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Tonic activation of group I mGluRs modulates inhibitory
synaptic strength by regulating KCC2 activity
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The furosemide-sensitive potassium–chloride cotransporter (KCC2) plays an important role in
establishing the intracellular chloride concentration in many neurons within the central nervous
system. Consequently, modulation of KCC2 function will regulate the reversal potential for
synaptic GABAergic inputs, thus setting the strength of inhibitory transmission. We show that
tonic activation of group I metabotropic glutamate receptors (mGluR1s) regulates inhibitory
synaptic strength via modulation of KCC2 function in pyramidal neurons of the hippocampal
CA3 area. Specifically, group I mGluRs signal via activation of a protein kinase C-dependent
pathway to alter KCC2 activity, thereby altering the intracellular chloride concentration, and thus
inhibitory synaptic input. This interaction between the glutamatergic and chloride transport
systems highlights a novel homeostatic mechanism whereby ambient glutamate levels directly
regulate the inhibitory synaptic tone by setting the activity level of KCC2. Thus, mGluRs are
poised to play a pivotal role in providing a direct interplay between the excitatory and inhibitory
systems in the hippocampus.
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In the hippocampus, GABAergic interneurons (INs)
provide both feedforward and feedback inhibitory
synaptic input onto pyramidal cells (PCs) to time action
potentials and exert control over network excitability
(Pouille & Scanziani, 2001). During development
hippocampal pyramidal cells up-regulate the expression
of the potassium chloride cotransporter, KCC2, a
mechanism considered critical for the lowering of
intracellular Cl− and the ultimate conversion of
GABAergic input from depolarizing to hyperpolarizing
that is observed on maturation (for review, see Ben-Ari,
2002). Hence, any mechanism(s) of functional regulation
of KCC2, including those controlling its availability and
quantity in the neuronal plasma membrane, will have an
important impact on Cl− homeostasis. Furthermore, the
cellular machinery governing the expression and function
of KCC2 may underlie a postsynaptic mechanism for
fine tuning of GABAergic transmission and inhibitory
tone (McCarren & Alger, 1985; Ling & Benardo, 1995;
Ben-Ari, 2002; Woodin et al. 2003; Fiumelli et al. 2005;
Banke & McBain, 2006; Ouardouz et al. 2006). Several
lines of evidence point toward a possible role for neuronal
activity-dependent mechanisms in the regulation of KCC2
function. For example Fiumelli et al. (2005) demonstrated
that prolonged action potential firing in hippocampal

neurons resulted in a positive shift in EGABA via a
mechanism involving a Ca2+-dependent downregulation
of KCC2 function and concomitant alteration of
intracellular Cl− homeostasis. Also, seizure activity or
hyperexcitability of hippocampal neurons reduced cell
surface expression of KCC2 (Wake et al. 2007). Although
KCC2 has been found to be expressed in the vicinity of
excitatory glutamatergic synapses (Gulyas et al. 2001), no
direct role for postsynaptic ionotropic glutamate receptors
(NMDA or kainate/AMPA preferring) in the regulation of
KCC2 has been reported (see for example Ludwig et al.
2003). In addition, to date, to our knowledge no data
on possible metabotropic glutamate receptor (mGluR)
regulation of KCC2 have yet been presented. mGluRs
are implicated in a number of physiological processes in
the hippocampal CA3 area (Nakanishi, 1992; Schoepp &
Conn, 1993; Pin & Duvoisin, 1995), including modulation
of excitability and synaptic transmission (Anwyl, 1999;
Conn, 2003) and induction of long-term potentiation
(Bashir et al. 1993). While many mGluR subtypes act
as presynaptic autoreceptors, in the hippocampal CA3
region, the members of the group I mGluRs, mGluR1
and mGluR5, are also expressed on postsynaptic elements
(Lujan et al. 1996; Shigemoto et al. 1997; Ferraguti
et al. 1998). Group I mGluRs regulate postsynaptic PC
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excitability through modulation of several potassium and
calcium channels (Charpak et al. 1990; Desai & Conn,
1991; Crepel et al. 1994; Guerineau et al. 1994, 1995; Luthi
et al. 1996). It is noteworthy that activation of group I
mGluRs leads to an increased inhibitory input onto a
number of diverse targets (Desai et al. 1994; McBain et al.
1994; Gereau & Conn, 1995; Llano & Marty, 1995; Poncer
et al. 1995; Zhou & Hablitz, 1997; Hoffpauir & Gleason,
2002; Govindaiah & Cox, 2006), although the underlying
mechanisms are poorly understood. Activation of group
I mGluRs typically elicits mobilization of intacellular
Ca2+ and/or triggers protein kinase C (PKC)-dependent
signalling pathway(s). PKC has multiple downstream
targets, including KCC2 (Adragna et al. 2004; Lee et al.
2007). Of interest, within CA3 pyramidal cells, both KCC2
and group I mGluRs are often localized to adjacent or over-
lapping postsynaptic elements (Lujan et al. 1996; Gulyas
et al. 2001).

