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Abstract

During postnatal development of the rat hippocampus, c-aminobutyric acid (GABA) switches its action on CA3 pyramidal cells from
excitatory to inhibitory. To characterize the underlying changes in the GABA reversal potential, we used somatic cell-attached
recordings of GABA(A) and N-methyl-d-aspartate channels to monitor the GABA driving force and resting membrane potential,
respectively. We found that the GABA driving force is strongly depolarizing during the first postnatal week. The strength of this
depolarization rapidly declines with age, although GABA remains slightly depolarizing, by a few millivolts, even in adult neurons.
Reduction in the depolarizing GABA driving force was due to a progressive negative shift of the reversal potential of GABA currents.
Similar postnatal changes in GABA signalling were also observed using the superfused hippocampus preparation in vivo, and in the
hippocampal interneurons in vitro. We also found that in adult pyramidal cells, somatic GABA reversal potential is maintained at a
slightly depolarizing level by bicarbonate conductance, chloride-extrusion and chloride-loading systems. Thus, the postnatal
excitatory-to-inhibitory switch in somatic GABA signalling is associated with a negative shift of the GABA reversal potential but
without a hyperpolarizing switch in the polarity of GABA responses. These results also suggest that in adult CA3 pyramidal cells,
somatic GABAergic inhibition takes place essentially through shunting rather than hyperpolarization. Apparent hyperpolarizing GABA
responses previously reported in the soma of CA3 pyramidal cells are probably due to cell depolarization during intracellular or whole-
cell recordings.

Introduction

c-Aminobutyric acid (GABA) is the main inhibitory neurotransmitter
in the adult brain (Farrant & Kaila, 2007). However, early in
development, GABA, acting via chloride-permeable GABA(A) chan-
nels, exerts an excitatory action due to elevated [Cl)]i in the immature
neurons (Cherubini et al., 1991; Ben-Ari et al., 1997; Ben Ari, 2002;
Owens & Kriegstein, 2002; Ben Ari et al., 2007). Maturation of
GABAergic signalling in CA3 pyramidal cells of the rat hippocampus
is characterized by two excitatory-to-inhibitory (E–I) switches in
GABA’s action. The first near-term E–I switch is transient and is
mediated by the action of maternal oxytocin (Tyzio et al., 2006). The
second developmental E–I switch is permanent, occurring during the
second postnatal week (Khazipov et al., 2004; Tyzio et al., 2007); and
is due to progressive changes in the expression of the chloride
membrane transporters (Rivera et al., 1999; Ganguly et al., 2001;
Payne et al., 2003; Yamada et al., 2004; Dzhala et al., 2005).

Both the near-term and postnatal E–I switches in GABA action on
CA3 pyramidal cells are thought to be due to the switch in the polarity
of GABAergic responses from depolarizing to hyperpolarizing (Obata
et al., 1978; Mueller et al., 1984; Ben-Ari et al., 1989; Swann et al.,
1989; Luhmann & Prince, 1991; Psarropoulou & Descombes, 1999;

Rivera et al., 1999; Banke & McBain, 2006; Tyzio et al., 2006). The
action of GABA depends on the direction of the transmembrane
current elicited by GABA, its driving force (DFGABA) being the
difference between the GABA(A) reversal potential (EGABA) and
resting membrane potential (Em). Using noninvasive cell-attached
recordings of single GABA(A) and N-methyl-d-aspartate (NMDA)
channels from CA3 pyramidal cells to monitor DFGABA and Em, it has
been shown that the near-term E–I switch in the GABA action is
associated with a change in the polarity of DFGABA from depolarizing
to hyperpolarizing due to a negative shift of EGABA (Tyzio et al.,
2006). Studies using sharp electrodes and gramicidin-perforated patch
recordings have also suggested that the postnatal E–I switch is
associated with a change in the polarity of DFGABA from depolarizing
to hyperpolarizing (Mueller et al., 1984; Ben-Ari et al., 1989; Swann
et al., 1989; Psarropoulou & Descombes, 1999; Rivera et al., 1999;
Banke & McBain, 2006). However, intracellular and gramicidin-
perforated patch recordings may introduce several sources of error in
the estimation of GABA actions, including neuronal depolarization
and modification of [Cl)]i, both of which may affect measurements in
small immature cells (Ben-Ari et al., 1989; Barry & Lynch, 1991;
Staley et al., 1992; Tyzio et al., 2003). Therefore, it remains unclear
whether the postnatal E–I switch in the GABA action is associated
with a depolarizing-to-hyperpolarizing switch in GABA responses.
Maturation of GABA signalling in specific cell compartments is yet

