
Astrocyte activation of presynaptic metabotropic glutamate
receptors modulates hippocampal inhibitory synaptic
transmission

Qing-Song Liu, Qiwu Xu, Jian Kang, and Maiken Nedergaard
Center for Aging and Developmental Biology University of Rochester, NY

Abstract
In the CNS, fine processes of astrocytes often wrap around dendrites, axons and synapses, which
provides an interface where neurons and astrocytes might interact. We have reported previously that
selective Ca2+ elevation in astrocytes, by photolysis of caged Ca2+ by o-nitrophenyl-EGTA (NP-
EGTA), causes a kainite receptor-dependent increase in the frequency of spontaneous inhibitory
post-synaptic potentials (sIPSCs) in neighboring interneurons in hippocampal slices. However,
tetrodotoxin (TTX), which blocks action potentials, reduces the frequency of miniature IPSCs
(mIPSCs) in interneurons during Ca2+ uncaging by an unknown presynaptic mechanism. In this study
we investigate the mechanism underlying the presynaptic inhibition. We show that Ca2+ uncaging
in astrocytes is accompanied by a decrease in the amplitude of evoked IPSCs (eIPSCs) in neighboring
interneurons. The decreases in eIPSC amplitude and mIPSC frequency are prevented by CPPG, a
group II/III metabotropic glutamate receptor (mGluR) antagonist, but not by the AMPA/kainate and
NMDA receptor antagonists CNQX/CPP. Application of either the group II mGluR agonist DCG
IV or the group III mGluR agonist L-AP4 decreased the amplitude of eIPSCs by a presynaptic
mechanism, and both effects are blocked by CPPG. Thus, activation of mGluRs mediates the effects
of Ca2+ uncaging on mIPSCs and eIPSCs. Our results indicate that Ca2+-dependent release of
glutamate from astrocytes can activate distinct classes of glutamate receptors and differentially
modulate inhibitory synaptic transmission in hippocampal interneurons.
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INTRODUCTION
Astrocytes are the most abundant cell type in the CNS. They make extensive close contact with
neurons as thin sheets of astrocytic processes intermingle with dendrites, axons and synapses
(Ventura and Harris, 1999). This anatomic proximity forms a basis for bidirectional
communication between astrocytes and neurons. Although astrocytes are unable to fire action
potentials, they display a form of excitability by changing their intracellular Ca2+

concentrations ([Ca2+]i) (Cornell-Bell et al., 1990). Neurotransmitter release can excite
astrocytes by increasing their [Ca2+]i (Porter and McCarthy, 1997; Bezzi et al., 1998; Araque
et al., 2001; Pasti et al., 2001) Ca2+-dependent and -independent release of neuroactive
substances (gliotransmitters) from glial cells, in turn, modulates excitability (Hassinger et al.,
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1995; Newman and Zahs, 1998; Ransom, 2000; Newman, 2003), [Ca2+]i (Nedergaard, 1994;
Parpura et al., 1994; Bezzi et al., 1998; Parri et al., 2001), differentiation (Blondel et al.,
2000), synaptic transmission (Pfrieger and Barres, 1997; Araque et al., 1998b; Araque et al.,
1998a; Kang et al., 1998; Oliet et al., 2001; Beattie et al., 2002; Zhang et al., 2003; Fiacco and
McCarthy, 2004), synapse number (Ullian et al., 2001) and synaptic plasticity (Kang et al.,
1998; Yang et al., 2003) of neighboring neurons. Gliotransmitters might also be released at
astrocytic endfeet to affect vascular tone and, therefore, blood supply to neurons (Zonta et al.,
2003). This feedback loop provides a powerful mechanism for coordinating neuronal activities
with energy demand.

To better understand the physiological consequences of astrocyte Ca2+ signaling in situ, we
selectively stimulated astrocytes while monitoring stimulation-evoked neuronal responses in
hippocampal slices. We have shown previously that selective elevation of [Ca2+]i in astrocytes,
induced by Ca2+ uncaging, increases the frequency of action potential-driven sIPSCs recorded
from nearby interneurons, an effect that is blocked by kainite-receptor antagonists (Liu et al.,
2004). When TTX is included to block action potentials, however, Ca2+ uncaging induces an
unexpected decrease in the frequency of mIPSCs, which is not affected by AMPA/kainite- and
NMDA-receptor antagonists. The amplitude distribution of mIPSCs remains unchanged during
the uncaging, which is consistent with a presynaptic inhibition of GABA release. The present
study was undertaken to determine the mechanism underlying the Ca2+-uncaging-induced
presynaptic inhibition.

It has been shown that group II/III mGluRs are located at presynaptic terminals of many
synapses (Shigemoto et al., 1997), and that agonists of group II/III mGluRs modulate synaptic
transmission by a presynaptic mechanism (Gereau and Conn, 1995; Semyanov and Kullmann,
2000). In particular, a group III mGluR agonist induced selective inhibition of eIPSCs in
interneurons in stratum radiatum in CA1 region of hippocampus, which is mimicked by high-
frequency stimulation of neuronal pathways to trigger glutamate spillover (Semyanov and
Kullmann, 2000). If glutamate released from astrocytes activates kainate receptors, it might
also activate presynaptic mGluRs and cause presynaptic inhibition of transmitter release. We
test this possibility by examining whether a potent, broad-spectrum group II/III mGluR
antagonist blocks the Ca2+-uncaging-induced presynaptic inhibition in interneurons.

OBJECTIVE
Using photolysis to uncage calcium in astrocytes associated with interneurons in stratum
radiatium of rat hippocampus, together with specific inhibitors of glutamate receptors, we
determine if presynaptic inhibition of inhibitory neurons results from activation of group II/III
mGluR receptors in response to glutamate released from synaptic astrocytes.