However, until now there has been no evidence
pointing to a direct coupling between mGluR activation
and KCC2 function. Here, using gramicidin perforated
patch clamp recordings to preserve intracellular chloride
concentrations, we demonstrate that application of either
group I mGluR agonists or antagonists hyperpolarized
or depolarized EGABA, respectively. Importantly, we found
that tonic activation of group I mGluRs regulated KCC2
function, with an impact on intracellular chloride levels,
EGABA and ultimately the strength of inhibitory synaptic
input. This arrangement provides a novel and potent
homeostatic mechanism for glutamatergic (i.e. excitatory)
transmission to modulate ongoing inhibitory synaptic
input onto hippocampal neurons.

Methods

Hippocampal slice preparation

Hippocampal slices (300 μm) were prepared from
postnatal day (P) 15-22 white FVB/N mice in-house
breeding as previously described (Banke & McBain,
2006). Briefly, slices were constantly perfused at
> 2 ml min−1, using medium containing (in mM):
NaCl (130), KCl (3.5), NaHCO3 (24), NaH2PO4

(1.25), CaCl2 (2.5), MgCl2 (3) and glucose (10),
equilibrated with 95% O2–5% CO2 (pH 7.4). In addition,
100 μM DL-APV, 10 μM DNQX and 3 μM (2S)-3-[[(1S)-1-
(3,4-dichlorophenyl)ethyl]amino-2-hydroxypropyl](phe-
nylmethyl)phosphinic acid (CGP55845) were routinely
included to block NMDA, AMPA and GABAB receptor-
mediated transmission, respectively. The temperature of
the recording solution was maintained throughout the
recordings at 34 ± 1◦C.

Perforated patch recordings

We recorded from individually identified CA3 pyramidal
cells using the gramicidin perforated patch clamp

technique as previously described (Banke & McBain,
2006). Gramicidin stock solutions (gramicidin ABCD;
G5002 Sigma, St Louis, MO, USA) were dissolved in
DMSO to 50 mg ml−1 and kept at −20◦C until needed.
On the day of recording, gramicidin stock solution was
diluted into a solution of 140 mM KCl, 10 mM Hepes,
pH 7.2, ∼300 mosmol l−1, to a final concentration of
∼25 μg ml−1. The tip of the electrode was front-filled
with an identical but gramicidin-free solution. Access
resistance (Ra) was monitored rigorously throughout the
experiments. Experiments did not commence until the Ra

had stabilized, typically in the range of 20–70 M� (mean
Ra ∼45 M�). Ra compensation was not applied. Integrity
of the perforated patch was rigorously monitored; rupture
of the patch was evident by large changes in the evoked
IPSC amplitude resulting from the introduction of 140 mM

KCl into the cytoplasmic compartment. Alternatively,
Lucifer yellow was included in the intracellular solution
and the integrity of the perforated patch was monitored via
fluorescence microscopy at regular intervals throughout
the recording. At the end of each recording, bicuculline
(20 μM) was added to block evoked IPSCs recorded in PCs.
Only recordings in which > 95% of IPSC amplitude was
blocked were accepted for further analysis. All recordings
were made with an Axon Instruments Multiclamp 700A
amplifier (Molecular Devices Corp., Sunnyvale, CA, USA);
data were low-pass filtered (5 kHz) and acquired at 10 kHz
on a standard PC. Measurements were not corrected for
liquid junction potentials. Current–voltage relationships
were constructed by measuring the peak amplitude of
averaged IPSCs (10–20 single sweeps) at different holding
potentials (typically−90 to−20 mV in 10 mV increments)
and then peak IPSCs were plotted and fitted.

