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Metabotropic glutamate receptors modulate feedback
inhibition in a developmentally regulated manner
in rat dentate gyrus

James J. Doherty, Sudar Alagarsamy, Kristopher J. Bough, P. Jeffrey Conn, Raymond Dingledine
and David D. Mott

Department of Pharmacology, Emory University Medical School, Atlanta, GA 30322, USA

We investigated group II metabotropic glutamate receptor (mGluR) modulation of
glutamatergic input onto hilar-border interneurones and its regulation of feedback
inhibition in the dentate gyrus. Selective activation of group II mGluRs with
(2S,2′R,3′R)-2-(2′,3′-dicarboxycyclopropyl)glycine (DCG-IV) depressed mossy fibre (MF)-
evoked excitatory drive to these interneurones with significantly greater depression in
juvenile than adult rats. During 20 Hz MF stimulus trains, EPSCs became depressed.
Depression during the early, but not later part of the train was significantly
greater in juvenile than adult rats and was blocked by the mGluR antagonist
(2S)-2-amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic acid (LY341495).
In dentate granule cells from juvenile rats polysynaptic feedback IPSCs, but not
monosynaptic IPSCs, were strongly suppressed by DCG-IV. DCG-IV also suppressed
feedback inhibition of perforant path-evoked population spikes. In contrast, in adult animals
DCG-IV did not significantly depress feedback inhibition. During 20 Hz stimulus trains in
juvenile animals the summation of polysynaptic, but not monosynaptic IPSCs was suppressed
by synaptically activated group II mGluRs. Blockade of these mGluRs with LY341495
significantly increased the area and duration of the summated IPSC, causing greater feedback
inhibition of granule cell firing. In contrast, in adult animals LY341495 did not alter
feedback inhibition following the stimulus train. These findings indicate that group II mGluRs
modulate excitatory drive to interneurones in a developmentally regulated manner and thereby
modulate feedback inhibition in the dentate gyrus.
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At glutamatergic inputs onto principal neurones,
presynaptic mGluRs are important mediators of
short-term plastic changes in synaptic efficacy (Conn,
2003). Similar to other presynaptic receptors, the
activation of group II (mGluR2 and mGluR3) mGluRs
depresses the release of glutamate in the hippocampus
and in other parts of the brain (Conn & Pin, 1997;
Conn, 2003). Less is known about how mGluRs
contribute to short-term plasticity at interneurone
inputs or how mGluR-mediated short-term regulation of
excitatory drive onto interneurones affects the strength
of GABAergic inhibition in cortical networks. Because
individual GABAergic interneurones typically inhibit the
activity of large numbers of principal neurones (Sik et al.

1994; Freund & Busáki, 1996), regulation of excitatory
synaptic drive onto individual interneurones could have
a disproportionately large effect on local cortical activity
(Cobb et al. 1995; Miles et al. 1996). Glutamatergic
synapses onto GABAergic interneurones are likely to
be important points for regulatory control of network
behaviour. We have examined group II mGluR-mediated
regulation of excitatory drive to interneurones. We
demonstrate that presynaptic group II mGluRs contribute
to activity-dependent short-term depression (STD)
of excitatory inputs onto hilar border interneurones
in a developmentally regulated manner and that this
regulation controls the strength of feedback inhibition in
the dentate gyrus.
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Methods

Whole cell patch clamp recordings

Hippocampal slices from juvenile (12–16 days old)
or adult (36–60 days old) Sprague-Dawley rats were
prepared as described previously (Doherty & Dingledine,
1998, 2001). Briefly, rats were anaesthetized with
isoflurane and decapitated according to the protocol
approved by the Emory University Animal Care and Use
Committee. Thin (225–250 µm) hippocampal slices were
prepared using a vibratome and incubated at 30◦C in
artificial cerebrospinal fluid (ACSF) containing (mm):
130 NaCl, 3.5 KCl, 1.5 CaCl2, 1.5 MgSO4, 24 NaHCO3, 1.25
NaH2PO4 and 10 glucose (pH 7.3, 295–305 mosmol l−1)
before being transferred to a submerged recording
chamber. Slices were then perfused (2–3 ml min−1) with
room temperature ACSF.