MATERIALS AND METHODS
Preparation of hippocampal slices

Experimental procedures used in this study, including slice preparation, Ca2+ imaging and
Ca2+ uncaging, are similar to those described previously (Liu et al., 2004). Briefly,
hippocampal slices were prepared from 11–15-day-old Sprague Dawley rats. The whole brains
were dissected out after decapitation and immersed in ice-cold solution which contained (mM):
240 sucrose, 2.5 KCl, 0.5 CaCl2, 10 MgSO4, 26 NaHCO3, 1.25 NaH2PO4, 10 glucose, saturated
with 95% O2:5%CO2. Either transverse or coronal hippocampal slices (300 μm) were cut using
a vibratome and transferred to an oxygenated artificial cerebrospinal fluid (ACSF) that
contained (mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 26 NaHCO3, 1.25 NaH2PO4 and 10
glucose.

Liu et al. Page 2

Neuron Glia Biol. Author manuscript; available in PMC 2006 June 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Ca2+ imaging and photolysis of caged compound
After recovering for 30 minutes at room temperature, slices were incubated at 30–32°C for
60–80 minutes in ACSF containing acetoxymethyl (AM) ester of fluo-4 (5 μM) and 0.02–
0.04% pluronic F-127, in either the presence or the absence of NP-EGTA AM (10 μM).

Imaging was performed using an Olympus Fluoview (Olympus) laser-scanning
photomultiplier tube connected to an Olympus BX60WI upright microscope. For imaging
Ca2+ changes in astrocytes, the 488 line of the argon laser was used for excitation and emission
was low-pass filtered at 510 nm. Fluorescence intensities were analyzed using Fluoview
software. Changes in [Ca2+]i are given as ΔF/F0, where F0 is the baseline fluorescence level,
ΔF is determined by the relative change from the base level.

A photolysis system (Prairie Tech) was used to uncage NP-EGTA and release Ca2+. An
ultraviolet (UV) laser beam (337 nm) from a nitrogen-pulsed laser (VSL-337ND; Laser
Science) was focused through the 40× water-immersion objective to an optical spot of 15 μm
diameter. A red spot from a weak 635 nm diode laser, which is visible under infrared
differential-interference contrast microscopy (IR-DIC) and under laser-scanning fluorescence
microscopy when enabled, was coupled with the UV beam to guide the positioning of the
uncaging. To trigger Ca2+ elevation in astrocytes, a train of 12 UV-laser pulses was delivered
at 10 second intervals to the targeted astrocytes in stratum radiatum, which often produced
reliable uncaging with each pulse, as reflected by changes in Ca2+ fluorescence.

Whole-cell patch-clamp recording
Whole-cell recordings were made from interneurons in stratum radiatum of CA1. Interneurons,
pyramidal neurons and astrocytes were identified by their morphology and location under IR-
DIC, and by their electrophysiological properties, as described previously (Kang et al.,
1998). Neurons with pyramidal-cell morphology in stratum radiatum were excluded for
recording of interneurons in case they are misplaced pyramidal cells. The pipette solution used
for recording of sIPSCs and eIPSCs contained (mM): 140 CsCl, 2 MgCl2, 10 Hepes, 2 EGTA,
5 sodium phosphocreatine, 4 Mg-ATP, 0.3 GTP and 5 lidocaine N-ethylchloride (QX314).
QX314 was omitted when recording mIPSCs. In some recordings, 140 mM CsCl was replace
by 10 mM CsCl and 130 mM CsCH3SO3. For intracellular loading of NP-EGTA into pyramidal
neurons through whole-cell recording, the pipette solution contained (mM): 10 KCl, 130
KCH3SO3, 2 MgCl2, Hepes 20, 5 sodium phosphocreatine, 4 Mg-ATP, 0.3 GTP, 0.1 Fluo-4
potassium salt and 2 NP-EGTA (preloaded with 1.2 Ca2+). For perforated whole-cell recording,
the pipette solution contained (mM): 10 KCl, 130 KCH3SO3, 2 MgCl2, Hepes 20 and 400 μg
ml−1 amphotericin B. The pipettes had a resistance of 3–5 MΩ. For recording eIPSCs, a bipolar
tungsten stimulation electrode (WPI) was placed in stratum radiatum of the CA1 region, near
the recorded interneurons (100–200 μm). Single or paired (separated by 50 ms) pulses of 60
μsecond were delivered at 0.2 Hz with an intensity of 30–100 μA. A Mater-8 stimulator
(A.M.P.I) was used to synchronize the electrical stimulation with the uncaging. Membrane
currents were filtered at 1–2 KHz, digitized at 5–10 KHz using Axopatch 700A amplifier,
Clampex8 software and DigiData 1332A interface (Axon Instruments Inc.). Series resistance
(<20 MΩ) was carefully monitored throughout the experiments and experiments were
terminated if the series resistance changed >15%. All experiments were done at room
temperature (21–23°C).

Data analysis
All data are presented as the mean ± SEM. Miniature IPSCs were analyzed with MiniAnalysis
(Synaptosoft). The cumulative probability (Van der Kloot, 1991) of amplitude and interevent
intervals was compared using the Kolmogorov-Smirnov test (K-S test). Two cumulative sets
of data were considered to be significantly different at P < 0.01. Evoked IPSCs were analyzed
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with Clampfit 8.0 (Axon Instruments Inc.). For multiple group comparisons, statistical
differences were calculated by one-way ANOVA followed by Dunnett's post hoc test. For
comparison of means from the same group of cells, Student's paired t-test was used. Results
were considered to be significant at P < 0.05.

