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Impaired function or expression of group Il metabotropic gluta-
mate receptors (mGluRlis) is observed in brain disorders such as
schizophrenia. This class of receptor is thought to modulate
activity of neuronal circuits primarily by inhibiting neurotransmit-
ter release. Here, we characterize a postsynaptic excitatory re-
sponse mediated by somato-dendritic mGluRlls in hippocampal
CA3 pyramidal cells and in stratum oriens interneurons. The spe-
cific mGIuRIl agonists DCG-IV or LCCG-1 induced an inward current
blocked by the mGIuRIl antagonist LY341495. Experiments with
transgenic mice revealed a significant reduction of the inward
current in mGIuR3~'~ but not in mGIuR2™'~ mice. The excitatory
response was associated with periods of synchronized activity at
theta frequency. Furthermore, cholinergically induced network
oscillations exhibited decreased frequency when mGluRlls were
blocked. Thus, our data indicate that hippocampal responses are
modulated not only by presynaptic mGluRlls that reduce gluta-
mate release but also by postsynaptic mGluRlls that depolarize
neurons and enhance CA3 network activity.

he physiological roles in the hippocampus of group I mGluRs

(mGluRIIs), comprised of mGIluR2 and mGluR3, were first
characterized at mossy fiber synapses in the CA3 region, where
their activation was shown to inhibit neurotransmitter release (1-
4) and to induce long-term depression (5-8). In addition, mGluRIIs
modulate GABA release in hippocampal interneurons (9) and in
granule cells of the accessory olfactory bulb (10). Apart from their
presence in the preterminal zone of mossy fibers (5, 11), mGluRIIs
in the hippocampus are also localized in the somato-dendritic
region of pyramidal cells (12-14), but their function is unknown.
In other brain areas, activation of somatic mGluRIIs reduces
calcium currents in cultured cerebellar granule cells (15, 16), in
cerebellar Golgi cells (17), and in interneurons of the olfactory
bulb (18) and accessory olfactory bulb (17). In contrast, calcium
currents are increased in cortical neurons (19).

Agonists for mGluRIIs have shown promise in animal models
for stroke, epilepsy, neurodegenerative diseases, schizophrenia,
anxiety, and drug addiction (20, 21). In patients with schizo-
phrenia, there is down-regulation of mGIluR2 (22) and alter-
ations in mGluR3 (23). Moreover, recent clinical trials showed
positive results for mGIuRII agonists in reducing symptoms in
schizophrenia (24). To improve our understanding of how these
receptors modulate neuronal activity, we have characterized
responses mediated by postsynaptic mGluRIIs.

Results

Activation of mGluRlls Increases Spontaneous Synaptic Activity in
Pyramidal Cells. As mGIuRIIs are not expressed on the associa-
tional/commissural fibers in the hippocampal CA3 area, pharma-
cological stimulation of these receptors on mossy fibers represents
a key strategy to distinguish between excitatory synaptic responses
originating from dentate granule cells as opposed to CA3 pyra-
midal cells (25). However, we observed that bath application of

www.pnas.org/cgi/doi/10.1073/pnas.1100548108

the mGluRII agonists DCG-IV (2 pM) or LCCG-1(10 pM) also
resulted in a pronounced increase in spontaneous synaptic activity
in CA3 pyramidal cells (Fig. 1). Before characterizing this re-
sponse, we confirmed that these agonists blocked mossy fiber
transmission under our experimental conditions. In recordings
from monosynaptically connected pairs of granule cells and CA3
pyramidal cells in hippocampal slice cultures (26), application of
DCG-IV at 2 uM completely blocked synaptic transmission in
three of four granule cell-pyramidal cell pairs (98 + 2%) and in-
duced a partial block in the remaining pair (by 56%), resulting
in an 88 + 10% mean reduction in charge transfer of evoked re-
sponses (n = 4; Fig. S1). Comparable values were reported in
earlier studies using minimal stimulation (27-29). DCG-IV did
not reduce evoked responses between synaptically coupled CA3
pyramidal cells (18.7 + 8%, P > 0.87; Fig. S1).