Chemicals

DL-APV, 6,7-dinitro-quinoxaline-2,3-dione (DNQX),
(2S)-3-[[(1S)-1-(3,4-dichlorophenyl)ethyl]amino-2-hyd-
roxypropyl](phenylmethyl)phosphinic acid (CGP55845),
(RS)-3,5-dihydroxyphenylglycine (DHPG), N-phenyl-7-
(hydroxyimino)cyclopropa[b]chromen-1a-carboxamide
(PHCCC), 7-(hydroxyimino)cyclopropa[b]chromen-1a-
carboxylate ethyl ester (CPCCOEt), 2-methyl-6-
(phenylethylnyl)pyridine hydrochloride (MPEP),
(RS)-α-ethyl-4-carboxyphenylglycine (E4CPG), (2S)-2-
amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-3-(xanth-9-
yl) propanoic acid (LY341495), Gö6976, bumetanide;
suppliers: Sigma, St. Lousi, MO, USA: Bumetanide;
Tocris Biosciences, Ellisville, MO, USA: DL-APV, DNQX,
CPG55845, and all mGluR antagonists; EMD Chemicals,
Inc., Gibbstown, NJ., USA: GO6976.

Statistics

Data are presented as means ± standard error of
mean (S.E.M.) with statistical significance assessed using
Student’s t test.
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Results

A hyperpolarizing driving force for inhibitory synaptic
transmission exists in mature CA3 PCs (Ben-Ari, 2002).
This driving force is primarily generated from the activity
of the developmentally up-regulated potassium chloride
cotransporter, KCC2, and results in lowering of intra-
cellular Cl− levels (Rivera et al. 1999; Dzhala et al. 2005).
To study inhibitory inputs onto CA3 PCs (postnatal
day 15-22), we evoked inhibitory postsynaptic currents

Figure 1. Group I mGluR activity modulates evoked IPSCs in CA3 pyramidal neurons
A, a representative gramicidin perforated patch recording from a CA3 pyramidal neuron held in voltage clamp at
−50 mV. Application of 20 μM DHPG increased the evoked IPSC amplitude by ∼65%. Inset, examples of pairs of
evoked IPSCs as indicated by numbers on the dot plot. Stimulus artifacts were removed for clarity (scale bar: x-axis
50 ms). B, normalized group data showing the effect of 20 μM DHPG on IPSC amplitude (n = 5). C, same cell
as in A. Plot of current–voltage relationship for control (•, EGABA = −64.1 mV) and following DHPG application
(©, EGABA = −77.1 mV). Insets, examples of evoked IPSC I–V relationships (scale bar: x-axis 50 ms). D, group data
showing EGABA in control and after DHPG (n = 15) application. Mean data set is represented by filled bars and
individual experiments represented by open circles. Significance as indicated on the figure. E, application of the
group I mGluR antagonist PHCCC (30 μM) decreased IPSC amplitude by ∼25%. Inset, examples of evoked IPSCs
as indicated by numbers on dot plots (scale bar: x-axis 50 ms). F, normalized group data showing the effect of
PHCCC on IPSC amplitude (n = 4). G, plot of current–voltage relationship for control (•, EGABA = −69.4 mV) and
during PHCCC application (©, EGABA = −64.3 mV). Insets, evoked IPSC I–V relationship (scale bar: x-axis 50 ms).
H, group data showing EGABA in control, and after PHCCC application (n = 21). Significance as indicated on
figure. The dotted line in panels D and H indicates previous cell-attached measure of CA3 pyramidal cell resting
membrane potential (Banke & McBain, 2006) to highlight the changes in driving force attainable in the presence
and absence of mGluR activation.

(IPSCs) at low frequency (0.1 Hz, typically V hold was
set at −50 or −60 mV) with a small glass electrode
placed at the border of the stratum lucidum/radiatum
of acute hippocampal slices while recording in gramicidin
perforated patch whole cell mode. GABAergic synaptic
currents were isolated by applying DNQX (10 μM),
DL-APV (100 μM) and CGP55845 (3 μM) to block
AMPA, NMDA and GABAB receptors, respectively. At
this holding potential IPSCs were outward (Fig. 1)
and were blocked by the competitive GABAA receptor
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antagonist bicuculline, indicating that the evoked events
resulted from activation of GABAA receptors (data not
shown). To determine the impact of group I mGluR
activation on inhibitory synaptic transmission, we
initially applied the specific group I mGluR agonist
(RS)-3,5-dihydroxyphenylglycine (DHPG; 20 μM). In six
PCs bath application of DHPG enhanced the peak IPSC
amplitude (mean amplitude increase 45 ± 8%) (Fig. 1A
and B). The change in IPSC amplitude observed in the
presence of DHPG was not accompanied by a change
in input resistance (control: 422 ± 32 M�; DHPG:
426 ± 25 M�, n = 12). We investigated whether the
DHPG-induced increase in amplitude arose from a
change in the IPSC current–voltage (I–V ) relationship.
In 12 PCs, EGABA hyperpolarized from −67.2 ± 1.9
to −76.1 ± 3.0 mV (Fig. 1C and D, P = 0.0002) in
the presence of DHPG (20 μM). These preliminary
experiments indicate that group I mGluRs increase
inhibitory synaptic transmission onto PCs by hyper-
polarizing EGABA. To confirm that this was a group I
mGluR-mediated effect, we next applied the group I
mGluR antagonist N-phenyl-7-(hydroxyimino)
cyclopropa[b]chromen-1a-carboxamide (PHCCC;
30 μM). Surprisingly, in 4 out of 5 PCs tested, application
of PHCCC alone reversibly depressed the IPSC amplitude