Chemicals
L(+)-2-amino-4-phosphonobutyric acid (L-AP4), (2S,2′R,3′R)-2-(2′,3′-
dicarboxycyclopropyl)glycine (DCG IV), (RS)-α-cyclopropyl-4-phosphonophenylglycine
(CPPG), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 3-(2-carboxypiperazin-4-yl)-
propyl-1-phosphonic acid (CPP) were purchased from Tocris Cookson Inc. Acetoxymethyl
(AM) esters and potassium salts of NP-EGTA and fluo-4, BAPTA AM (1,2-bis(2-
aminophenoxy)ethane-N,N,N′,N′-tetraacetate) and pluronic F-127 were from Molecular
Probes Inc. Most other chemicals were from Sigma.

RESULTS
Modulation of eIPSCs by Ca2+ elevation in astrocytes

Hippocampal slices were bulk loaded with calcium-fluorescence-indicator fluo-4 AM and
caged Ca2+, NP-EGTA AM. Uncaging NP-EGTA was used to control [Ca2+]i in astrocytes.
NP-EGTA releases Ca2+ upon uncaging by lowering its affinity with Ca2+ (Ellis-Davies and
Kaplan, 1994). We have showed previously that Ca2+ uncaging in astrocytes induces a decrease
in the frequency of mIPSCs in neighboring interneurons and that blocking AMPA/kainate and
NMDA glutamate receptors pharmacologically has no effect on this presynaptic inhibition.
Here, we test whether eIPSCs are also affected by Ca2+ elevation in astrocytes. Whole-cell
recordings were made from interneurons in stratum radiatum in CA1 region. The interneurons
were voltage-clamped at −60 mV. AMPA/kainate and NMDA receptor antagonists CNQX (50
μM) and CPP (5 μM) were included to block evoked excitatory postsynaptic currents (EPSCs).
Monosynaptic eIPSCs were elicited at 0.2 Hz by focal electrical stimulation. The fine-tipped
stimulating electrode was placed within 100 μm of one of the processes of the recorded
interneurons. The cell bodies of the astrocytes chosen for uncaging NP-EGTA were within 30
μm of proximal dendrites, which were within 100 μm of the soma of the recorded interneurons
(Liu et al., 2004).

After a stable, baseline, whole-cell recording was achieved, an astrocyte near the interneuron
process (<30 μm) was targeted and stimulated with a train of 12 UV pulses (0.1 Hz, 2 minutes),
the resultant fluorescence change was monitored and eIPSCs were recorded simultaneously.
Uncaging NP-EGTA produced a stepwise increase in [Ca2+]i in the astrocyte (Fig. 1A). The
astrocyte Ca2+ elevation (mean peak ΔF/F0 = 204 ± 18%, n = 9) was accompanied by a
significant reduction in the amplitude of the eIPSCs in 53% (9 of 17) of interneurons
(responder, Fig. 1B,C). The mean amplitude of eIPSCs during Ca2+ uncaging was 73 ± 5% of
baseline control (n = 9, P < 0.001, paired t-test), and recovered after the uncaging to 97 ± 3%
of baseline control (P > 0.3). During the depression the coefficient of variation (CV; SD/mean)
of the eIPSCs increased from 0.32 ± 0.03 to 0.38 ± 0.03 (n = 9, P < 0.01), which is consistent
with the depression of eIPSCs being mediated by a decrease in the probability of GABA release.
The time-course of the decrease in the amplitude of eIPSCs in interneurons followed that of
Ca2+ elevation in astrocytes (Fig. 1B). Ca2+ uncaging in astrocytes (peak ΔF/F0 = 194 ± 23%,
n = 8) had no significant effect on the amplitude of eIPSCs in 47% (8 of 17) of interneurons
(non-responder). The average amplitude of eIPSCs was 96 ± 3% of baseline level (n = 8, P >
0.3). There was no significant changes in CV (control: 0.30 ± 0.03; uncaging: 0.31 ± 0.03; n
= 8). The responder and non-responder were classified by testing whether the amplitude of
eIPSCs was significantly different during Ca2+ uncaging from the pre-uncaging level (paired
t-test). When experiments from both groups were averaged, the depression of eIPSCs during
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Ca2+ uncaging was still significantly different from the pre-uncaging level (83 ± 4% of control,
n = 17, P < 0.01). The peak ΔF/F0 levels between the two groups are not significantly different
(P > 0.5). Thus, the difference between responder and non-responder can not be explained by
different Ca2+ levels in astrocytes produced by Ca2+ uncaging.

The anatomical proximity of the stimulated astrocytes with the dendrites of the recorded
interneurons is required for astrocyte-mediated depression of sIPSCs. In astrocytes that are 60–
100 μm from the dendrites of recorded interneurons, Ca2+ uncaging elevated [Ca2+]i in
astrocytes (peak ΔF/F0 = 199 ± 24%, n = 7) but did not significantly alter the amplitude of
eIPSCs (96 ± 5% of baseline, n = 7, P > 0.4, paired t-test). Therefore, only astrocytes within
30 μm of the proximal dendrites of recorded interneurons were chosen for the following
experiments.