The observed increase in spontaneous synaptic activity sug-
gests that DCG-IV or LCCG-1 induces action potential dis-
charge in CA3 pyramidal cells and interneurons by activating
mGluRIIs with a somato-dendritic localization, as was shown in
morphological studies. Because many of our experiments were
performed in slice cultures, we examined receptor localization by
electron microscopy using an anti-mGluR2/3 antibody. We
found that, as in acutely studied tissue (12-14), immunoreactivity
was present postsynaptically on dendritic spines as well as pre-
synaptically (Fig. 1D and Fig. S1C).

Analysis of the effect of DCG-IV (2 uM, 10 min) on sponta-
neous synaptic events in CA3 pyramidal cells revealed a 5.5-fold
increase in the frequency of spontaneous excitatory postsynaptic
currents (EPSCs) (654 + 135%, n = 8) and a 23-fold increase in
spontaneous inhibitory postsynaptic currents (IPSCs) (2,419 +
269%, n = 8; Fig. 1 A and C). The increase in amplitude, which
was due to the summation of high-frequency unitary events, was
significant for EPSPs (1.9-fold) but not for IPSPs (EPSCs: 286 +
69%, P < 0.004; IPSCs: 290 + 108%, P > 0.1, n = 8; Fig. 1 4 and
C). Comparable responses were induced by LCCG-1 (10 uM, 10
min), another mGIluRII agonist (frequency: 827 + 287% for
EPSCs and 2,335 + 532% for IPSCs; amplitude: 161 + 17% for
EPSCs and 261 + 110% for IPSCs; n = 7; Fig. 1 B and D). The
postsynaptic response mediated by mGluRIIs is not peculiar to
slice cultures, as this effect of DCG-IV was also induced in acute
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Fig. 1. Stimulation of mGluRlIls increases synaptic activity recorded from
CA3 pyramidal cells in acute as well as in cultured hippocampal slices. (A)
DCG-IV (2 pM) increases amplitude and frequency of EPSCs and IPSCs in slice
culture. (Lower) Expanded traces of spontaneous activity in the absence (1)
and in the presence of DCG-IV (2). (B) Effects of DCG-IV in an acute slice. (C)
Quantification of spontaneous activity (black: EPSCs; gray: IPSCs) induced by
DCG-IV and LCCG-1 in cultured slices (CS) or acute slices (AS). (D) Subcellular
localization of mGIuR2/3 in the CA3 area of hippocampal slice cultures.
mGIuR2/3 is expressed in the preterminal region and along the length of
axons (arrow). Asterisks indicate postsynaptic mGIluR2/3 in dendrites in CA3
neurons. (Scale bars: 0.2 pm.)

hippocampal slices (frequency: 738 + 258% for EPSCs and 2,683 +
1515% for IPSCs; amplitude: 102 + 33% for EPSCs, 104 + 21%
for IPSCs, n = 4, Fig. 1C). As the actions of LCCG-1 and DCG-
IV on the amplitude and the frequency of spontaneous synaptic
events were not significantly different (P > 0.06 for EPSCs and
IPSCs, amplitude as well as frequency), either agonist was used
in subsequent experiments.

