulation by intracellular Ca2 buffers in facilitating and depressing nerve
terminals of pyramidal cells in layer 2/3 of the rat neocortex indicates a target
cell-speci®c difference in presynaptic calcium dynamics. J. Physiol. (Lond.),
531, 807±826.
Salt, T.E. & Eaton, S.A. (1995) Distinct presynaptic metabotropic receptors for
L-AP4 and CCG1 on GABAergic terminals: pharmacological evidence using
novel alpha-methyl derivative mGluR antagonists, MAP4 and MCCG, in the
rat thalamus in vivo. Neuroscience, 65, 5±13.
Sandler, R. & Smith, A.D. (1991) Coexistence of GABA and glutamate in
mossy ®ber terminals of the primate hippocampus: an ultrastructural study. J.
Comp. Neurol., 303, 177±192.
Scanziani, M., GaÈhwiler, B.H. & Charpak, S. (1998) Target cell-speci®c
modulation of transmitter release at terminals from a single axon. Proc.
Natl. Acad. Sci. USA, 95, 12004±12009.
Schaffhauser, H., Kno¯ach, F., Pink, J.-R., Bleuel, Z., Cartmell, J., Goepfert, F.,
Kemp, J.-A., Richards, J.-G., Adam, G. & Mutel, V. (1998) Multiple pathways for regulation of the KCI-induced [3H]-GABA release by metabotropic
glutamate receptors, in primary rat cortical cultures. Brain Res., 782, 91±104.
Schrader, L.A. & Tasker, J.G. (1997) Presynaptic modulation by metabotropic
glutamate receptors of excitatory and inhibitory synaptic inputs to hypothalamic magnocellular neurons. J. Neurophysiol., 77, 527±536.
Schulz, H.L., Stohr, H. & Weber, B.H.F. (2002) Characterization of three novel
isoforms of the metabotrobic glutamate receptor 7 (GRM7). Neurosci. Lett.,
326, 37±40.
Semyanov, A. & Kullmann, D.M. (2000) Modulation of GABAergic signaling
among interneurons by metabotropic glutamate receptors. Neuron, 25, 663±672.
Shigemoto, R., Kinoshita, A., Wada, E., Nomura, S., Ohishi, H., Takada, M.,
Flor, P.J., Neki, A., Abe, T., Nakanishi, S. & Mizuno, N. (1997) Differential
presynaptic localization of metabotropic glutamate receptor subtypes in the
rat hippocampus. J. Neurosci., 17, 7503±7522.

Shigemoto, R., Kulik, A., Roberts, J.D.B., Ohishi, H., Nusser, Z., Kaneko, T. &
Somogyi, P. (1996) Target-cell-speci®c concentration of a metabotropic
glutamate receptor in the presynaptic active zone. Nature, 381, 523±525.
Shigemoto, R., Nakanishi, S. & Mizuno, N. (1992) Distribution of the mRNA
for a metabotropic glutamate receptor (mGluR1) in the central nervous
system: An in situ hybridization study in adult and developing rat. J. Comp.
Neurol., 322, 121±135.
Sik, A., Penttonen, M., Ylinen, A. & Buzsaki, G. (1995) Hippocampal CA1
interneurons: an in vivo intracellular labeling study. J. Neurosci., 15, 6651±
6665.
Somogyi, J. (2002) Differences in ratios of GABA, glycine and glutamate
immunoreactivities in nerve terminals on rat hindlimb motoneurons: a
possible source of post-synaptic variability. Brain Res. Bull., 59, 151±161.
Somogyi, P., Dalezios, Y., LujaÂn, R., Roberts, J.D.B., Watanabe, M. &
Shigemoto, R. (2003) High level of mGluR7 in the presynaptic active zones
of select populations of GABAergic terminals innervating interneurons in the
rat hippocampus. Eur. J. Neurosci., 17, 1±18.
Somogyi, P., Ganter, P., Kogo, N., Maccaferri, G.M., Paspalas, C., Paulsen, O.,
Roberts, J.D.B., Shigemoto, R. & Szucs, P. (1999) Compartmentalization and
properties of synapses and receptors in a feedback circuit of the cerebral
cortex. J. Physiol. (Lond.), 518P, 22S.
Somogyi, P., Halasy, K., Somogyi, J., Storm-Mathisen, J. & Ottersen, O.P.