UV flashings to astrocytes did not produce appreciable change in Ca2+ fluorescence when
hippocampal slices from the same rat brains are loaded with fluo-4 alone (ΔF/F0 = 3 ± 2%; n
= 9). This indicates that the astrocyte [Ca2+]i elevation during the uncaging is not due to either
photo-damage or unspecific effects produced by the UV laser. Under this condition, UV
flashing to astrocytes had no significant effect on the amplitude of eIPSCs recorded from
interneurons in these slices (98 ± 3% of control, n = 9, P > 0.3, Fig. 1C). Pre-treatment of the
slices with BAPTA-AM (10 μM for 20–30 minutes) abolished the uncaging-induced Ca2+

increase in astrocytes (peak ΔF/F0 = 9±3%, n = 8) and the associated depression of eIPSCs in
interneurons (96 ± 4% of preuncaging level, n = 8, P > 0.5). These results indicate that the
depression of eIPSCs in interneurons is likely to be caused by Ca2+ elevation in astrocytes.

In agreement with previous studies (Porter and McCarthy, 1996), we found that high frequency
stimulation (50–100 Hz, 1 second) caused robust increases in [Ca2+]i in 3–20 astrocytes, but
either single or paired-pulse electrical stimulation at low frequency (0.1 Hz) used in this study
did not (data not shown). This observation indicates that [Ca2+]i in astrocytes is not affected
by the electrical stimulation used to elicit eIPSCs.

The fluo-4 fluorescence was present only in astrocytes, not in neurons, from slices prepared
from 11–15-day-old rats. We have showed previously that astrocytes are also loaded
preferentially with NP-EGTA in NP-EGTA AM bulk-loaded slices, the neuronal loading of
NP-EGTA is insignificant (Liu et al., 2004). First, we made perforated whole-cell recording
from pyramidal neurons in the coloaded slices. Pyramidal neurons in CA1 region were voltage-
clamped at −60 mV. UV flashing to pyramidal neurons failed to induce Ca2+-activated K+

currents in NP-EGTA AM bulk-loaded slices, but uncaging NP-EGTA loaded into pyramidal
neurons through conventional whole-cell recording induced such currents from pyramidal
neurons in the same slices (120 ± 19 pA, n = 7, Fig. 2). Second, when fura-2 AM rather than
fluo-4 AM was used for coloading with NP-EGTA AM in some slices, UV uncaging at
astrocytes caused Ca2+ elevation, but uncaging at either pyramidal neurons or interneurons did
not. Unlike fluo-4, fura-2 could still be loaded into some pyramidal neurons and interneurons
in the hippocampal slices through bulk loading. These two lines of evidence indicate that NP-
EGTA is loaded selectively into astrocytes but not neurons (Liu et al., 2004). The UV-laser
beam was focused through a 40× water-immersion object onto astrocytes with a diameter of
∼15 μm. The preferential loading of NP-EGTA into astrocytes and targeted UV stimulation
ensure that only astrocytes, not neurons, are stimulated during uncaging NP-EGTA.

Pharmacological activation of group II/III mGluRs on presynaptic terminals of interneurons
Next we investigated the mechanism that underlie the depression of eIPSCs in interneurons
produced by elevation of [Ca2+]i in astrocytes. Ca2+-dependent release of glutamate is reported
to account for several neuronal responses (Araque et al., 1998b; Araque et al., 1998a; Bezzi et
al., 1998; Kang et al., 1998; Pasti et al., 2001; Fiacco and McCarthy, 2004; Liu et al., 2004).
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Group II/III mGluRs are expressed on presynaptic terminals and that activation of the receptors
reduces transmitter release from many excitatory and inhibitory synapses (Conn and Pin,
1997; Scanziani et al., 1998; Semyanov and Kullmann, 2000). We asked whether the observed
depression of eIPSCs is due to activation of presynaptic mGluRs induced by the Ca2+-
dependent release of glutamate from astrocytes.

We first established whether presynaptic group II/III mGluRs are present on presynaptic
terminals of the inter-neurons using a conventional pharmacological approach. Paired-pulse
stimulation with an inter-pulse interval of 50 ms was used to test whether there is an effect at
presynaptic or postsynaptic sites. Bath application of 0.5 μM DCG IV, a selective group II
mGluR agonist (Hayashi et al., 1993), decreased the mean amplitude of the first eIPSCs to 43
± 4% of that of baseline (n = 8, P < 0.001, paired t-test). The paired-pulse ratio (PPR), calculated
as the ratio of the amplitude of the second eIPSCs to that of the first eIPSCs, increased
significantly (P < 0.05). Co-application of 300 μM CPPG, the most potent group II/III mGluR
antagonist described (Toms et al., 1996), with the agonist, reversed the agonist-induced
inhibition (86 ± 3% of control). CPPG also reversed the DCG IV-induced change in PPR (Fig.
3A,C).

Similarly, application of a selective agonist of the group III mGluRs, L-AP4 (50 μM) (Scanziani
et al., 1998), reduced the mean amplitude of the first eIPSCs to 44 ± 7% of that of baseline
(n = 7, P < 0.001, paired t-test). PPR was increased significantly by L-AP4 (P < 0.05). Co-
application of 300 μM CPPG and L-AP4 reversed the agonist-induced inhibition (98 ± 5% of
control). CPPG also reversed the L-AP4-induced change in PPR (Fig. 3B,C). Application of
CPPG alone did not significantly change the mean amplitude of baseline eIPSCs (103 ± 3%
of control, n = 7), which indicates that group II/III mGluRs are not activated tonically under
resting conditions (Fig. 3C). Therefore, CPPG was chosen for the following experiment to test
whether astrocyte-mediated depression of eIPSCs and mIPSCs is caused by activation of
presynaptic mGluRs.