Hilar border interneurones were visually selected under
Hoffman modulation contrast optics. Interneurones
selected for recording had somata located near the
hilar border of the granule cell layer, were distinctively
larger than granule cells and exhibited basilar dendrites
entering the hilus (Mott et al. 1997).

Whole cell patch recordings were acquired using an
Axopatch 1D electrometer and pCLAMP 8.0 software
(Axon Instruments, Union City, CA, USA). Only
neurones in which series and input resistance did not
change by more than 10% were included for study.
EPSCs were recorded at −70 mV and were evoked using
glass micropipettes to deliver stimuli (0.3 Hz, 10–80 µA;
300–400 µs) in stratum granulosum 10–50 µm from the
recording site. For EPSCs, bicuculline was added to the
ACSF and the pipette solution contained (mm): 130
CsOH, 140 methanesulphonic acid, 10 Hepes, 2 MgATP
and 0.3 NaGTP (pH 7.3; 270 mosmol l−1). GABAA IPSCs
were recorded at 0 mV using a pipette solution containing
(mm): 130 caesium gluconate, 7 KCl, 10 Hepes, 2 MgATP,
0.3 TrisGTP and 3 QX-314 (pH 7.3).

Field potential recordings

Standard electrophysiological procedures were used to
record field potentials from the dentate gyrus of
hippocampal slices prepared from juvenile or adult rats
(Mott et al. 1993). ACSF contained (mm): 130 NaCl, 3.5
KCl, 1.25 NaH2PO4, 24 NaHCO3, 10 glucose, 1.5 CaCl2

and 1.5 MgCl2.

Assay for cAMP formation

The dentate gyrus was microdissected from 500 µm
thick hippocampal slices from juvenile or adult rats and
equal numbers (3–4) of slices were added to separate
tubes. A protocol modified from Shimizu et al. (1969)
was used to determine the effect of group II mGluRs
on forskolin-stimulated [3H]cAMP accumulation. Briefly,

for each age group 30 µCi of [8-3H]adenine (American
Radiolabelled Chemicals, St Louis, MO, USA) was added
to each tube in the presence or absence of 10 µm DCG-IV.
Following forskolin exposure (30 µm for 15 min), the
reaction was stopped with 50 µl 77% trichloroacetic
acid and 25 µl unlabelled cAMP and the samples were
sonicated and centrifuged. The supernatant was isolated
by sequential elution through Dowex (50W 200–400 mesh;
Sigma Chemical Co., St Louis, MO, USA) and then
Alumina columns. cAMP was eluted from the alumina
with 2 ml Tris-HCl, pH 8.0 and the samples counted with
a Beckman (LS 6500) liquid scintillation counter.

Analysis

Data were analysed using Clampfit 9.0 (Axon
Instruments). All results are expressed as mean ± s.e.m.
Statistical significance was determined using Student’s
t test and one-way ANOVA with post hoc Bonferroni
test, as appropriate. In all figures a significant effect of
drug treatment is indicated using asterisks (∗ P < 0.05,
∗∗ P < 0.01), whereas a significant difference between
juvenile and adult is indicated using # (#P < 0.05,
##P < 0.01).

Drugs

Bicuculline methobromide (10 µm), (2S)-2-amino-2-
[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-yl) prop-
anoic acid (LY341495; 500 nm), (2S,2′R,3′R)-2-(2′,3′-
dicarboxycyclopropyl)glycine (DCG-IV; 1 µm), 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX; 10 µm), d(–)-2-
amino-5-phosphonopentanoic acid (D-APV; 50 µm) and
N-(2,6-dimethylphenylcarbamoylmethyl)triethylammo-
nium bromide (QX-314; 3 mm) were obtained from
Tocris Cookson (Ellisville, MO, USA). All other salts were
purchased from Sigma Chemical Company (St. Louis,
MO). All drugs were used at the concentrations indicated
above unless otherwise specified.