(1986) Quanti®cation of immunogold labelling reveals enrichment of glutamate in mossy and parallel ®bre terminals in cat cerebellum. Neuroscience,
19, 1045±1050.
Somogyi, P., Tamas, G., Lujan, R. & Buhl, E.H. (1998) Salient features of
synaptic organisation in the cerebral cortex. Brain Res. Rev., 26, 113±135.
Takahashi, T., Forsythe, I.D., Tsujimoto, T., Barnes-Davies, M. & Onodera, K.
(1996) Presynaptic calcium current modulation by a metabotropic glutamate
receptor. Science, 274, 594±597.
Tanabe, Y., Masu, M., Ishii, T., Shigemoto, R. & Nakanishi, S. (1992) A family
of metabotropic glutamate receptors. Neuron, 8, 169±180.
Tanabe, Y., Nomura, A., Masu, M., Shigemoto, R., Mizuno, N. & Nakanishi, S.
(1993) Signal transduction, pharmacological properties, and expression
patterns of two rat metabotropic glutamate receptors, mGluR3 and mGluR4.
J. Neurosci., 13, 1372±1378.
Vida, I., Halasy, K., Szinyei, C., Somogyi, P. & Buhl, E.H. (1998) Unitary IPSPs
evoked by interneurons at the stratum radiatum-stratum lacunosum-moleculare border in the CA1 area of the rat hippocampus in vitro. J. Physiol.
(Lond.), 506, 755±773.
Vignes, M., Clarke, V.R.J., Davies, C.H., Chambers, A., Jane, D.E., Watkins,
J.C. & Collingridge, G.L. (1995) Pharmacological evidence for an involvement of group II and group III mGluRs in the presynaptic regulation of
excitatory synaptic responses in the CA1 region of rat hippocampal slices.
Neuropharmacology, 34, 973±982.
Vincent, S.R., McIntosh, C.H.S., Buchan, A.M.J. & Brown, J.C. (1985) Central
somatostatin systems revealed with monoclonal antibodies. J. Comp. Neurol.,
238, 169±186.
Vizi, E.S. (1979) Presynaptic modulation of neurochemical transmission. Prog.
Neurobiol., 12, 181±290.
Vizi, E.S. & Kiss, J.P. (1998) Neurochemistry and pharmacology of the major
hippocampal transmitter systems: Synaptic and nonsynaptic interactions.
Hippocampus, 8, 566±607.
Wada, E., Shigemoto, R., Kinoshita, A., Ohishi, H. & Mizuno, N. (1998)
Metabotropic glutamate receptor subtypes in axon terminals of projection
®bers from the main and accessory olfactory bulbs: a light and electron
microscopic immunohistochemical study in the rat. J. Comp. Neurol., 393,
493±504.
Walker, M.C., Ruiz, A. & Kullmann, D.M. (2001) Monosynaptic GABAergic
signaling from dentate to CA3 with a pharmacological and physiological
pro®le typical of mossy ®ber synapses. Neuron, 29, 703±715.
Wittmann, M., Marino, M.J., Bradley, S.R. & Conn, P.J. (2001) Activation of
group III mGluRs inhibits GABAergic and glutamatergic transmission in the
substantia nigra pars reticulata. J. Neurophysiol., 85, 1960±1968.
Wu, S., Wright, R.A., Rockey, P.K., Burgett, S.G., Arnold, J.S., Rosteck, P.R.,
Johnson, B.G., Schoepp, D.D. & Belagaje, R.M. (1998) Group III human
metabotropic glutamate receptors 4, 7 and 8: molecular cloning, functional
expression, and comparison of pharmacological properties in RGT cells.
Mol. Brain Res., 53, 88±97.
Yoshida, T., Hashimoto, K., Zimmer, A., Maejim, T., Araishi, K. & Kano, M.
(2002) The cannabinoid CB1 receptor mediates retrograde signals for
depolarization-induced suppression of inhibition in cerebellar Purkinje cells.
J. Neurosci., 22, 1690±1697.
Zilberter, Y. (2000) Dendritic release of glutamate suppresses synaptic inhibition of pyramidal neurons in rat neocortex. J. Physiol. (Lond.), 528, 489±496.

ß 2004 Federation of European Neuroscience Societies, European Journal of Neuroscience, 19, 2727±2740

