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Abstract

Application of several well characterized group II mGlu receptor ligands was found to induce a long-lasting depression of synaptic
Ž .transmission in the medial perforant path of the dentate gyrus. These ligands were N-acetylaspartylglutamate NAAG , which is a

dipeptide located in the brain and possibly functioning as a neurotransmitter, two agents widely used previously as mGluR antagonists,
Ž . Ž . Ž . Ž .q -a-methyl-4-carboxyphenylglycine MCPG , and S -a-ethylglutamate EGLU , and the well characterized group II mGluR agonist
Ž . Ž X X X . Ž X X . Ž .2S,1 R,2 R,3R -2- 2S,1 R,2 R,3 R -2 2 3 -dicarboxycyclopropyl glycine DCG-IV . It is postulated that all these ligands induced the
long-lasting depression by an agonistrpartial agonist action at group II mGlu receptor. The long-lasting depression induced by the ligands
showed mutual occlusion with low frequency stimulation-induced long-term depression, demonstrating common induction or maintenance
mechanisms. The induction of the long-lasting depression by the mGlu receptor ligands are suggested to occur postsynaptically as the

Ž .induction was not associated with a change in paired pulse depression of excitatory postsynaptic potentials EPSPs . q 1999 Elsevier
Science B.V. All rights reserved.

ŽŽ . . ŽŽ . . ŽŽ .Keywords: mGluR receptor, group II; MCPG q -a-methyl-4-carboxyphenylglycine ; EGLU S -a-ethylglutamate ; DCGs IV 2S,1 R,2 R,3R -2-
Ž X X X . Ž X X . . Ž .2S,1 R,2 R,3 R -2 2 3 -dicarboxycyclopropyl glycine ; NAAG N-acetylaspartylglutamate ; Hippocampus; Long-term depression

1. Introduction

Long-term depression is a long-lasting reduction in
excitatory transmission which can be induced in vitro by a

Žperiod of low frequency stimulation in CA1 Dudek and
.Bear, 1992; Mulkey and Malenka, 1992 and dentate gyrus

Ž .O’Mara et al., 1995; Wang et al., 1997 . There is evi-
dence for an essential role of metabotropic glutamate

Ž .receptors mGlu receptors in the induction of long-term
depression in the hippocampus, as the induction of ho-
mosynaptic long-term depression in hippocampus was

Ž .blocked by the mGlu receptor antagonist q -a-methyl-4-
Ž . Žcarboxyphenylglycine MCPG Bashir and Collingridge,

1994; Bolshakov and Siegelbaum, 1994; Yang et al., 1994;
.O’Mara et al., 1995 . Moreover, the mGluR agonist
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1S,3R-ACPD induced long-term depression in the hip-
Žpocampus Bolshakov and Siegelbaum, 1994; O’Mara et

.al., 1995 .
Recent studies have provided evidence that activation of

group II mGlu receptor is necessary for long-term depres-
sion induction. In a study from the present authors, the
group II mGlu receptor antagonist 2S,1SX,2SX-2-methyl-2-
Ž X . Ž . Ž2 -carboxycyclopropyl glycine MCCG Hayashi et al.,

.1994; Jane et al., 1994, 1995; Knopfel et al., 1995 was
found to inhibit the induction of long-term depression in
the medial perforant path of the dentate gyrus in vitro
Ž .Huang et al., 1997a . In addition, the mGlu receptor group

Ž .II antagonists RS -a-methylserine-O-phosphate mono-
Ž . Ž .phenyl ester MSOPPE and 2S -a-ethylglutamic acid

Ž .EGLU were found to block the induction of late-phase
Žlong-term depression in CA1 in vivo Manahan-Vaughan,

.1997 . Furthermore, mutant mice lacking mGlu receptor2

had strongly impaired long-term depression induction at
the mossy fibre-CA3 pathway in which long-term depres-
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Žsion is presynaptically induced Kobayashi et al., 1996;
.Yokoi et al., 1996 .