Figure 2. mGluRs do not alter the short-term plasticity or time course of evoked IPSCs
A, a pyramidal neuron held at −50 mV stimulated at 20 Hz in the presence of either DHPG (grey) or PHCCC (black).
Right panel, the same traces show in left panel normalized to the first peak and shown on an expanded axis.
B, average data set showing that the onset and magnitude of short-term depression of IPSCs during a 20 Hz train is
similar in the presence of either PHCCC (black) or DHPG (grey) (n = 6). C, the paired-pulse ratio is also unchanged
(calculated from data shown in B). D, the IPSC decay time constant was unchanged in the presence of DHPG or
PHCCC (time constant obtained by fitting the decay to a single exponential). τ was 41.4 ± 7.4 ms (n = 9) in the
presence of DHPG (grey) and 43.0 ± 5.3 ms in the presence of PHCCC (black; n = 9). E, the time course of the
normalized charge transfer plot of IPSCs evoked by a 20 Hz train is similar in the presence of DHPG or PHCCC.
Grey trace is in the presence of DHPG and black trace is in the presence of PHCCC (n = 3). F, current–voltage
relationship from the same cell as shown in A in the presence of either DHPG or PHCCC.

by 23 ± 8% (n = 4, Fig. 1E and F), suggesting tonic
activation of pyramidal cell group I mGluRs in our in
vitro slices. Analysis of the IPSC current–voltage (I–V )
relationship revealed that PHCCC depolarized EGABA from
−71.3 ± 1.8 mV in control to −60.8 ± 1.3 mV (n = 21,
P = 8 × 10−5, Fig. 1G and H). Considered together these
two data sets indicate that mGluR regulation of EGABA