Results

Developmental regulation of group II mGluRs

We have previously observed that group II mGluRs
suppress glutamate release from MF inputs onto hilar
border interneurones in juvenile rats (Doherty &
Dingledine, 1998). We have now evaluated developmental
regulation of mGluR function at this synapse by
comparing depression of the MF-evoked EPSC produced
by the selective group II agonist DCG-IV in adult and
juvenile rats. While DCG-IV depressed the MF-evoked
EPSC in adult animals, it produced a significantly greater
depression in juvenile rats (Fig. 1A). In both adult and
juvenile animals the group II mGluR antagonist
LY341495 (Kingston et al. 1998) reversed the
DCG-IV-induced depression (Fig. 1B).
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To determine whether the mechanism of DCG-
IV-induced depression of the MF-evoked EPSC was
similar in adult and juvenile animals we examined the
effect of DCG-IV on the failure rate and amplitude of
minimally evoked MF-EPSCs (Fig. 1C and D). DCG-IV
significantly increased the EPSC failure rate in both
adult and juvenile animals, but the effect in juvenile
animals was significantly greater (Fig. 1E). In contrast,
DCG-IV had no effect on the amplitude of minimally
evoked EPSCs in either adult or juvenile animals.
To confirm this developmental change in group II
mGluR activity, we compared DCG-IV (3 µm)-evoked
inhibition of forskolin-stimulated cAMP formation
in slices of dentate gyrus from adult and juvenile
rats. There was no difference in the percentage
stimulation of cAMP formation by forskolin in adult
(875 ± 105%; n = 6) and juvenile (816 ± 116%; n = 6)
animals. However, as with inhibition of evoked EPSCs,
DCG-IV inhibited forskolin-stimulated cAMP formation
in the juvenile dentate significantly more than in the
adult (Fig. 1F). Thus, the difference in the extent of
DCG-IV-induced depression appears to be caused by a
developmental decrease in group II mGluR suppression
of glutamate release from MF terminals onto hilar border
interneurones in the adult animal.

mGluR-mediated STD is greater in juvenile
than adult rats

Brief (350–1000 ms) stimulus trains were delivered to
MF inputs onto hilar border interneurones to examine
short-term plasticity. The amplitude of the first EPSC of
the train was similar in juvenile (30 ± 6 pA) and adult
animals (35 ± 7 pA). MF stimulation at 20 Hz evoked
synaptic depression of EPSCs during the train (Fig. 2A
and B). This STD was well fitted to a single exponential
function in both the adult and juvenile animals (r 2 = 0.991
adult; 0.995 juvenile) and reached a similar plateau level
of depression within 400–500 ms (adult 43 ± 4% of
control, n = 8; juvenile 42 ± 2% of control, n = 8).
Recovery from STD following a 500 ms, 20 Hz train was
rapid, with EPSC amplitudes fully returning to control
levels within 3 s (n = 9; data not shown).

In the juvenile EPSC depression was greatest on the
second pulse of the train, whereas in the adult the greatest
depression occurred on either the second or third pulse
of the train. However, both the second and third EPSCs,
but not the plateau EPSC amplitude, were significantly
more depressed in juvenile than adult animals (Fig. 2B),
suggesting an additional mechanism for depression early
in the train in juvenile animals that was diminished or
absent in adults.

To determine the frequency dependence of EPSC
depression, we delivered MF stimulus trains at frequencies
ranging from 5 to 50 Hz and measured the second EPSC

as well as the plateau EPSC amplitude as a percentage
of the first EPSC of the train (Fig. 2C). In juvenile
animals the second EPSC of the train was depressed at all
frequencies tested with the greatest depression at 20 Hz.
In adult animals the second EPSC was also depressed at
all frequencies tested, but the extent of depression was
less than the juvenile at each tested frequency and this
difference was significant at both 10 and 20 Hz. In contrast,
the plateau level of depression increased with increasing
frequency and was not different between adult and juvenile
animals.