Activation of group II/III mGluRs mediates astrocyte-induced depression of eIPSCs
If astrocytes release glutamate, activate presynaptic group II/III mGluRs and depress GABA
release, then CPPG, a potent blocker of group II/III mGluRs, should block the astrocyte-
mediated depression of eIPSCs and mIPSCs. We, therefore, examined whether Ca2+ uncaging
in astrocytes depresses eIPSCs and mIPSCs in the presence of CPPG. Using the protocol
described previously, we uncaged NP-EGTA in astrocytes and recorded eIPSCs in interneurons
at a holding potential of −60 mV. As shown in Fig. 4A, uncaging NP-EGTA in the presence
of CPPG (300 μM) had no significant effect on the amplitude of eIPSCs in any of the eight
interneurons tested (101 ± 3% of pre-uncaging level, P > 0.5, paired t-test). CPPG had no
significant effect on the uncaging-induced Ca2+ elevation in astrocytes; the peak ΔF/F0 during
uncaging (215 ± 22%, n = 8) in the presence of CPPG was not significantly different from that
in the absence of CPPG (P > 0.5).

To separate eIPSCs from evoked EPSCs, AMPA/kainate and NMDA receptor antagonists
CNQX (50 μM) and CPP (5 μM) were included in ACSF in the above recordings. These
antagonists should block the activation of all ionotropic glutamate receptors including kainate
receptors. Activation of either AMPA/NMDA receptors or kainate receptors by glutamate
released from astrocytes modulates synaptic transmission (Araque et al., 1998a; Kang et al.,
1998; Liu et al., 2004). We tested the effects of Ca2+ uncaging in astrocytes on eIPSCs in the
absence of CNQX and CPP in the ACSF. To separate eIPSCs from evoked EPSCs, we clamped
interneurons at the reversal potential of EPSCs, 0 mV. The intracellular solution contained 10
mM CsCl and 130 mM CsCH3SO3 to increase the driving force for eIPSCs. Evoked IPSCs
appeared outward under this condition. Uncaging NP-EGTA in astrocytes significantly
reduced the amplitude of eIPSCs in five out of nine interneurons tested (76 ± 6% of control,
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n = 5, P < 0.01, paired t-test, Fig. 4B). The mean peak ΔF/F0 during the uncaging in astrocytes
was 201 ± 25% (n = 5). The depression of eIPSCs was accompanied by an increase in CV from
0.28 ± 0.02 to 0.35 ± 0.03 (P < 0.01, paired t-test), which is consistent with a presynaptic
mechanism (Bekkers and Stevens, 1990; Mitchell and Silver, 2000b). In the remaining four
interneurons, Ca2+ uncaging in astrocytes (peak ΔF/F0 = 197 ± 27%, n = 4) had no significant
effect on eIPSCs (99 ± 3%, P > 0.5, paired t-test) and did not affect the CV of eIPSCs (baseline
0.30 ± 0.04; uncaging 0.29 ± 0.03). Averaging experiments from the responsive and non-
responsive interneurons, the depression of eIPSCs during Ca2+ uncaging is still significantly
different from the pre-uncaging level (86 ± 4% of control, n = 9, P < 0.05, Fig. 4B,C). The
depression of eIPSCs in the absence of CNQX and CPP is not significantly different from that
obtained in the presence of CNQX and CPP (P > 0.2, ANOVA). In the absence of CNQX and
CPP, the depression of eIPSCs and increases in the frequency of spontaneous IPSCs occur in
the same interneurons (data not shown). The increase in the frequency of sIPSCs is caused by
the activation of kainate receptors, as described in our previous study (Liu et al., 2004).

In separate experiments, CPPG (300 μM) was included in ACSF to block group II/III mGluR
receptors. Uncaging NP-EGTA in astrocytes caused Ca2+ elevation (ΔF/F0 = 192 ± 20%; n =
9), but had no significant effect on eIPSCs in any of the nine interneurons tested (Fig. 4C,D)
The mean amplitude of eIPSCs was 97 ± 3% of that of pre-uncaging level (P > 0.3, Fig. 4D).
Thus, exclusion of CNQX and CPP from the ACSF did not unmask any significant modulation
of eIPSCs caused by astrocyte activation of AMPA/kainate and NMDA receptors. The
depression of eIPSCs in interneurons by astrocytes is likely to be caused by Ca2+-dependent
release of glutamate and the subsequent activation of presynaptic group II/III mGluRs, which
is blocked by CPPG.

Activation of mGluRs also mediates the presynaptic modulation of mIPSCs
We showed previously that Ca2+ uncaging in astrocytes causes a small, significant decrease
in the frequency of mIPSCs in interneurons (Liu et al., 2004). The amplitude distribution of
mIPSCs is not affected by the uncaging, which indicates that the depression of mIPSCs has a
presynaptic origin. We demonstrated further that pharmacological blocking of AMPA/kainate
and NMDA receptors by CNQX and CPP had no effect on the uncaging-induced depression
of mIPSCs (Liu et al., 2004). We suspect that depression of mIPSCs shares a similar mechanism
with depression of eIPSCs. We, therefore, tested whether CPPG blocks the effect of Ca2+

uncaging on mIPSCs.

We recorded mIPSCs from interneurons in the presence of TTX (0.5 μM) to block action
potentials. CNQX (50 μM) and CPP (5 μM) were also included into ACSF to block miniature
EPSCs. As reported in our previous study (Liu et al., 2004), Ca2+ uncaging in astrocytes (peak
ΔF/F0 = 197 ± 18%; n = 7) produces a significant depression of mIPSCs in neighboring
interneurons. The frequency of mIPSCs during the uncaging was 78 ± 3% of baseline frequency
(n = 7; P < 0.05, paired t-test; Fig. 5A,C). The amplitude distribution of mIPSCs remained
unchanged (Fig. 5A,D), which indicates that a presynaptic mechanism is involved.