spans a membrane potential range of ∼16 mV, from an
EGABA of −60 mV in the absence of mGluR activation to
−76 mV with mGluR activation. Importantly, this voltage
range for mGluR regulation of EGABA crosses the CA3 PC
resting membrane potential (−61 ± 2 mV; n = 25; shown
as a dotted line in Fig. 1D and H), suggesting that IPSCs
are not only depressed by group I mGluR antagonist
application, but may become shunting or even excitatory
in the absence of mGluR activity (Fig. 1H). To rule out the
possibility that the potential role for presynaptic effects
of DHPG or PHCCC was at least partially of presynaptic
origin, we next examined whether either agent could alter
the short-term plastic properties of IPSCs evoked by a
train of 20 IPSCs evoked at 20 Hz. Despite the changes in
amplitude described above, the magnitude of short-term
depression of IPSCs was not different in the presence
of the mGluR agonist or antagonist (Fig. 2A, inset),
in the presence of DHPG (IPSC10/IPSC1 66.2 ± 4.5%,
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n = 6 (6/9)), or PHCCC (65.4 ± 9.6% n = 6) (Fig. 2B).
Similarly, the IPSC paired-pulse ratio (PPR) calculated
from the first two evoked events was not significantly
different in the presence of either DHPG or PHCCC
(Fig. 2C). Taken together, these data indicate that the
mGluR-induced changes in IPSC amplitude are unlikely
to result from presynaptic alterations in transmitter
release probability. We also ruled out a direct effect of
group I mGluRs on synaptic GABAA receptors. The
IPSC decay time constant was similar in the presence of
either agonist or antagonist (45.6 ± 12.5 ms in DHPG
versus 46.6 ± 9.8 ms in PHCCC, Fig. 2D, n = 9 (9/9)),
and no differences were observed in the time course
of the normalized charge transfer accumulated during
the 20 Hz train of evoked IPSCs in the presence of
either PHCCC or DHPG (Fig. 2E). Similar to low
stimulation frequencies (Fig. 1), PHCCC depolarized
the EGABA of IPSCs evoked at 20 Hz, resulting in a
decrease in IPSC amplitude at −60 mV, whereas DHPG
hyperpolarized EGABA resulting in an increased IPSC
amplitude (Fig. 2A and F). Taken together, these data
indicate that group I mGluRs act to alter synaptic
GABAergic strength by altering EGABA. In support of this
notion and in agreement with previous findings (Fiumelli
et al. 2005), there were no changes in the slope of the
I–V relationship before and after application of either
DHPG (slope change, DHPG/control: 107 ± 9%, n = 6
(6/7), P = 0.60) or PHCCC (PHCCC/control: 105 ± 7%,
n = 7 (7/11), P = 0.95, data not shown). Although
PHCCC is a selective group I mGluR antagonist, it does
not permit pharmacological discrimination between
the two members of group I mGluRs, mGluR1 and
mGluR5, both present on CA3 pyramidal cell dendrites
(Lujan et al. 1996; Shigemoto et al. 1997; Ferraguti et al.
1998). To determine which of the two group I mGluRs is
responsible for the observed modulation of EGABA, we used
7-(hydroxyimino)cyclopropa[b]chromen-1a-carboxylate
ethyl ester (CPCCOEt) and 2-methyl-6-(phenyl-
ethylnyl)pyridine hydrochloride (MPEP), selective
non-competitive antagonists for mGluR1 and mGluR5,
respectively. Application of either CPCCOEt (30 μM) or
MPEP (10 μM) alone did not affect low frequency evoked
IPSC amplitude (Fig. 3). Similarly, EGABA was unchanged
in the presence of either CPCCOEt (−71.7 ± 3.9 mV
compared to −69.5 ± 2.5 mV in control, n = 5 (5/5)
or MPEP (−69.1 ± 4.5 mV versus −68.4 ± 4 mV in
control, n = 5 (5/5)) (Fig. 3A and B). However, combined
application of both MPEP and CPCCOEt depolarized
EGABA (−60.5 ± 2.4 mV, n = 5 (5/10)), suggesting that
concerted activation of both mGluR1 and mGluR5 is
required for the group I mGluR mediated regulation
of EGABA. The magnitude of the depolarizing shift in
EGABA observed by coapplication of CPCCOEt and
MPEP was similar to that observed in the presence of
either the non-selective group I antagonist PHCCC,

or the broad spectrum group I/II antagonist
(RS)-α-ethyl-4-carboxyphenylglycine (E4CPG)
(50 μM) (Fig. 3C). In contrast, the group II
mGluR-specific antagonist (2S)-2-amino-2-[(1S,2S)-2-
carboxycycloprop-1-yl]-3-(xanth-9-yl) propanoic acid
(LY341495; 100 nM), had no effect on EGABA (0.2 ± 0.5%
of control, n = 3 (3/3), P = 0.28) (Fig. 3C). Taken
together, these data suggest that a combined action
of both mGluR1 and mGluR5 is required for mGluR
regulation of synaptic IPSC reversal potential. The

Figure 3. Concomitant activation of both mGluR1 and mGluR5
is necessary for mGluR effects on EGABA
A, plot of evoked IPSCs at different holding potentials (control, ©).
Application of the non-competitive mGluR5 antagonist MPEP (•) alone
was without effect on the IPSC amplitude or I–V relationship. In
contrast in the continued presence of MPEP, coapplication of the
mGluR1 antagonist CPCCOEt (�) depolarized EGABA. Inset, examples
of evoked responses at V = −50 mV. B, group data showing EGABA in
control (C), in the presence of CPCCOEt (CP), in the presence of MPEP
(MP), or in the presence of both CPCCOEt and MPEP. Significance as
indicated on figure. C, normalized changes in EGABA in the presence of
CPCCOEt, MPEP, CPCCOEt and MPEP, in the presence of PHCCC (PH,
n = 21, replotted from Fig. 1H), and in the presence of the group I and
II mGluR antagonist E4CPG (E4, n = 5) and in the presence of the
group II specific mGluR antagonist LY341495 (LY, n = 3).
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reversal potential of IPSCs is in part established by
chloride extrusion mechanisms (Misgeld et al. 1986;
Staley et al. 1995; Payne et al. 2003), which at this
age (P15-22) range is largely dominated by activity of
the chloride cotransporter KCC2 (Rivera et al. 1999).
In recombinant cell systems, KCC2 function is under
tight regulation by one or more kinases/phosphatases
including protein kinase C (PKC) (Adragna et al. 2004;
Lee et al. 2007; Wake et al. 2007). Interestingly, group I
mGluRs are G-protein-coupled receptors that can activate
phospholipase C, producing inositol trisphosphate and
diacylglycerol, which can lead to mobilization of Ca2+