Activation of mGluRlls Induces Inward Current in CA3 Pyramidal Cells
and Interneurons. We reasoned that the pronounced increase in
synaptic activity induced by LCCG-1 or DCG-IV may reflect
a depolarization of pyramidal cells and interneurons mediated by
the activation of somato-dendritic mGluRIIs. Indeed, in slice
cultures in the presence of TTX (1 uM) and picrotoxin (100 pM),
CA3 pyramidal cells voltage-clamped at —70 mV responded to
DCG-IV (2 pM, 10 min; Fig. 24) or LCCG-1 (10 pM) with an
inward current of —26.4 + 4.7 pA (n = 16) or —34.9 + 49 pA (n =
7), respectively. In acute slices, DCG-IV induced an inward cur-
rent of comparable amplitude (—47.0 = 14.5 pA, n = 3). The
mGIuRII antagonist L'Y341495 (3 pM) blocked DCG-IV-induced
inward current to —3.5 + 1.9 pA (n = 7, P < 0.01; Fig. 2B), whereas
mGluR antagonists for group I (MPEP and CPCCOEt, Fig. S2)
and group IIT (MSOP, 100 uM, Fig. S2), as well as the NMDA
receptor antagonist D-AP5 (40 pM, —14.9 + 3.9 pA; Fig. 2B) had
no effect. Interneurons in CA3 stratum oriens responded to DCG-
IV (2 uM, 10 min) with an inward current of —23.9 + 5.3 pA (Fig. S3,
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Fig. 2. DCG-IV applied to CA3 pyramidal cells induces inward current as-
sociated with a decrease in potassium and an increase in cationic conduc-
tance. (A) Upper trace shows inward current induced by DCG-IV (2 pM, 10
min) in a CA3 pyramidal cell voltage clamped at =70 mV in the presence of
TTX and picrotoxin. (B) Quantification of inward current induced by DCG-IV,
by DCG-IV in the presence of the group Il antagonist LY341495 or an NMDAR
antagonist D-AP5, by LCCG-1, and by LCCG-1 in presence of D-AP5 or
LY341495 (Left); quantification of inward current induced by DCG-IV in wild
type (WT), mGIluR27"~, and mGIuR3™"~ mice (Right). (C) Subtracted I/V rela-
tionships (Left) in rat pyramidal cells obtained with voltage steps incre-
menting by 10-mV steps indicating (filled circles) a reduction in K
conductance when measured with a K*-based intracellular medium and
(open circles) an increase in a cationic conductance with a Cs*-based in-
tracellular medium (n = 6). (Right) Current traces from a representative ex-
periment obtained in the presence of DCG-IV (black line) or in the presence
of DCG-IV and CPA (gray line) with a K*-based intracellular medium (Top) or
with a Cs*-based intracellular medium (Bottom).
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n = 5). Again, the DCG-IV-induced inward current was blocked
by L'Y341495 (Fig. S3, n = 4), but not by D-AP5 (Fig. S3, n = 4).
We assessed whether the absence of mGluR2 or of mGluR3
affects the inward current induced by DCG-1IV in CA3 pyramidal
cells and in CA3 interneurons. In CA3 pyramidal cells, the effi-
cacy of DCG-IV (2 uM) was strongly reduced in mGluR3 ™~ slice
cultures compared with WT cultures (WT = —19.0 + 1.7 pA,
n=6;mGluR3™™ = -2.7+ 1.2 pA,n =7, P < 0.0005, n = 5; Fig.
2B). In contrast, there was no significant difference in the induced
inward current between mGIuR2”~ and WT (mGluR2™~ =
—-14.8 =+ 1.7 pA, n = 5; Fig. 2B). This was also the case for
interneurons (WT = —22.0 + 4.5 pA,n = 6; mGIluR3 ™™ =-53 +
1.9 pA, n = 6; mGluR2™~ = -23.4 + 5.4 pA, n = 5; Fig. S3B).

Inward Currents Are Mediated by Inhibition of K* Conductance and
Activation of Cationic Conductance. We characterized the inward
current in CA3 pyramidal cells with a voltage-clamp step pro-
tocol using a standard potassium gluconate intracellular medium