another poorly understood phenomenon. A considerable amount of
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evidence indicates that EGABA may differ in various parts of the cell
and that it even displays synapse-specific plasticity (Woodin et al.,
2003; Fiumelli & Woodin, 2007). Several gradients of EGABA have
been described, including somatodendritic and axon initial segment–
somatic gradients (Hara et al., 1992; Szabadics et al., 2006; Khirug
et al., 2008; Romo-Parra et al., 2008) [but see also Gulledge & Stuart
(2003)]. However, little is known about how EGABA changes with
development in various cell compartments. Recent work using
extracellular field potential and intracellular recordings suggested
that, during development, EGABA shifts from depolarizing to hyper-
polarizing values earlier in the soma than in dendrites (Romo-Parra
et al., 2008). This may reflect developmental NKCC1 migration from
the soma to dendrites (Marty et al., 2002). On the other hand, an
opposite relationship between EGABA in the soma and dendrites (more
hyperpolarizing in dendrites than in the soma) has been suggested in
adult neurons (Khirug et al., 2008).
In the present study, we examined postnatal changes of EGABA in the

somatic compartment of hippocampal CA3 pyramidal cells using cell-
attached recordings of single GABA and NMDA channels to monitor
the GABA driving force and resting membrane potential, respectively.
An important advantage of this noninvasive technique is that it permits
punctual measurements of EGABA in approximately 1 lm2 of recorded
patch from the cell membrane. We found that during postnatal
development, there is a progressive negative shift in EGABA. However,
in contrast to the near-term switch, the postnatal E–I switch was not
associated with a change in the polarity of the GABAergic responses,
which remained slightly depolarizing even in adult CA3 pyramidal
cells. These results also suggest that in adult CA3 pyramidal cells,
which have been widely considered to be prototypes of neurons with
classic hyperpolarizing inhibitory postsynaptic potentials, somatic
GABAergic inhibition is essentially shunting, not hyperpolarizing, as
has been previously suggested for some other types of neurons (Eccles
et al., 1961; Barrett & Crill, 1974; Kennedy et al., 1974; Misgeld et al.,
1986; Edwards, 1990; Staley & Mody, 1992; Kaila et al., 1993; Zhang
& Jackson, 1993; Golding & Oertel, 1996; Cattaert & El Manira, 1999;
Rudomin & Schmidt, 1999; Lu & Trussell, 2001; Martina et al., 2001;
Monsivais & Rubel, 2001; Bartos et al., 2002; Chavas & Marty,
2003; Gulledge & Stuart, 2003; Banke & McBain, 2006; Vida et al.,
2006). Pyramidal neurons recorded in the superfused hippocampal
preparation from anaesthetized rats in vivo had a similar paradigm.
Likewise, during the postnatal period, somatic GABA action shifted
from depolarizing to slightly hyperpolarizing in the majority of
hippocampal interneurons.