We tested the effect of CPPG (300 μM) on the uncaging-induced mIPSCs. Bath application of
CPPG had no significant effect on baseline frequency of mIPSCs (103 ± 4%, n = 8, P > 0.5;
paired-t test, Fig. 5C), but it prevented the uncaging-induced depression of mIPSCs (Fig. 5B).
The mean frequency of mIPSCs during uncaging was 98 ± 6% of that of the pre-uncaging level
(n = 8; P > 0.5; paired t-test, Fig. 5C). The mean peak δDF/F0 during uncaging was 189 ± 15%,
which is not significantly different from that in the absence of CPPG (P > 0.1, ANOVA).
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CONCLUSIONS
• Presynaptic inhibition of inhibitory interneurons in stratum radiatum in response to

astrocytic glutamate release is blocked by inhibitors of group II/III mGluR receptors.
• Glutamate that is released from astrocytes can either increase or decrease synaptic

transmission in hippocampal neurons by acting on different classes of glutamate
receptors.

DISCUSSION
Our results show that elevating [Ca2+]i in astrocytes by uncaging NP-EGTA decreases the
amplitude of eIPSCs and the frequency of mIPSCs in neighboring interneurons. The decrease
in the amplitude of eIPSCs is accompanied by an increase in the coefficient of variation but
the amplitude distribution of mIPSCs remains unchanged. This pattern of changes is typical
of a presynaptic effect (Bekkers and Stevens, 1990; Mitchell and Silver, 2000b). Both effects
are mediated by presynaptic activation of group II/III mGluRs because they are blocked by
CPPG, a potent antagonist of group II/III mGluRs (Toms et al., 1996). Our data are consistent
with the idea that Ca2+-dependent glutamate release from astrocytes (Araque et al., 1998b;
Araque et al., 1998a; Bezzi et al., 1998; Kang et al., 1998; Pasti et al., 2001) activates
presynaptic group II/III glutamate receptors and decreases the release of GABA from
presynaptic terminals of interneurons.

Ca2+ elevation in astrocytes mediates the depression of eIPSCs and mIPSCs
The depression of eIPSCs and mIPSCs appears to be caused by elevation of [Ca2+]i in
astrocytes. The duration of the synaptic depression follows the time course of the [Ca2+]i
elevation in astrocytes, which indicates that the two events are closely linked. The depression
is evident only when UV flashing is targeted to astrocytes preloaded with NP-EGTA and fluo-4,
but not with fluo-4 alone. As with fluo-4, NP-EGTA seems to load astrocytes preferentially,
leaving neurons unloaded, because we detected no Ca2+-activated K currents in these slices
during uncaging when perforated whole-cell recordings were used to record pyramidal
neurons. Such currents are observed readily when NP-EGTA is loaded directly into the
pyramidal neurons through conventional whole-cell recording (Liu et al., 2004). We have also
demonstrated previously that UV flashing induces Ca2+ elevation in astrocytes, but not in
neurons in NP-EGTA AM-loaded slices, as revealed by changes of fura-2 fluorescence (Liu
et al., 2004). The selective loading of NP-EGTA in astrocytes and targeted UV stimulation
ensure that Ca2+ elevation is limited to astrocytes. Thus, an increase in [Ca2+]i in neurons is
unlikely to contribute to the uncaging-induced depression of eIPSCs and mIPSCs.

Differential neuronal modulation by astrocytes
Astrocytes can release gliotransmitters that affect many neuronal functions (Nedergaard,
1994; Kang et al., 1998; Newman and Zahs, 1998; Blondel et al., 2000; Araque et al., 2001;
Bezzi et al., 2001; Ullian et al., 2001; Yang et al., 2003; Fiacco and McCarthy, 2004). The
intimate anatomical association (Ventura and Harris, 1999) and diverse functional interaction
between astrocytes and neuronal synapses lead to the concept of the ‘tripartite synapse’, in
which astrocytes play a crucial role in synaptic transmission (Araque et al., 1999). In recent
years, many details of this functional interaction has begun to unfold in intact tissues such as
brain slices. Generally, it is now believed that Ca2+-dependent and -independent release of
gliotransmitters is essential for astrocyte-mediated neuronal modulation.

Glutamate is a gliotransmitters that has been studied extensively (Mazzanti et al., 2001). It is
well established that high-affinity glutamate transporters on astrocytes are responsible for
uptake of glutamate (Anderson and Swanson, 2000). Experimental data show that astrocytes
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can, nevertheless, release glutamate in response to [Ca2+]i elevation (Parpura et al., 1994).
Vesicular exocytosis has been proposed as the mechanism of glutamate release (Calegari et
al., 1999; Araque et al., 2000; Pasti et al., 2001), but this is controversial (Nedergaard et al.,
2002) and other release mechanisms have been proposed (Nedergaard et al., 2002; Ye et al.,
2003).

Ca2+-dependent glutamate released from astrocytes produces diverse effects on different
synapses and cell types (Araque et al., 1998b; Araque et al., 1998a; Bezzi et al., 1998; Kang
et al., 1998; Pasti et al., 2001; Fiacco and McCarthy, 2004; Liu et al., 2004). How can these
differences be explained and reconciled? We believe that the nature of astrocyte-mediated
neuronal responses is determined initially by the specific target receptors that are activated.
For example, astrocyte stimulation potentiates mIPSCs and eIPSCs in pyramidal neurons by
activating presynaptic AMPA/NMDA receptors (Kang et al., 1998), but it depresses mIPSCs
and eIPSCs in interneurons by activating presynaptic group II/III mGluRs, as demonstrated in
this study. The expression of presynaptic mGluRs (group II/III mGluRs) is often target-
specific, thus, mGluRs are present if the postsynaptic neuron is an interneuron but not if it is
a pyramidal neuron (Shigemoto et al., 1996; Scanziani et al., 1998). Indeed, agonists of group
II and III mGluRs depress eIPSCs in interneurons but not in pyramidal neurons (Gereau and
Conn, 1995; Scanziani et al., 1998; Semyanov and Kullmann, 2000). This might explain why
mGluR-mediated depression of eIPSCs and mIPSCs is observed in interneurons in this study,
but not in pyramidal neurons in a previous study (Kang et al., 1998).