Ster et al.
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(Fig. 2C). The response induced by DCG-IV was associated with
a reduced slope of the current-voltage (I/V) relationship. The I/
V curves in control and in presence of DCG-1V intersected at
=774 + 3 mV (Fig. 2C, n = 6). This reversal potential is close to
the equilibrium potential for potassium (V,, = —100 mV), with
the positive shift probably indicating a contribution from a cat-
ionic conductance. Indeed, with a cesium-based intracellular
solution to block most potassium channels, DCG-IV increased
the slope of the I/V relationship, yielding a reversal potential of
1+2.7mV (n = 6, Fig. 2C). Moreover, this current was voltage-
dependent, being maximal at —35 mV and declining at more
hyperpolarized voltages, suggesting that activated channels were
sensitive to intracellular calcium concentration. We therefore
recorded intracellular calcium levels by injecting the calcium dye
OGBI1-AM locally into slice cultures through a patch pipette. At
the end of experiments, sulforhodamine 101 (1 pM) was applied
for 5 min to distinguish astrocytes (30). Optical imaging of CA3
pyramidal cells showed evoked calcium signals in 90.9% of the
cells in response to LCCG-1 application (n = 22 in 2 slices). In
many cases, rapid calcium transients likely triggered by action
potentials (APs) were observed (Fig. 34). Accordingly, applica-
tion of LCCG-1 (10 pM, 10 min) induced action potential firing
in CA3 pyramidal cells (n = 5/5, Fig. 3B). When LCCG-1 was
applied in the presence of TTX, sharp calcium transients were
abolished but the somatic calcium elevation was maintained in
92% of neurons (16.2 + 0.2%, mean AF/F calculated over 1 min
after 5 min of LCCG-1 application; n = 69, 5 slices; Fig. 3 C and
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Fig. 3. Calcium responses mediated by mGluRlls. (A) A barrage of calcium
transients evoked by LCCG-1 in a CA3 pyramidal cell. (B) In current clamp
mode, LCCG-1 induces a depolarization resulting in action potential firing,
accompanied by an increase in synaptic noise. (C) Addition of TTX blocks
calcium spikes but not the maintained calcium rise induced by LCCG-1.
Emptying calcium stores with CPA reduces the calcium rise. (D) Histogram
represents the mean AF/F (%) to illustrate the effect of CPA.
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D). The calcium elevation in TTX was reduced significantly when
calcium stores were depleted following treatment with cyclo-
piazonic acid (CPA), a Ca**-ATPase inhibitor (7.1 + 2.2%, n =
30, 3 slices; Fig. 3 C and D). The means of the AF/F in the
presence of TTX and in the presence of TTX + CPA were not
significantly different (TTX = 0.1 + 0.2, TTX + CPA = -0.2 +
0.1, P > 0.06). CPA also significantly reduced the inward current
mediated by mGluRIIs (DCG-IV 2 pM: 159.7 + 29.8 pA in
control, 71 + 24 pA in CPA, at Vg =10 mV, P = 0.03, n = 9;
Fig. S4). Thus, the increase in intracellular calcium levels medi-
ated by mGluRlIIs facilitates the induction of a cationic inward-
current.

Synchronous Network Activity in CA3 Induced by mGluRlIl Activation.
To determine whether the increase in neuronal excitability af-
fects hippocampal network activity, we recorded simultaneously
from pairs of unconnected CA3 pyramidal cells in slice cultures.
Bath application of LCCG-1 synchronized spontaneous synaptic
responses [Fig. 44; n = 4, cross-correlation function (CCF) =
0.7 + 0.1]. Moreover, auto-correlograms indicated that the syn-
aptic activity was rhythmic in the theta range (13.3 + 2.0 Hz,n =
7). D-APS5 has no effect on LCCG-1-induced rhythmic activity
(14.2 £ 0.7 Hz, n = 5). The synchronous activity was no longer
present 10 min after washout of agonist and was never observed
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Fig. 4. Activating mGluRlls synchronizes network activity. (A) (Upper)
LCCG1 (10 uM, 10 min) in rat slice cultures increases synaptic activity in two
unconnected pyramidal cells leading to synchronized synaptic events. (Lower)
Cross-correlograms of spontaneous synaptic activity in the two cells during
control (Left) and in the presence of LCCG-1 (Right). (B) Methacholine
(500 nM) induces oscillations that are significantly decreased by the group Il
mGIuR antagonist LY341495 (n = 5). (C) LCCG1 (10 pM, 10 min) induces
oscillations of the same frequency in wild type (WT) and in mGIuR2™"~, but at
lower frequency in mGIuR3™~ mice.
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in the absence of LCCG-1 (n = 4). Rhythmic activity was abol-
ished after blocking AMPA/kainate receptors with NBQX (20
pM) or by preventing action potential firing with TTX (n = 15),
indicating that synchronization is a network property. Bath ap-
plication of methacholine (500 nM, 30 min) induced rhythmic
oscillations in slice cultures (31), which commenced within 4-5
min after onset and peaked after 20 min (13.5 + 0.3 Hz, n = 5;
Fig. 4B). The frequency of oscillations was significantly reduced
in the presence of the mGIuRII antagonist LY341495 (3 pM) to
111 + 05 Hz (n = 5, P < 0.004, Fig. 4B), indicating that
mGluRIIs contribute to the generation of hippocampal theta
oscillations. Experiments were then performed in mice to de-
termine the contribution of mGIuR2 and mGluR3 to the oscil-
latory response. The frequency of oscillations induced by LCCG-
1 (10 uM, 10 min) was 14.0 + 1.0 Hz in WT and 13.7 + 0.6 Hz in
mGIuR27~, which is not significantly different (P > 0.05). In
contrast, LCCG-1 induced oscillations of significantly lower
frequency in mGluR3™~~ mice (10.9 + 0.7 Hz; P < 0.05; Fig. 4C).
Thus, mGluRlIIs, most likely in conjunction with other G pro-
tein-coupled receptors, can contribute to the entrainment of
hippocampal network activity in the theta range.