In the present studies, we have investigated the effects
of four group II mGlu receptor ligands on the induction of
a long-lasting depression in the medial perforant path of
the hippocampus in vitro.

2. Materials and methods

All experiments were carried out on transverse slices of
Ž .the rat hippocampus age 3–4 weeks, weight 40–80 g .

The brains were rapidly removed after decapitation and
Ž .placed in cold oxygenated 95% O r5% CO media.2 2

Slices were cut at a thickness of 350 mm using a Campden
vibroslice, and placed in a storage container containing

Ž .oxygenated media at room temperature 20–228C . The
slices were then transferred as required to a recording
chamber for submerged slices and continuously superfused
at a rate of 5–6 mlrmin at 30–328C.

Ž .The control media contained: mM NaCl, 120; KCl
2.5, NaH P0 , 1.25; NaHC0 26; MgS0 , 2.0; CaCl , 2.0;2 4 3 4 2

D-glucose 10. All solutions contained 100 mM picrotoxin
Ž .Sigma to block GABA receptor-mediated activity.A

Presynaptic stimulation was applied to the medial per-
forant pathway of the dentate gyrus. Field excitatory post-

Ž .synaptic potentials EPSPs were recorded at a control test
frequency of 0.033 Hz from the medial perforant pathway.

ŽIn each experiment, an input–output curve afferent stimu-
.lus intensity versus EPSP amplitude was plotted at the test

frequency, and the amplitude of the test EPSP was ad-
justed to one-third of maximum, usually about 1–1.2 mV.
Paired pulse stimulation was given at 0.017 Hz with 40 ms

Ž .interval. Paired pulse ratio was calculated as E1–E2 rE1
ŽE1, the amplitude of the first EPSP; E2, the amplitude of

.the second EPSP . Long-term depression was evoked by
low frequency stimulation consisting of 900 stimuli at 1
Hz for 15 min, with the test stimulation voltage remaining
at the same amplitude during the low frequency stimula-
tion. In two sets of experiments, multiple low frequency

Žstimulation consisting of one low frequency stimulation
for 900 stimuli at 1 Hz followed by a further 3 sets of 300

.stimuli at 1 Hz was given in order to induce the maximal
long-term depression. The magnitude of the ligand induced
long-term depression was measured at 40–60 min follow-
ing washout of the ligand, while the low frequency stimu-
lation-induced long-term depression was measured 30–40
min after low frequency stimulation.

Ž .Drugs used were MCPG, EGLU, 2S,1 R,2 R,3R -2-
Ž X X X . Ž X X .2S,1 R,2 R, 3 R -2 2 3 -dicarboxycyclopropyl glycine
Ž . Ž .DCG-IV all Tocris Cookson and N-acetylaspartylg-

Ž . Ž .lutamate NAAG Sigma . Recordings were analysed us-
ing p-clamp. Values are the mean"SEM for n slices and
two-tailed Student’s t-test was used for statistical compari-
son.

3. Results

NAAG is an endogenously located neuropeptide which
was demonstrated to selectively activate group II mGlu

Ž .receptor Wroblewska et al., 1993, 1997 . Perfusion of
Ž .NAAG 200 mM, 20 min caused, in the presence of the

ligand, a small significant enhancement of the EPSP of
Ž .9"4% P-0.05, ns5 which was not associated with a

Žchange in paired pulse depression 0.21"0.06 and 0.24"
.0.07 prior to and during the perfusion of NAAG, respec-

Ž . Ž .tively, P)0.05 Fig. 1A,B . Following washout of
ŽNAAG, a long-lasting depression measuring 29"3% P

.-0.01, ns5 was induced which was also not associated
Žwith a change in paired pulse depression 0.24"0.07,

.P)0.05 . NAAG induced a long-lasting depression in all
experiments, although the time course and amplitude of
such long-term depression was quite variable, as illustrated
by three individual examples shown in Fig. 1B.