Glutamate released from astrocytes can modulate excitatory and inhibitory synapses in the
same type of neurons through different mechanisms. Astrocyte stimulation potentiates IPSCs
and EPSCs in hippocampal pyramidal neurons (Kang et al., 1998; Fiacco and McCarthy,
2004). However, the potentiation of EPSCs is mediated by activation of group I mGluRs
(Fiacco and McCarthy, 2004) whereas the potentiation of IPSCs is mediated by activation of
AMPA/NMDA receptors (Kang et al., 1998). We have shown that astrocyte Ca2+ elevation
increases the frequency of sIPSCs by activating either axonal or somatodendritic kainate
receptors in interneurons (Liu et al., 2004), whereas it decreased the amplitude of eIPSCs and
the frequency of mIPSCs by activating presynaptic group II/III mGluRs. Thus, astrocyte
activation can differentially modulate inhibitory synapses in the same interneurons by
activating distinct classes of glutamate receptors. Astrocytes and other glial cells might also
use different gliotransmitters to affect the same types of neurons. For example, stimulation of
glial cells in retinal slices either increases or decreases action-potential firing in the same type
of ganglion neurons (Newman and Zahs, 1998). It has been reported recently that astrocyte-
mediated ATP release and its conversion into adenosine accounts for the neuronal inhibition
(Newman, 2003). The mechanism of glial-induced increases in action-potential firing is not
clear, but it is likely to be caused by activation of other gliotransmitters. Thus, gliotransmitters
released from glial cells can cause bidirectional modulation of neuronal activity and synaptic
transmission depending on the target receptors that are activated.

The spatial distribution of glutamate receptors is crucial for their activation by glutamate
released from astrocytes. High-affinity glutamate transporters on astrocyte membranes limit
glutamate diffusion (Anderson and Swanson, 2000). Anatomical segregation between
glutamate release sites and glutamate transporters must exist so that glutamate that is released
can reach target receptors. The anatomical proximity between astrocyte processes and neuronal
glutamate receptors is required for astrocyte-mediated neuronal modulation. It is conceivable
that the astrocyte processes contact different target glutamate receptors at different synapses.
This might explain why glutamate released from astrocytes produces such diverse effects on
different synapses and cell types. Electron microscopy indicates that astrocyte processes
surround the axon-spine interface but are not in direct contact with the postsynaptic sites
(Ventura and Harris, 1999). This indicates that gliotransmitters released from astrocyte
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processes are likely to activate extra-synaptic receptors rather than postsynaptic receptors
(Araque et al., 1998a). Thus, astrocytes might modulate rather than participate in synaptic
transmission.

The sensitivity of target glutamate receptors also shapes the responses to stimulating astrocytes.
Different glutamate receptors have different affinity with glutamate. High affinity glutamate
receptors are more likely to be activated by glutamate. Generally mGluRs have a high affinity
for glutamate, for example, the affinity for glutamate for group II mGluRs is 4–12 μM (Pin
and Duvoisin, 1995). Kainate receptors can also be activated by low micromolar concentration
of glutamate (Rodriguez-Moreno et al., 2000). The close apposition of presynaptic terminals
with astrocytic processes (Ventura and Harris, 1999) and the high affinity for glutamate may
allow glutamate to reach a sufficient concentration to activate mGluRs and kainate receptors.