Materials and methods

Hippocampal slices

Hippocampal slices were prepared from Wistar rats. All animal use
protocols conformed to the national guidelines on the use of laboratory
animals and were approved by the Animal Care and Use Committee of
INSERM. Animals were anaesthetized with chloral hydrate
(350 mg ⁄ kg, intraperitoneally) and decapitated. The brain was
removed, and transverse slices (350–500 lm) were cut from the
middle part of the hippocampus using a Vibratome (VT 1000E; Leica,
Nussloch, Germany). Slices were kept in oxygenated (95% O2 ⁄ 5%
CO2) artificial cerebrospinal fluid (ACSF) composed of NaCl
126 mm, KCl 3.5 mm, CaCl2 2.0 mm, MgCl2 1.3 mm, NaHCO3

25 mm, NaH2PO4 1.2 mm and glucose 11 mm (pH 7.4) at room
temperature (20–22 �C) for at least 1 h before use. For recordings,
slices were placed into a conventional, fully submerged, chamber
superfused with ACSF (30–32 �C) at a rate of 2–3 ml ⁄ min.

Cell-attached recordings of GABA and NMDA channels
Patch-clamp recordings from visually identified CA3 pyramidal cells
and interneurons in a cell-attached configuration were performed using
an EPC-10 double amplifier (HEKA Elektronik Dr Schulze GmbH,
Lambrecht ⁄ Pfalz, Germany) or Axopatch 200B amplifier (Axon
Instruments, Union City, CA, USA). For recordings of single
GABA(A) channels, patch pipette solution containing NaCl
120 mm, tetraethylammonium–Cl 20 mm, KCl 5 mm, 4-aminopyri-
dine 5 mm, CaCl2 0.1 mm, MgCl2 10 mm, glucose 10 mm and
Hepes–NaOH 10 mm buffered to pH 7.2–7.3, and GABA (1–5 lm),
was added on the day of the experiment from a 1 mm frozen stock
solution. Because the composition of the solution for cell-attached
recordings differs from that of ACSF, this may introduce a systematic
error into the estimation of DFGABA. This error was estimated
experimentally in two series of experiments. In the first series, we
determined the reversal potential of the currents via GABA(A)
channels in outside-out patches. In these experiments 2 mm MgATP
and 5 mm EGTA were added to the pipette solution to prevent
rundown of GABA currents. Brief pressure application of isoguvacine
(100 lm, 100 ms, 2–8 psi) to the outside-out or nucleated patches
evoked GABA(A) receptor-mediated currents that were completely
suppressed by the GABA(A) receptor antagonist bicuculline (20 lm;
n = 2, not shown). Study of the current–voltage relationships revealed
that these responses have a mean conductance of 1.4 ± 0.4 nS and a
reversal potential of +2.1 ± 0.4 mV (n = 7 outside-out and n = 1
nucleated patch; Fig. 1).
In the second series of experiments, we measured DFGABA using

pipette solution containing ACSF and GABA (2 lm) in 1-month-old
rats. To maintain pH at a physiological level, pipette ACSF was
continuously oxygenated with 95% O2 ⁄ 5% CO2 via a patch pipette
holder. The value of DFGABA with ACSF-based pipette solution was
4.0 ± 0.6 mV (n = 9), as compared to 5.4 ± 1.3 mV (n = 4) obtained
using the principal pipette solution for GABA channel recordings. The
difference of 1.6 mV was close to that obtained using outside-out
patches (2.1 mV). Because outside-out patch recordings give highly
precise estimates of the reversal potential (Fig. 1), all values of
DFGABA obtained with the principal solution for cell-attached GABA
channel recordings were corrected for 2.1 mVobtained using outside-
out recordings.
Membrane potential was estimated using cell-attached recordings of