The NAAG-induced long-lasting depression showed
mutual occlusion with low frequency stimulation-induced
long-term depression. Thus the induction of long-term
depression by low frequency stimulation was strongly
inhibited by prior NAAG-induced long-lasting depression,
the low frequency stimulation-induced long-term depres-

Ž . Ž .sion measuring 8"4% P)0.05, ns5 Fig. 1A . Fur-
thermore, following low frequency stimulation-induced
long-term depression measuring 44"7%, P-0.01, ns
.5 , NAAG-induced long-lasting depression measured 10"

Ž .5%, significantly inhibited P-0.01, ns5 compared to
Ž .control Fig. 1C .

MCPG is a well known antagonist of mGlu receptors,
Ž .including mGlu receptor group I Eaton et al., 1993 and

Ž .group II Hayashi et al., 1994; Thomsen et al., 1994 .
Ž .Perfusion of MCPG 500 mM for 20 min caused, in the

presence of the ligand, either a small decrease or a small
increase in the EPSP in separate experiments, although on

Žthe average, no significant change occurred 96% "2%,
.P)0.05, ns6 . No significant change in paired pulse

Ždepression occurred in the presence of MCPG paired
pulse depression measured 0.23"0.04 and 0.24"0.05

.prior to and during the perfusion of MCPG, P)0.05 .
Following washout of MCPG, a consistent long-lasting
depression was induced in all of six experiments, the

Žlong-lasting depression measuring 19"4% P-0.01, n
. Ž .s6 Fig. 2A, B . No change in paired pulse depression

occurred during the induction of the long-lasting depres-
Žsion paired pulse depression measured 0.22"0.03 and

.0.21"0.03, P)0.05 prior to and following perfusion of
MCPG. MCPG induced long-term depression in all experi-
ments, although the time course and amplitude of such
long-term depression was quite variable, as illustrated by
three individual examples shown in Fig. 2B.

The MCPG-induced long-lasting depression showed
mutual occlusion with low frequency stimulation-induced
long-term depression. Following MCPG-induced long-last-
ing depression, subsequent low frequency stimulation-in-
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Ž . Ž .Fig. 1. Induction of a long-lasting depression by the group II mGluR ligand NAAG. A The upper graph is a measure of the EPSP closed circles and the
Ž . Ž .lower graph a measure of the paired pulse depression open circles . Perfusion of NAAG 200 mM for 20 min induced a small enhancement which was

not associated with a change in paired pulse depression, followed, after washout of NAAG, by expression of a long-lasting depression which was also not
associated with a change in paired pulse depression. Subsequent low frequency stimulation-induced long-term depression was strongly occluded, ns5.
Ž .B Three examples of individual experiments in which perfusion of NAAG induced a small enhancement of the EPSP during perfusion, and in which a
long-lasting depression was expressed following washout of NAAG, and in which subsequent low frequency stimulation-induced long-term depression was

Ž . Ž . Ž .occluded. The traces shows the amplitude of the EPSPs and paired pulse depression of EPSPs prior to a , during b and 60 min following c perfusion of
Ž . Ž .NAAG, and following low frequency stimulation d . C The induction of long-term depression by low frequency stimulation resulted in an inhibition of

Ž .subsequent NAAG-induced long-lasting depression, ns5. The traces shows the amplitude of the EPSPs prior to low frequency stimulation a , 20 min
Ž . Ž . Ž .following low frequency stimulation b , during perfusion of NAAG c and 20 min following perfusion of NAAG d .
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Ž . Ž .Fig. 2. Induction of a long-lasting depression by the group II mGluR ligand MCPG. A The upper graph is a measure of the EPSP closed circles and the
Ž . Ž .lower graph a measure of the paired pulse depression open circles . Perfusion of MCPG 500 mM for 20 min induced a small depression which was not

associated with a decrease in paired pulse depression, followed, after washout of MCPG, by expression of a long-lasting depression which was also not
associated with a change in paired pulse depression. Subsequent low frequency stimulation-induced long-term depression was strongly occluded, ns5.
Ž . Ž . Ž .B Three examples of individual experiments. The traces shows the amplitude of the EPSPs and paired pulse depression of EPSPs prior to a , during b