from intracellular stores, as well as PKC activation
(Anwyl, 1999). To test whether the observed shift in EGABA

resulted from a PKC-dependent mechanism, we applied
the PKC activator phorbol 12-myristate 13-acetate (PMA;
1 μM).

Figure 4. The mGluR-dependent shift in EGABA requires PKC activation
A, evoked IPSCs recorded from a pyramidal neuron held at −60 mV. Application of PMA increased the IPSC
amplitude. Subsequent application of DHPG in the continued presence of PMA had no additional effect. Inset,
examples of evoked IPSCs at V = −60 mV at different time points as indicated by letters (scale bar: x-axis 50 ms).
B, evoked IPSC I–V relationship in control, after PMA and in the combined presence of PMA and DHPG. In the
presence of PMA, DHPG is now without effect on EGABA. C, the normalized mean data-set showing changes in
EGABA in the presence of PMA, in the presence of PMA + PHCCC and in the presence of DHPG + PMA. D and E,
application of the PKC inhibitor Gö6976 alone caused a small reduction in IPSC amplitude which was associated
with a rightward shift in EGABA. Importantly subsequent application of DHPG in the presence of Gö6976 was
without effect on IPSC amplitude. Inset, evoked IPSCs at V = −60 mV at different time points as indicated by
letters (scale bar: x-axis 50 ms). F, normalized group data for control (Gö6976), in the presence of PHCCC +
Gö6976 or in the presence of DHPG + Gö6976.

PMA mimicked the effect of DHPG, increasing the
IPSC amplitude by 45 ± 19% (n = 4 (4/4), Fig. 4A and
C) which resulted from a hyperpolarizing shift of
EGABA (−70.0 ± 2.2 mV in control to −77.3 ± 3.0 mV
(a 10 ± 1% change) in the presence of (PMA)
(Fig. 4B and C). In the continued presence of
PMA, subsequent application of either DHPG or
PHCCC had no additional effect on EGABA (PMA
+ PHCCC: EGABA = −74.3 ± 3.6 mV; PMA + DHPG:
−73.3 ± 1.4 mV) (Fig. 4B and C). In contrast, application
of the Ca2+-dependent PKC inhibitor Gö6976 (1 μM)
caused a small reduction in IPSC amplitude that resulted
from a depolarization of EGABA (−71.0 ± 3.9 mV in
control to −67.6 ± 3.6 mV in Gö6976, n = 4 (4/4),
P = 0.047; Fig. 4F), mimicking the effect of PHCCC. In
the continued presence of Gö6976, subsequent application
of either DHPG or PHCCC had no further effect on EGABA
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(Gö6976 + PHCCC: EGABA = −68.5 ± 3.9 mV; Gö6976 +
DHPG: −69.2 ± 2.7 mV) (Fig. 4D and F). Taken together,
these results suggest that mGluR1 regulates the IPSC
reversal potential via a PKC-dependent signalling cascade.
To determine whether KCC2 is the ultimate target for tonic
group I mGluR modulation of EGABA, we applied the KCC2
cotransport blocker furosemide (Fur). Although Fur
cannot discriminate between KCC2 and NKCC1, at this
age (P15-22) the contribution of NKCC1 to Cl− homeo-
stasis is minimal (Staley, 2002). As expected in the case
of blocking of KCC2 activity, Fur (100 μM) depolarized
EGABA to more positive potentials (−60.3 ± 2.9 mV versus
−68.6 ± 1.9 mV in control, P = 0.003, n = 16, Fig. 5A)
(Fiumelli et al. 2005; Banke & McBain, 2006; Wake et al.
2007). If tonic group I mGluR activation depolarized