single NMDA channels as described previously (Leinekugel et al.,
1997; Tyzio et al., 2003). For recordings of single NMDA channels,
pipette solution contained nominally Mg2+-free ACSF with NMDA
(10 lm), glycine (1 lm) and strychnine (1 lm). This approach has a
substantial advantage in comparison to whole-cell recordings, because
it does not cause cell depolarization due to introduction of leak
conductance – the error that is particularly important in small
immature neurons with high membrane resistance (Tyzio et al.,
2003). To estimate the reliability of this technique for Em measure-
ments, we performed the experiment illustrated in Fig. 2, using
dissociated cultures of rat hippocampus at 16–21 days in vitro. We
first estimated Em in the intact cell using cell-attached recordings of
NMDA channels, which gave a value of )81 ± 3 mV [n = 3 for dual
recordings (Fig. 2A); )76 ± 2 mV; n = 8 for single cell-attached
recordings]. Keeping cell-attached recordings, the cell was patched
with a second pipette and recorded in whole-cell mode (Fig. 2B).
Under these recording conditions, Em deduced from cell-attached
recordings of NMDA channels shifted to a more depolarized value of
)54 ± 4 mV (n = 3), which was close to the Em value measured
directly in whole-cell recordings ()56 ± 3 mV; n = 72), and the
difference between these two values was within ±3 mV [0.9 ± 1.3 mV
(mean ± SE); n = 3]. These results support our previous conclusion
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that cell-attached recordings of NMDA channels provide a reliable
estimate of Em, and they raise further concern about neuronal
depolarization introduced in whole-cell recordings.

In vivo recordings

Hippocampal recordings in vivo were performed using a superfused
hippocampus preparation as described previously (Khazipov &
Holmes, 2003). In brief, rats were anaesthetized with 1–2 g ⁄ kg
urethane injected intraperitoneally. The skin and periosteum were
removed from the skull, which was then covered with a layer of dental
acrylic, except for an area �5 mm in diameter above the hippocam-
pus. The rat was positioned in the stereotaxic apparatus, and the skull
was attached to the nose (nasal bones) and ear bars (occipital bone)
with dental acrylic. A burr hole of diameter 5 mm was drilled in the
skull above the hippocampus. The dura was cut and removed, and the
neocortex above the hippocampus was removed by vacuum suction.
The hippocampal surface was covered with 0.9% NaCl during the
procedure to prevent it from drying. The perfusion chamber was
prepared as described previously (Khazipov & Holmes, 2003;
Minlebaev et al., 2007), with some modifications. A 4-mm-long
cylinder was cut from a plastic tube (inner diameter 3.5 mm; outer
diameter 4.5 mm) and glued to stretched nylon mesh (pore diameter
120 lm) with cyanoacrylamide glue. The chamber was positioned at
the hippocampal surface so that the mesh gently pressed onto the
hippocampus. The chamber was then fixed to the skull with dental
acrylic. Chlorided silver wire was placed into the perfusion chamber,
and served as a ground electrode. During the recordings, rats were
heated via a thermal pad (37 �C). The chamber was perfused with
oxygenated ACSF at a rate of 2 ml ⁄ min. The temperature in
the chamber was kept at 35–37 �C using an automatic tempera-
ture controller (TC-344B; Warner Instruments, Hamden, CT, USA).
Patch-clamp recordings were performed from the pyramidal cell layer
(depth 100–200 lm) using an Axopatch 200B amplifier (Axon
Instruments), using a patching technique similar to that described

in vivo (Leinekugel et al., 2002; Khazipov & Holmes, 2003;
Minlebaev et al., 2007).
Recordings were digitized (10 kHz) online with Digidata 1200 or

1440 interface cards (Axon Instruments) and analysed offline with
Axon package (Axon Instruments) and Origin (Microcal Software,
Northampton, MA, USA) as described previously (Khazipov et al.,
1995; Tyzio et al., 2003, 2006). Group measures are expressed as
means ± SEM; error bars also indicate SEM. The statistical signifi-
cance of differences was assessed with Student’s t-test. The level of
significance was set at P < 0.05.