Discussion

We have shown that activation of group II mGluRs enhances
hippocampal network activity by depolarizing neurons and thus
increasing excitability in the CA3 area. At the same time, these
receptors mediate inhibition of mossy fiber transmission, as
previously characterized (1-4). This neuronal excitation is con-
sistent with the previously described expression of mGluRIIs in
the somato-dendritic compartment of hippocampal neurons (12—
14). As mGIluRII agonists block mossy fiber transmission, the
main source of the EPSCs was input from neighboring CA3
pyramidal cells. Characterization of the inward current mediated
by somato-dendritic mGluRIIs indicated three underlying pro-
cesses including release of intracellular calcium stores, activation
of a calcium-sensitive cationic conductance, and inhibition of
a potassium conductance (Figs. 2 and 3). Our experiments with
knockout mice identified mGIuR3 as the receptor responsible for
the inward current, consistent with previous studies showing that
reduction of synaptic transmission involves primarily mGIluR?2 (5,
32) whereas mGluR3 exhibits predominantly a postsynaptic
dendritic localization (14, 32). We also noted a differential effect
mediated by mGluR2 and mGluR3 in the induction of oscillatory
activity. Oscillatory activity represents an intrinsic mode of hip-
pocampal function emerging as a consequence of specific den-
dritic conductances and the configuration of synaptic circuits.
The switch into the oscillatory mode can be triggered by a variety
of neurotransmitters such as acetylcholine and glutamate that
activate inhibitory interneurons, which pace oscillations and
principal cells (33). A similar mechanism is likely to come into
play following the activation of mGIluRII receptors. In the case
of mGluR3™™ mice, only a small inward current was induced by
mGIuRII agonists, which may explain the lower frequency of
oscillations observed in mGIuR3™~ compared with WT or
mGIuR2™~ mice (Fig. 4).

The finding that mGluRIIs can act as axonal autoreceptors to
inhibit vesicular glutamate release led to the proposal that spe-
cific agonists should be useful in treating diseases associated with
excessive extracellular glutamate levels. Indeed, mGIuRII ago-
nists have been shown to reduce excitotoxicity in animal models
of brain disorders (20). However, in the case of a multifactorial

1. Manzoni OJ, Castillo PE, Nicoll RA (1995) Pharmacology of metabotropic glutamate
receptors at the mossy fiber synapses of the guinea pig hippocampus. Neuropharmacology
34:965-971.