Given the greater DCG-IV-induced depression of
MF-evoked EPSCs in juvenile than adult rats, we

Figure 1. Depression of MF-evoked EPSCs in hilar border
interneurones by group II mGluRs is developmentally regulated
A, time course of the depression of MF-evoked EPSCs by DCG-IV in
juvenile (black circles, n = 10) and adult (grey circles, n = 5)
interneurones. B, DCG-IV depressed MF-evoked EPSCs significantly
more in juvenile than adult animals. LY341495 reversed DCG-IV
effects. C, in an adult animal DCG-IV caused a small increase in the
failure rate of minimally evoked EPSCs and did not affect their
amplitude. D, in a juvenile animal DCG-IV markedly increased the
failure rate of minimally evoked EPSCs with no effect on their
amplitude. E, averaged effect of DCG-IV on failure rate (left) and
amplitude (right) of minimally evoked EPSCs from adult (n = 5) and
juvenile (n = 10) animals. F, DCG-IV (3 µM) inhibited forskolin-
stimulated cAMP formation significantly more in dentate slices from
juvenile than adult rats (n = 6 independent experiments done in
triplicate).
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used LY341495 to test whether the difference in EPSC
depression early in the train in adult and juvenile
animals was caused by synaptic activation of group II
mGluRs. LY341495 had no significant effect (95 ± 5%
of control EPSC amplitude, n = 4) on the amplitude of
MF-evoked EPSCs at a low (0.3 Hz) stimulus frequency.
However, during a 20 Hz MF stimulus train, LY341495
completely blocked depression of the second EPSC and
significantly reduced depression of the third EPSC in
both the adult and juvenile (Fig. 2D). The effect of
LY341495 was significantly greater on the juvenile
animal. In contrast, LY341495 had no effect on the
plateau EPSC amplitude. Thus, in the presence of
LY341495 there was no longer any difference in
STD during the stimulus train in the juvenile and
adult (Fig. 2D and E). These results indicate that
the difference in EPSC depression during a 20 Hz
stimulus train can be entirely explained by the increased
activation of group II mGluRs early in the train in
the juvenile animal. However, a non-mGluR-mediated
mechanism, possibly transmitter depletion (Dobrunz &
Stevens, 1997) governs the plateau level of depression in a
similar manner in the juvenile and adult animal.

Figure 2. mGluR regulation of short-term depression at
MF synapses onto hilar border interneurones
A, waveforms depicted are the combined average from
4 adult and 4 juvenile animals showing short-term
depression of the MF-evoked EPSC amplitude in response to
a 20 Hz stimulus train. B, averaged EPSC amplitude on each
pulse of a 20 Hz MF stimulus train in an adult (n = 8) and
juvenile (n = 8) animal. Short-term depression of MF-evoked
EPSCs was fitted to a single exponential decay (continuous
lines; τdecay: adult: 117 ± 35; juvenile: 34 ± 8 ms). C, effect
of MF train frequency on the average amplitude of the
second EPSC (left) or the plateau EPSC amplitude (right) of
the train in adult (n = 3–8) or juvenile (n = 6–9) animals.
D, LY341495 significantly reduced EPSC depression early, but
not late, in the train in adult (n = 4) and juvenile (n = 5) rats.
E, averaged EPSC amplitude during the train in the juvenile
expressed as a percentage of the corresponding EPSC
amplitude in the adult. In control the juvenile exhibited
significantly greater depression early in the train. In
LY341495 the adult and juvenile are not different.

mGluR activation regulates feedback inhibition
of granule cells

These experiments suggest that group II mGluRs
may regulate feedback inhibition of granule cells in
the juvenile dentate by transiently reducing excitatory
synaptic input to hilar border interneurones. We tested
this hypothesis by examining whether DCG-IV would
reduce polysynaptic feedback IPSCs in juvenile dentate
granule cells. Polysynaptic feedback IPSCs were evoked in
granule cells by MF stimulation (Fig. 3A). Monosynaptic
IPSCs were evoked by direct stimulation of inhibitory
fibres in the dentate molecular layer in the presence of
CNQX and D-APV. As predicted, DCG-IV significantly
depressed polysynaptic IPSC amplitude, while having
no effect on monosynaptic IPSCs (Fig. 3B). LY341495
significantly (P < 0.01) attenuated the effect of DCG-IV.