Ž . Ž . Ž .45 min following perfusion of MCPG c , and following low frequency stimulation d . C The induction of large amplitude long-term depression by low
frequency stimulation resulted in an occlusion of the MCPG-induced long-term depression, ns4. The traces shows the amplitude of the EPSPs prior to

Ž . Ž . Ž .low frequency stimulation a , following low frequency stimulation-induced long-term depression b , during perfusion of MCPG c and 30 min following
Ž .perfusion of MCPG d .

duced long-term depression was strongly occluded, mea-
suring 10"2%, a significant reduction compared to con-

Ž . Ž .trol P-0.01 Fig. 2A, B . Moreover, following induc-
tion of low frequency stimulation-induced long-term de-
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Žpression measuring 28"2%, P-0.01, ns4, with no
.associated change occurring in the paired pulse depression ,

Ž .perfusion and subsequent washout of MCPG 500 mM did
Žnot induce significant long-lasting depression 3"3%,

. Ž .ns4, P)0.05 Fig. 2C . Such experiments demon-
strated that low frequency stimulation-induced long-term
depression had occluded the MCPG-induced long-lasting
depression and also that MCPG did not block the mainte-
nance of long-term depression. It should be noted that a
small nonsignificant enhancement of the EPSP occurred
during the application of MCPG when the ligand was
applied following the induction of low frequency stimula-

Žtion-induced long-term depression 7"3%, P)0.05, ns
.4 .

EGLU has been shown to be an antagonist of the action
Ž .of the presynaptic action of 1S,3S -ACPD in the rat spinal

Ž .cord, with a K of 66 mM Jane et al., 1996 . In thed
Ž .present studies, perfusion of EGLU 200 mM, 30 min was

found to cause a small depression measuring 13"4%
Ž . Ž .P-0.05, ns5 in the presence of the ligand which
was at least partially mediated presynaptically as it was
asociated with a small but significant change in paired

Žpulse depression 0.28"0.04 and 0.22"0.05 prior to and

.during the perfusion of EGLU, P-0.05 . Following
washout of the EGLU, a large long-lasting depression

Ž .measuring 32"5% P-0.01, ns5 was induced. Sub-
sequent low frequency stimulation-induced long-term de-

Žpression was strongly occluded, measuring 5"2% P)
. Ž .0.05, ns5 Fig. 3A . EGLU induced a long-lasting

depression in all experiments, although the time course and
amplitude of such long-lasting depression was quite vari-
able, as illustrated by three individual examples shown in
Fig. 3B.

DCG-IV is a potent mGlu receptor group II agonist
with an EC for inhibition of forskolin elevated cAMP of50

Ž0.3 and 0.2 mM at mGluR2 and 3, respectively Hayashi et
. Ž .al., 1994 . Perfusion of DCG-IV 200 nM for 20 min

induced a rapid and reversible depression of the EPSP
Ž .measuring 41"6% P-0.01, ns6 , which was main-

tained in the presence of DCG-IV. This reversible depres-
sion was associated with a change in paired pulse depres-
sion from the control value of 0.17"0.05 to a paired

Ž .pulse facilitation of 0.06"0.10 P-0.01, ns6 . Fol-
lowing washout of DCG-IV, a long-lasting depression

Ž . Žmeasuring 22"3% P-0.01, ns6 was induced Fig.
.4 . No change in paired pulse depression was associated