Figure 5. Block of the chloride cotransporter KCC2 by furosemide occludes PHCCC’s effect on EGABA
A, plot of evoked IPSCs at different holding potentials (control, �). Application of the KCC2 blocker furosemide
(Fur) decreases IPSC amplitude (©). Subsequent application of PHCCC in the continued presence of furosemide
had no effect (�). Insets, examples of pairs of evoked IPSCs at V = −50 mV in control and following furosemide
and furosemide + PHCCC application (scale bar: x-axis 50 ms). The observed changes in the second IPSC after
application of Fur was highly variable. B, group data showing changes in EGABA for control, in the presence of Fur
and in the presence of Fur + PHCCC. C, plot of evoked IPSCs at different holding potentials (control, �). Application
of the NKCC1 blocker bumetanide (Bum) was without effect on the IPSC amplitude or I–V relationship (©). In
contrast, in the continued presence of Bum coapplication of PHCCC depolarized EGABA (�). Insets, examples of
pairs of evoked IPSCs at V = −60 mV in control and following bumetanide and bumetanide + PHCCC application
(scale bar: x-axis 50 ms). D, group data showing changes in EGABA for control, in the presence of Bum and in the
presence of Bum + PHCCC.

EGABA via a mechanism involving KCC2 activity, we would
predict that in the continuous presence of Fur, PHCCC
should fail to depolarize EGABA. Indeed, in agreement
with this hypothesis, application of PHCCC in the
presence of Fur now had no effect on EGABA

(−63.3 ± 4.7 mV, P = 0.63, Fig. 5A and B). In contrast,
application of 10 μM of the NKCC1 blocker bumetanide
had little effect on EGABA (−71.1 ± 1.6 versus
−68.5 ± 1.4 mV in control, P = 0.01, n = 8 (8/12),
Fig. 5D) confirming only a minor role for NKCC1
at this development stage (Rivera et al. 1999).
Subsequent application of PHCCC depolarized EGABA

(−60.1 ± 1.7 mV, P = 0.04, n = 3 (3/3), Fig. 5C and D),
supporting that the mGluR1 effect is mediated primarily
via KCC2 and not via NKCC1.
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Discussion

Here, we provide evidence that activation of group I
mGluRs is a critical element in regulating the strength and
polarity of inhibitory synaptic input onto CA3 pyramidal
cells. Activation of mGluRs increased the driving force
for hyperpolarizing/shunting inhibitory input, whereas
removal of mGluR activity placed EGABA close to the
resting membrane potential (Fig. 1). mGluR activity end-
owed pyramidal cells with a mechanism that could shift
EGABA across an ∼16 mV range, from −60 mV to −76 mV.
Importantly, in the absence of mGluR activity the IPSC
reversal was close to the resting potential, rendering
inhibition largely shunting. In contrast, in the presence
of mGluR activity, the driving force for inhibition was
hyperpolarizing with a maximal driving force of ∼16 mV
ensuring robust inhibition during periods of intense
glutamatergic activity. Interestingly, even in the presence
of only the ambient concentrations of glutamate in the in
vitro slice preparation, tonic mGluR activity was sufficient
to ensure a hyperpolarizing/shunting driving force for
inhibition. Recently Tyzio et al. (2008) recorded EGABA

changes using cell-attached patch clamp techniques and
suggested that GABAergic inhibition onto adult CA3
PCs takes place by shunting rather than hyperpolarizing,
indicating that the choice of recording technique used
might be a critical factor in determining EGABA.

In agreement with Fiumelli et al. (2005), our data
indicate that this modulation of EGABA by mGluRs
is dependent upon PKC activation. Furthermore Lee
et al. (2007) reported that direct PKC phosphorylation
of KCC2 leads to increased KCC2 activity, strongly
supporting our findings that the functional pool of KCC2
is dynamically regulated. Our observation that inhibition
of group I mGluR or PKC alone can lead to EGABA

depolarization (Figs 1 and 4) suggests that the activity of
the functional KCC2 pool may be constitutively regulated
and that activation of group I mGluR accelerates this
constitutive regulation of KCC2 activity. Thus, ongoing
glutamatergic activity onto or between CA3 pyramidal
cells can selectively increase or decrease inhibitory
synaptic tone by dynamically regulating KCC2 activity
levels. Furthermore, Fiumelli et al. (2005) reported
a PKC-dependent EGABA depolarization after action
potential activity in hippocampal neurons which resulted
from a decrease in KCC2 activity. Hence, dynamic
regulation of KCC2 activity and inhibitory synaptic tone
by ongoing excitatory activity may be a common feature
across many different cell types. In the hippocampus
mGluRs are expressed both pre- and postsynaptically
(Anwyl, 1999; Conn, 2003), where they typically act to
regulate transmitter release probability and cell excitability
by activation or modulation of a number of intrinsic
conductances (Desai et al. 1994; McBain et al. 1994;
Gereau & Conn, 1995; Llano & Marty, 1995; Poncer
et al. 1995; Hoffpauir & Gleason, 2002; Govindaiah &