Morphology

In the series of recordings from interneurons, all the recorded slices
were processed for biocytin-filled neuron detection as described
previously (Khazipov et al., 2001). Whole-cell recordings of
interneurons were performed using a solution composed of 115 mm

potassium gluconate, 20 mm KCl, 4 mm MgATP, 10 mm sodium
phosphocreatine, 0.3 mm NaGTP, 10 mm Hepes, and 0.5% biocytin,
adjusted to pH 7.3 with NaOH. The slices were fixed overnight at
room temperature in a solution containing 4% paraformaldehyde in
0.1 m phosphate-buffered saline (PBS; pH 7.4). After fixation, slices
were rinsed in PBS, cryoprotected in sucrose for 16 h, and quickly
frozen on dry ice. The detection of biocytin-filled neurons was
performed on unsectioned slices. To neutralize an endogenous
peroxidase, slices were pretreated for 30 min in 1% H2O2. After
several rinses in 0.1 m PBS (pH 7.4), slices were incubated for 24 h at
4 �C in 1 : 100 avidin-biotinylated peroxidase complex diluted in PBS
containing 0.3% Triton X-100. After 30 min rinses in PBS, slices were
processed with 0.06% 3,3¢-diaminobenzidine tetrahydrochloride
(Sigma, St Louis, MO, USA) and 0.006% H2O2 diluted in PBS,
rinsed, mounted on gelatin-coated slides, and coverslipped in an
aqueous medium (Crystal ⁄ Mount; Biomeda, Foster City, CA, USA).
Interneurons were morphologically identified on the basis of their
dendritic and axonal arborizations.

Fig. 1. Estimations of the correction factor for the solution for cell-attached measurements of the c-aminobutyric acid (GABA) driving force using outside-out patch
recordings. (A) Outside-out recordings of the responses evoked by brief application of the GABA(A) receptor agonist isoguvacine (100 lm, 100 ms) at different
holding potentials. The pipette was filled with a solution for cell-attached recordings of GABA channels; the external solution was artificial cerebrospinal fluid.
(B) Corresponding I–V relationships of the GABA(A) receptor-mediated currents. Note the reversal potential near +2 mV.
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Results

Postnatal changes of EGABA in the soma of CA3 pyramidal cells

To characterize the postnatal changes in the GABA(A) driving force,
we used cell-attached recordings of single GABA channels from the
soma of CA3 pyramidal cells in the hippocampal slices from the rats
aged from postnatal day (P)1 to P30 (n = 133 cells). This noninvasive
single GABA channel recording technique has substantial advantages
over other electrophysiological approaches to measure DFGABA,
because it affects neither EGABA nor Em (Serafini et al., 1995; Tyzio
et al., 2006). In addition, this methodology is not compromised by
space-clamp problems. Typical records of GABA channels from P1,
P15 and P30 neurons at different pipette potentials (Vp) are shown in
Fig. 3. Currents through GABA(A) channels displayed outward
rectification: outwardly directed currents at negative values of Vp

were larger than inwardly directed currents at positive values of Vp.
The current–voltage relationships were best fitted with an exponential
function. The tangent to the I–V curve at the reversal potential gave

an estimate of the conductance of 16.9 ± 1.7 pS (mean ± EM;
n = 133).
In cell-attached recordings, the driving force on ions across

GABA(A) channels is )DFGABA – Vp. Therefore, DFGABA equals
)Vp at the reversal potential of the currents through GABA(A)
channels. From the I–V curves for the currents through single
GABA(A) channels, DFGABA was inferred to be dependent on age.
During the first postnatal week, DFGABA was strongly positive, with a
maximal value of 17.4 ± 3.4 mV at P1 (n = 6), and was highly
variable. During the first two postnatal weeks, DFGABA shifted
progressively and negatively to reach 3.6 ± 1.0 mV at P15–P30
(n = 39; Fig. 4). The postnatal negative shift in DFGABA was
accompanied by reduction in the variation of DFGABA values, evident
as a reduction in the standard error in Fig. 4. Thus, noninvasive
measurements of DFGABA using cell-attached recordings of GABA
channels indicate that during postnatal development, there is a
progressive reduction in the amplitude of somatic depolarizing
DFGABA that remains slightly depolarizing even in adult neurons,
and that somatic GABA responses do not switch polarity from
depolarizing to hyperpolarizing with development.
The developmental changes in DFGABA could be due either to a