2. Scanziani M, Salin PA, Vogt KE, Malenka RC, Nicoll RA (1997) Use-dependent increases
in glutamate concentration activate presynaptic metabotropic glutamate receptors.
Nature 385:630-634.
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illness such as schizophrenia, the efficacy of treatment with an
mGluRII agonist (24) is likely to involve additional mechanisms.
Our results suggest that the therapeutic actions of mGluRII
agonists are based not only on their actions at autoreceptors but
also on their ability to modulate network rhythmicity. Indeed,
accruing evidence indicates that the uncoordinated cognitive
processing underlying many of the symptoms in schizophrenia is
related to abnormal theta and gamma oscillations (34). In-
terestingly, activation of group I mGluRs also induces network
oscillations (35, 36). Furthermore, the conditions under which
somatic mGluRIIs are activated should lead to concomitant
activation of group I mGluRs, allowing these two classes of re-
ceptor to operate synergistically in the regulation of rhythmic
discharge. Because the enhancement of network activity in the
CA3 region is associated with mGluRII-mediated inhibition of
input arriving via the mossy fibers and the perforant path, this
functional reconfiguration of the circuitry may shield the CA3
network from extraneous input during the critical period when
memory traces undergo stabilization (37).

Materials and Methods

Hippocampal slice cultures were prepared from 6-d-old rat pups killed by
decapitation and maintained for 3-5 wk in vitro (38). Hippocampal acute
slices (400 um) were prepared from 14- to 21-d-old Wistar rats. Acute slices or
slice cultures were then transferred to a submerged recording chamber
mounted on an upright microscope (Axioskop FS1, Zeiss) and superfused with
artificial cerebrospinal fluid (ACSF) for acute slices or an external solution
containing (mM) 137 NaCl, 2.7 KCl, 11.6 NaHCO3, 0.4 NaH,PO,, 2 MgCl,, 3
CaCly, 5.6 p-glucose, and 0.001% phenol red for slice cultures. All experi-
ments were performed at 33 °C.

Whole-cell recordings of CA3 pyramidal cells and dentate granule cells
were obtained with patch pipettes (4-6 MQ). Pipettes were filled either with
(mM) 135 K-gluconate, 5 KCl, 10 Hepes, 1 EGTA, 5 phosphocreatine (CrP),
2 MgATP, 0.4 NaGTP, and 0.07 CaCl, or with 125 CsCl, 10 Hepes, 1 EGTA, 5
CrP, 2 MgATP, and 0.4 NaGTP (pH 7.2). For paired recording between
granule cells and CA3 pyramidal cells, pyramidal cell pipettes were filled
with (mM) 121.6 CsF, 8.4 CsCl, 10 Hepes, 10 EGTA, 1 picrotoxin, 2 MgATP, 5
CrP, and 0.4 NaGTP (pH 7.2). Membrane potentials were corrected for
junction potentials. For the determination of current-voltage relationships,
command potentials had a duration of 1 s to ensure steady-state responses.
Data were recorded with an Axopatch 200B amplifier (Axon Instruments),
digitized at 2-5 kHz and analyzed off-line. Autocorrelation and cross-
correlation functions were calculated using clampfit (Molecular Devices).
One-minute segments were analyzed after 5 min of application of LCCG1.
Records were examined by eye, periods of oscillatory activity were chosen
by eye, and calculations were performed from the time of the second peak
in the autocorrelation function (period). A segment was considered
“rhythmic” when the second peak of the autocorrelation function was at
least 0.3 and several regularly spaced peaks appeared. Cells were classified
as rhythmic when at least 10 rhythmic segments could be identified during
the 1-min time period.

Details for electron microscopy and calcium imaging of hippocampal slice
cultures are provided in S/ Materials and Methods. All numerical data are
means + SEM. Significance was determined using the t test. A smooth line fit
was used to generate the curves for the IV relation (Fig. 2C).

DCG-IV, LCCG-1, EGLU, MSOP, and LY-341495 were purchased from Tocris
Cookson. MPEP, CPCCOEt, TTX, NBQX, D-AP5, and CPA were purchased from
Ascent Scientific. Picrotoxin and sulforhodamine 101 were purchased from
Sigma-Aldrich.
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