Functional implication
By selectively stimulating astrocytes while monitoring neuronal responses, we have found that
Ca2+-dependent release of glutamate from astrocytes can activete distinct classes of glutamate
receptors on interneurons. Activation of kainate receptors caused an increase in the frequency
of sIPSCs (Liu et al., 2004), while activation of group II/III mGluRs led to a decrease in the
amplitude of eIPSCs and the frequency of mIPSCs. Astrocyte-mediated modulation of synaptic
transmissions through activation of mGluRs and AMPA/NMDA receptors has also been
reported in hippocampal slices and hippocampal cell culture (Araque et al., 1998b; Araque et
al., 1998a; Kang et al., 1998; Fiacco and McCarthy, 2004). These findings suggest that
astrocyte activation could bidirectionally modulate synaptic transmission through activation
of different glutamate receptors. The ‘net’ effect of stimulating astrocytes on hippocampal
circuit function is hard to predict, nevertheless, astrocytes provide a non-synaptic source of
glutamate that could fine-tune the strength of excitatory and inhibitory synapses. This is
particularly meaningful for inhibitory synapses. Although mGluRs and kainate receptors are
expressed on presynaptic terminals of inhibitory synapses, how glutamate released from
excitatory synapses reaches the glutamate receptors on the inhibitory terminals is unclear.
Recent experimental evidence showed that under the condition of high frequency of synaptic
activity, inhibition of glutamate uptake, or close apposition of excitatory and inhibitory
terminals in certain brain structure, glutamate could ‘spillover’ and activate mGluRs on
inhibitory terminal to modulate inhibitory synaptic transmission (Mitchell and Silver, 2000a;
Semyanov and Kullmann, 2000). The physiological significance for this heterosynaptic
inhibition is not clear. Synapses are often wrapped by astrocyte processes (Ventura and Harris,
1999), Ca2+-dependent release of glutamate from astrocytes could readily access glutamate
receptors on inhibitory terminals. As such, astrocyte-derived glutamate should represent a
common mechanism by which inhibitory synaptic transmission can be regulated.
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Fig. 1.
Depression of eIPSCs in interneurons by Ca2+ uncaging in astrocytes. (A) Images from
an astrocyte before, during and after stimulation with a train of twelve UV laser pulses (0.1
Hz) to uncage NP-EGTA. Scale bar, 10 μm. (B) Upper: Ca2+ uncaging produces a stepwise
increase in ΔF/F0 of the astrocyte in (A) and a reversible decrease in the mean amplitude of
eIPSCs (averaged from 24–36 traces) in an interneuron (middle). The amplitudes of eIPSCs
over the course of the experiment (lower). (C) Normalized changes in the amplitude of eIPSCs
by uncaging. Responder shows the average of nine cells that responded to uncaging by
decreasing the amplitude of eIPSCs. Non-Responder shows the average of eight cells that did
not respond to uncaging. Total shows the average of all 17 cells. Preloading the slices with
BAPTA-AM (10 μM), a calcium chelator, prevents the depression of eIPSCs by uncaging (n
= 8). No NP-EGTA indicates slices loaded with fluo-4 alone (n = 9). *P < 0.01 compared with
control, BAPTA AM and no NP-EGTA groups by ANOVA with Dunnett's test.
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Fig. 2.
Neuronal loading of NP-EGTA in NP-EGTA-AM-loaded slices is insignificant. (A1) A
pyramidal neuron was loaded with potassium salts of NP-EGTA (2 mM, pre-loaded with 2
mM Ca2+) and fluo-4 (0.1 mM) through conventional whole-cell recording. Uncaging NP-
EGTA induced Ca2+ elevation as shown by the change in fluo-4 fluorescence. Scale bar, 15
μm. (A2) Time-course of ΔF/F0 of the experiment shown in A1. (A3) Uncaging NP-EGTA
induced Ca2+-activated K+ current in the pyramidal neuron. (B) Perforated whole-cell
recordings from a pyramidal neuron in NP-EGTA-AM-loaded slices. UV flashing to the neuron
did not activate Ca2+-activated K+ currents.
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Fig. 3.
Selective group II/III mGluR agonists depress eIPSCs in interneurons. (A) The group II
mGluR agonist DCG IV (0.5 μM) decreases the amplitude of eIPSCs (left), accompanied by
an increase in the paired-pulse ratio (PPR; right, n=8). Both effects are reversed by CPPG (300
μM), a group II/III mGluR antagonist. *P < 0.05; paired t-test; n = 8. (B) Group III mGluR
agonist L-AP4 (50 μM) also depresses eIPSCs and increases the PPR. *P < 0.05, paired t-test;
n = 7. CPPG (300 μM) reversed the depression of eIPSCs and change of the PPR. Scale bars,
100 pA, 100 ms.. Traces in (A) and (B) are averages of 36 consecutive traces. (C) Normalized
values of change of the first IPSC amplitudes by group II/III mGluR agonists and antagonist.
**P < 0.001 compared with control, CPPG with agonists, and CPPG alone; ANOVA with
Dunnett's test.
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Fig. 4.
The group II/III mGluR antagonist CPPG blocks the depression of eIPSCs induced by
uncaging NP-EGTA in astrocytes. (A) In the presence of AMPA/kainate and NMDA receptor
antagonists (50 μM CNQX and 5 μM CPP) and Group II/III mGluR antagonist CPPG (300
μM), Ca2+ uncaging in an astrocyte had no significant effect on eIPSCs in a neighboring
interneuron. The holding potential (HP) of the interneuron is −60 mV. Each sample trace of
eIPSCs is an average of 24–36 traces. (B) In the absence of glutamate-receptor antagonists,
Ca2+ uncaging in an astrocyte reduces the amplitude of eIPSCs in an interneuron. The
interneuron was held at 0 mV, which is near the reversal potential of EPSCs. (C) In the presence
of CPPG, Ca2+ uncaging has no effect on eIPSCs. (D) Normalized values of the amplitude of
eIPSCs during uncaging NP-EGTA. + CPPG, CNQX, CPP and CPPG included in the bathing
solution; No blockers, no glutamate-receptor antagonists in the bathing solution; CPPG, CPPG
only in the bathing solution. *P < 0.05 compared with control and + CPPG group by ANOVA
with Dunnett's test; n = 8–9 for each group.
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Fig. 5.
Activation of presynaptic group II/III mGluRs mediates the Ca2+ uncaging-induced
decrease in the frequency of mIPSCs. (A) Ca2+ uncaging in an astrocyte decreases the
frequency of mIPSCs in a neighboring interneuron. (B) In the presence of CPPG (300 μM), an
antagonist of group II/III mGluRs, uncaging has no significant effect on mIPSCs. (C) Pooled
data of normalized frequency of mIPSCs during Ca2+ uncaging. The uncaging produced a
significant decrease in the frequency of mIPSCs (uncaging). CPPG prevented the uncaging-
induced modulation of mIPSCs (+ CPPG). CPPG perfusion alone had no effect on baseline
mIPSCs (CPPG). *P < 0.01 compared with control and + CPPG group by ANOVA with
Dunnett's test; n = 7–8 for each group. (D) Cumulative frequency plot of amplitude distribution
of the experiment in (A), which shows that uncaging has no significant effect on the amplitude
distribution of mIPSCs. This indicates that a presynaptic mechanism is involved in the
uncaging-induced depression of mIPSCs.
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