Group II mGluR regulation of feedback inhibition
in juvenile and adult animals was then compared
by measuring feedback inhibition of perforant path
(PP)-evoked population spikes (PS) produced by a
MF conditioning stimulus, delivered 5–10 ms prior to
stimulation of the perforant path (Mott et al. 1993).
The perforant path stimulus intensity was adjusted to
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produce a PS of half-maximal amplitude (Fig. 3C, top left).
The MF conditioning stimulus inhibited the PP-evoked
PS by 81 ± 6% in the juvenile animal (n = 6; Fig. 3C,
bottom left) and by 84 ± 8% in the adult. In the juvenile
animal DCG-IV produced a significant reduction in the
strength of this feedback inhibition that was completely
blocked by LY341495 (Fig. 3C and D). In contrast, in the
adult animal DCG-IV had little effect on inhibition, a
significant difference from its marked effect on the juvenile
animal. As previously reported (Kilbride et al. 1998),
addition of DCG-IV reduced the slope of PP-evoked field
EPSPs (26 ± 2% reduction; n = 7), but did not alter the
antidromic spike amplitude. Therefore, when DCG-IV was
added PP stimulation intensity was adjusted to produce
a PS of control amplitude (Fig. 3C, top centre) prior
to measurement of feedback inhibition (Fig. 3C, bottom
centre).

To determine whether synaptic activation of mGluRs
can suppress feedback IPSPs we delivered a brief stimulus
train (400 ms; 20 Hz) to either the polysynaptic or
monosynaptic pathway. Repetitive stimulation of either
pathway resulted in summation of IPSCs primarily over

Figure 3. DCG-IV depresses feedback inhibition of dentate granule cells
A, schematic diagram indicating the positions of the stimulating and recording electrodes. B, averaged time course
of depression of MF-evoked polysynaptic IPSCs by DCG-IV and reversal of this depression by LY341495 (LY). IPSCs
were subsequently blocked by CNQX and D-APV, indicating that they were polysynaptic (lower left; n = 5). IPSCs
from a sample experiment are shown (top). DCG-IV did not depress the monosynaptic IPSC (lower right; n = 3).
C, in a juvenile animal the perforant path-evoked PS (•; upper left) was inhibited when preceded by a MF stimulus
(10 ms interval; lower left). DCG-IV (300 nM) reduced inhibition of the PP-evoked PS (bottom centre), but had no
effect on the antidromic PS ( �). LY341495 (bottom right) antagonized the effect of DCG-IV. Stimulus artifacts have
been removed for clarity. D, averaged data (n = 6) demonstrate that in the juvenile 300 nM DCG-IV produced a
significant reduction in feedback inhibition that was reversed by LY341495. DCG-IV (300 nM) produced significantly
less inhibition in the adult (n = 4).

the first two to three pulses of the train until a plateau
amplitude was reached (Fig. 4A). Despite summation of
the overall IPSC, individual IPSCs during the train were
depressed. As predicted, LY341495 significantly increased
summation of polysynaptic, but not monosynaptic IPSCs
during the train (Fig. 4A). In the presence of LY341495
both the amplitude of the summated IPSC 200 ms after
the last stimulus of the train (Fig. 4B) and the IPSC
area (Fig. 4C) were significantly greater in the poly-
synaptic pathway. Combined with our previous results,
these findings strongly suggest that by regulating the
strength of excitatory drive to hilar border interneurones
group II mGluRs can modulate feedback inhibition in
granule cells.