Cox, 2006). Our data suggest that the regulation of
inhibitory synaptic strength is not governed by alterations
in presynaptic release probability (Fig. 2) since the only
parameter modulated by mGluR activity was the reversal
potential for inhibition. In contrast, both short-term
plasticity and the time course of GABAergic events were
insensitive to mGluR activity. Of particular interest, our
data indicate that a concerted action from both mGluR1
and mGluR5 is required for the modulation of IPSC
reversal potential. Block or activation of either one in
isolation had no effect on inhibitory input. A combined
requirement for mGluR1 and mGluR5 has been shown
in a number of cellular mechanisms (Mannaioni et al.
2001; Volk et al. 2006) suggesting these receptor systems
have a synergistic action in several systems. Both mGluR1
and mGluR5 are concentrated in CA3 pyramidal cells
at the perisynaptic annulus around excitatory synapses
(Fotuhi et al. 1994; Lujan et al. 1996). This is a
synaptic arrangement that places both group I mGluRs
in a location to sense ongoing glutamate release from
individual synapses as well as glutamate spillover from
adjacent synapses (Bergles et al. 1999). Similarly, the
potassium chloride cotransporter KCC2, which is a major
determinant of chloride homeostasis in principal cells, is
also expressed at high levels in the vicinity of excitatory
synapses on CA3 pyramidal cells (Lujan et al. 1996;
Gulyas et al. 2001). This juxtaposition of both mGluRs
and KCC2 in the vicinity of excitatory synapses could
indicate that this anatomical arrangement may be an
important mechanistic link between the glutamatergic
pathways and chloride homeostasis, and ultimately
inhibitory synaptic tone. Therefore, any local change in
extracellular glutamate concentration will alter the degree
of mGluR activation, which via a PKC-dependent down-
stream pathway can directly influence activity of the
closely apposed KCC2. Importantly, our data suggest that
chloride homeostasis could be regulated by glutamate on
a relatively rapid time scale and that ongoing excitatory
activity could rapidly scale inhibitory input by direct
phosphorylation of KCC2 (Lee et al. 2007). Such an
arrangement is likely to play an important homeo-
static role in regulating network excitability not only in
single CA3 pyramidal cells but also in the local network.
Although mGluR modulation of intrinsic CA3 pyramidal
cell conductances is well appreciated, we suggest a novel
role for mGluRs in providing a molecular sensor or
‘sniffer’ of ongoing activity, which would then scale or
redistribute the excitatory–inhibitory balance, having a
major impact upon the PC excitability and firing pattern.
Therefore, it is tempting to suggest that this mechanism
may be disrupted or dysfunctional in a number of neuro-
logical disorders where an imbalance or alteration in
inhibitory tone or timing of principal cells is implicated,
for example, in chronic pain (Coull et al. 2003; De Koninck,
2007), ischaemic brain injury (Galeffi et al. 2004) and
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in epilepsy, where both glutamatergic and GABAergic
input to hippocampus PCs are often modified in a time-
and cell-dependent manner (Cohen et al. 2002; Aronica
et al. 2007; El-Hassar et al. 2007). However, the actual
involvement of this mechanism in the pathophysiology
of any of the above-mentioned disease conditions has yet
to be demonstrated. In conclusion, we have shown that
activation of group I mGluRs can fine-tune inhibitory
synaptic input by controlling the reversal potential for Cl−

via a PKC-dependent mechanism that involves regulation
of KCC2 activity on the cell surface. Such an arrangement
is likely to endow principal neurons with a potent
mechanism to dynamically regulate their excitability by
directly balancing the inhibitory input to the ongoing
excitatory drive. Importantly, this mGluR-induced shift in
EGABA occurs rapidly (within minutes) and may provide a
crucial clue as to how the interplay between local excitation
and inhibition gate plasticity and excitotoxicity (Staley
et al. 1995; De Koninck, 2007). These findings suggest that
activity-dependent regulation of KCC2 may contribute to
the plasticity of inhibitory synapses under physiological
or pathological conditions and provide a novel role for
mGluRs in ‘sensing’ ongoing neuronal activity, providing
an important ‘physiological brake’ to runaway excitation
within the hippocampal feedforward/feedback circuit.
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