Ž . Ž .Fig. 3. Induction of a long-lasting depression by the group II mGluR ligand EGLU. A The upper graph is a measure of the EPSP closed circles and the
Ž . Ž .lower graph a measure of the paired pulse depression open circles . Perfusion of EGLU 200 mM for 20 min induced a small depression which was

associated with a change in paired pulse depression. Following washout of EGLU, a long-lasting depression was induced which was not associated with a
Ž .change in paired pulse depression. Subsequent low frequency stimulation-induced long-term depression was significantly inhibited, ns5. B Three

Ž . Ž .examples of individual experiments. The traces shows the amplitude of the EPSPs and paired pulse depression of EPSPs prior to a , during b 45 min
Ž . Ž .following perfusion of EGLU c , and following low frequency stimulation d .
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Fig. 4. DCG-IV induces a reversible depression and a long-lasting
Ž . Ž .depression. A Upper graph shows that application of DCG-IV 200 nM

for 20 min resulted in the induction of a reversible depression of the
Ž .EPSP closed circles which was followed, upon washout of the DCG-IV,

by a long-lasting depression. The lower graph shows the reduction of the
Ž .paired pulse depression open circles during the reversible depression

induced by DCG-IV, and also that no change in paired pulse depression
occurred during the expression of long-term depression, ns6.

Žwith the induction of the long-lasting depression 0.14"
.0.03, P)0.05, ns6 .

4. Discussion

The present experiments show that the mGlu receptor
ligands NAAG, MCPG, EGLU and DCG-IV all induced a
long-lasting depression in the medial perforant path of the
dentate gyrus. The long-lasting depression induced by
these ligands showed a common maintenance mechanism
with low frequency stimulation-induced long-term depres-
sion, as mutual occlusion occurred between the ligand-in-
duced long-lasting depression and the low frequency stim-
ulation-induced long-term depression. Such occlusion
demonstrates a common induction andror maintenance
pathway between the ligand-induced long-lasting depres-
sion and the low frequency stimulation-induced long-term
depression. It is postulated that the mGluR ligands NAAG,
MCPG, EGLU and DCG-IV all induce long-lasting de-
pression by an agonistrpartial agonist action at group II
mGluR. This theory is strong for the action of DCG-IV,
for previous electrophysiological studies have shown that
DCG-IV is a potent agonist at mGluRII, evoking a presy-
naptic reversible inhibition of monosynaptic excitatory
transmission in several regions of the central nervous

system including the medial and lateral perforant paths of
Žthe dentate gyrus Bushell et al., 1996; Macek et al.,

.1996 . A partial agonist action of MCPG in the present
studies is somewhat surprising, as MCPG has previously

Žbeen shown to be an mGlu receptor antagonist Eaton et
.al., 1993 . However, certain previous studies have shown

evidence for an agonist action of MCPG. Thus in the
amygdala, MCPG reduced glutamate-evoked EPSPs by an

Ž .agonist action at mGluR Keele et al., 1995 , and MCPG
induced PKC translocation in rat cortical synaptosomes

Ž .through phospholipase D activation Pastorini et al., 1998 .
An alternative theory for the action of MCPG, EGLU and
NAAG, is that these ligands are evoking the long-lasting
depression by acting as antagonists. In this theory, the
long-lasting depression would be evoked as a result of a
compensatory change in the receptor that occurs during the
antagonist exposure. We consider this unlikely, as com-
pensatory changes in the receptor are unlikely to occur in

Ž .such a short time course 20 min .
Immunocytochemical studies have shown a high density

of presynaptic mGlu receptor and a low density of post-2

synaptic mGlu receptor and mGlu receptor in the middle2 3
Žmolecular layer of the dentate gyrus Petralia et al., 1996;

.Shigemoto et al., 1997 . It is most likely that the presynap-
tic reversible inhibition evoked by EGLU and DCG-IV is
mediated via an action at presynaptic mGlu receptor, as2

DCG-IV is known to be a potent agonist at this receptor
Ž .Hayashi et al., 1994 . Although EGLU has previously
been demonstrated to be an antagonist at group II mGlu