To confirm that the LY341495-induced increase in the
polysynaptic IPSC was capable of increasing feedback
inhibition, we compared the amplitude of the conditioned
PS evoked by PP stimulation 200 ms after the last pulse
of the stimulus train with that of an unconditioned
PP response (Fig. 4D). We found that in the juvenile
animal inhibition of the conditioned PP-evoked PS was
significantly increased by LY341495 (Fig. 4E). In contrast,
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LY341495 did not increase feedback inhibition in the
adult animal, a significant difference from the juvenile.
Subsequent application of bicuculline and D-APV
completely blocked all inhibition in this circuit in both
adult and juvenile animals. These results indicate that by
regulating excitation of interneurones, group II mGluRs
modulate feedback inhibition in the dentate gyrus of
juvenile animals and that this regulation is dramatically
reduced in adulthood.

Discussion

Our results indicate that group II mGluR-mediated
presynaptic depression of transmitter release at MF
inputs to hilar border interneurones declines during
development. In addition, synaptic activation of group II
mGluRs by a train of MF input depresses feedback
inhibition of dentate granule cells by suppressing
transmission between granule cells and interneurones.
Thus, group II mGluR-mediated suppression of excitatory
drive onto hilar border interneurones is an effective and
developmentally regulated mechanism for modulating
feedback inhibition in the dentate circuit.

Figure 4. LY341495 enhances summation of polysynaptic IPSCs in dentate granule cells
A, sample traces showing the effect of LY341495 on summation of polysynaptic IPSCs (top). Averaged amplitude
of each polysynaptic (n = 5) or monosynaptic IPSC (n = 3) during a 20 Hz stimulus train in LY341495 expressed as
a percentage of the corresponding IPSC of the train in control (bottom). B, effect of LY341495 on polysynaptic or
monosynaptic IPSC amplitude measured 200 ms after the last stimulus of the train (arrowhead in panel A top). IPSC
amplitude was measured from the monoexponential fit of the IPSC decay (dark lines in panel A top). C, effect of
LY341495 on the polysynaptic or monosynaptic IPSC area. D, in LY341495 the PP-evoked PS (•; top, expanded on
right) was inhibited by a MF conditioning train (20 Hz, 8 pulses) delivered 200 ms earlier (bottom). The amplitude
of the positive wave following the antidromic spike declines during the stimulus train, suggesting a progressive
reduction in the spike AHP. E, averaged data show that in juvenile, but not adult animals LY341495 caused a
significant increase in inhibition of the PP-evoked PS following the MF conditioning train (n = 8). Inhibition was
blocked by addition of bicuculline and D-APV (n = 3). Dotted line represents the percent inhibition in control.

Since most, if not all, hilar border interneurones are
GABAergic and project onto granule cells (Freund &
Busáki, 1996), mGluR-mediated STD of MF synapses onto
interneurones in the juvenile animal has the potential
to be disinhibitory when granule cells fire at sufficiently
high rates of discharge. Our results predict that depression
of excitatory input to interneurones transiently reduces
GABAergic control of granule cells, resulting in greater
excitation of CA3 pyramidal cells and CA3 interneurones
in juvenile, but not adult animals. Because individual
hilar border interneurones make inhibitory synapses on
large numbers of granule cells (Halasy & Somogyi, 1993;
Han et al. 1993), dynamic regulation of interneurone
excitability by group II mGluRs in juvenile animals can be
expected to have disproportionately large consequences
for network function.

Although dentate granule cells in vivo typically fire
at frequencies less than 0.5 Hz (Jung & McNaughten,
1993), during hippocampal sharp waves they can burst
fire at higher frequencies (> 10 Hz; Penttonen et al. 1997).
Feedback inhibition in dentate circuitry of juvenile animals
should be very sensitive to sharp wave activation, since MF
inputs to hilar border interneurones undergo short-term
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depression at frequencies similar to sharp wave input.
High frequency granule cell discharges can also precede
seizures in experimental models of chronic epilepsy
(Bragin et al. 1999; Finnerty & Jefferys, 2000), suggesting
that STD of MF inputs to interneurones may contribute
to seizure induction in the juvenile hippocampus.
Interestingly, group II mGluR-mediated STD of MF inputs
to interneurones is selectively enhanced in the adult
dentate during epileptogenesis (Doherty & Dingledine,
2001), adding further weight to the hypothesis that
group II mGluR-mediated changes in interneurone
excitation can contribute to the epileptic state.
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