Ž .receptor Jane et al., 1996 , it is clear from the present
studies that it also has a weak agonist action at presynaptic
mGlu receptor. The lack of induction of a reversible2

presynaptic depression by MCPG and NAAG demon-
strates that these ligands do not activate presynaptic
mGluR . The action of NAAG, MCPG, EGLU and DCG-2

IV associated with the induction of long-term depression is
likely to be mediated via a postsynaptic activation of group
II mGlu receptor, as it was not associated with a change in
paired pulse inhibition. It is therefore most likely that the
induction of the long-lasting depression by NAAG, MCPG,
EGLU and DCG-IV is mediated via an agonist action at
postsynapatic mGlu receptor or mGlu receptor.2 3

The agonistrpartial agonist action of MCPG and NAAG
is interesting in relationship to LTP induction. Evidence
for an involvement of mGlu receptor in the induction of

Žhippocampal long-term potentiation Bashir et al., 1993;
Riedel et al., 1993; Richter-Levin et al., 1994; Breakwell

. Žet al., 1998 and long-term depression Bashir and
Collingridge, 1994; Bolshakov and Siegelbaum, 1994;

.O’Mara et al., 1995; Oliet et al., 1997 has been based on
the assumption that MCPG only acts as an mGluR antago-
nist. However, the discovery in the present studies that
MCPG can actually induce a long-lasting depression via an
agonist action at group II mGluR raises the possibility that
the inhibition of long-term potentiation by MCPG ob-
served in previous studies may have been a result of
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activation of group II mGluR via an agonist action at
group II mGlu receptor. This theory is supported by further
evidence from studies in the present laboratory. Firstly, a
low concentration of DCG-IV which evoked little re-
versible depression was found to inhibit long-term poten-

Ž .tiation induction in the dentate gyrus Huang et al., 1997a .
Secondly, PCCG-IV inhibited long-term potentiation in-
duction via an action at group II mGlu receptors in the

Ž .dentate gyrus Huang et al., 1997b . Thirdly, MCPG and
1S,3S-ACPD have been found to inhibit long-term poten-
tiation by an agonist action at group II mGlu receptor in

Ž .CA1 Breakwell et al., 1998 . A mixed agonist-antagonist
action of MCPG may also explain the difficulty encoun-
tered in certain studies in observing a block of long-term

Ž .potentiation by MCPG Selig et al., 1995 .
NAAG is a dipeptide found in the central nervous

system that has received much attention as many studies
have shown that it meets the criteria for a neurotransmitter
ŽWroblewska et al., 1993, 1997; Moffett and Namboodiri,

.1995 . Improved immunochemical studies have shown the
Žlocation of NAAG in the dentate gyrus Moffett and

.Namboodiri, 1995 . In recent studies, NAAG has been
shown to bind to mGlu receptor with an EC of 65 mM.3 50

It is therefore possible that NAAG acts as a cotransmitter
in the hippocampus, being released during low frequency
stimulation and binding selectively to mGlu receptor,3

thereby resulting in the mediation of the induction of
long-term depression. NAAG does activate N-methyl-D-

Ž . Žaspartate receptors NMDAR with low affinity EC s50
. Ž .666 mM Trombley and Westbrook, 1990 . However, the

induction of the long-lasting depression by NAAG in the
present study is not a result of activation of NMDAR by
NAAG. Several previous studies, including one from the
present laboratory, have shown that application of NMDA
induces a large reversible depression of the EPSP in the
presence of NMDA, which is followed, upon washout, by
a recovery to baseline and hence a short-term potentiation
ŽCollingridge et al., 1983; Kauer et al., 1988; McGuiness

.et al., 1991 . In contrast, the application of NAAG resulted
in a small increase in the EPSP in the presence of NAAG,
while washout of NAAG led to induction of a long-lasting
depression.
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