negative shift of EGABA or to a depolarizing shift of Em. Therefore, we
also measured Em, using single NMDA channels in cell-attached
recordings as a voltage sensor (Leinekugel et al., 1997; Tyzio et al.,
2003, 2006). Dual cell-attached recordings of GABA(A) and NMDA
channels were performed in 43 CA3 pyramidal cells at P3, P9, P18,
and P30. Typical simultaneous recordings of GABA(A) and NMDA
channels from the soma of the same neuron are shown in Fig. 5A. That
recordings were made from the same neuron was ensured by the
presence of synchronous action potentials in cell-attached recordings
and ⁄ or synchronous synaptic activity in subsequent whole-cell
recordings (Fig. 5B and C). In keeping with previous results, the
average Em inferred from the I–V curves of the currents through
NMDA channels was around )78 ± 2 mV, and did not significantly
change during postnatal development (Tyzio et al., 2003, 2006).
Knowing DFGABA and Em, from the recordings of single GABA(A)
and NMDA channels, respectively, we further calculated EGABA

(EGABA = DFGABA + Em) for each neuron. We found that EGABA

shifted from a depolarizing value of )63.5 ± 1.4 mV at P3 to a
slightly depolarizing value of )75.2 ± 0.9 mV at P18, without any
significant change with further maturation ()75.3 ± 0.9 mV at P30;
n = 5; Fig. 5D).

EGABA in interneurons

Previous studies have shown that GABA signalling also undergoes
developmental changes in the hippocampal interneurons, although the
results are variable (Leinekugel et al., 1995; Khazipov et al., 1997;
Verheugen et al., 1999; Banke & McBain, 2006; Fu & van den Pol,
2007). We measured DFGABA, Em and EGABA using cell-attached
recordings in the soma of hippocampal interneurons in two age
groups, P2–P4 and P21–P28. In this series of experiments, visually
identified interneurons were first patched to record NMDA and GABA
channels, and then filled with biocytine in whole-cell mode for further
morphological identification. In the P2–P4 age group, 12 interneurons
were recorded, and 11 of them were successfully labelled with
biocytine and identified as interneurons with the soma located in the
stratum radiatum (n = 2), stratum lucidum (n = 8) and stratum oriens
(n = 1). Em ranged from )65 to )87 mV (mean: )73 ± 2 mV), and
DFGABA was positive, ranging from 3 to 26 mV, except for one
interneuron, which had a DFGABA of )8 mV (mean for all cells,

Fig. 2. Comparison of the membrane potentials measured using dual cell-
attached recordings of N-methyl-d-aspartate (NMDA) channels and whole-cell
recordings. (A) NMDA channels were recorded with a single patch pipette in
cell-attached mode. I–V relationships of NMDA currents give an Em estimate of
)84 mV (arrow). (B) Dual whole-cell and cell-attached recordings from the
same cell estimated Em at )56 mV (dashed line) and )54 mV (arrow),
respectively. Note that the whole-cell recordings cause strong neuronal
depolarization. Vp, pipette potential.
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15 ± 3 mV; n = 12). Calculated for each cell, EGABA was within the
range from )44 mV to )74 mV (mean, )58 ± 3 mV; n = 12). In the
age group P21–P28, three interneurons were recorded and morpho-
logically identified in CA3 stratum radiatum (n = 2) and stratum
oriens (n = 1). In these cells, Em was )66 ± 1 mV, DFGABA
was )3 ± 1 mV, and EGABA was )69 ± 1 mV (n = 3). Thus,
during postnatal development, somatic GABA action shifts from depol-
arizing to slightly hyperpolarizing in the majority of hippocampal
interneurons.

EGABA in CA3 pyramidal cells in the superfused
hippocampus in vivo

Recordings from the hippocampal pyramidal cells were also per-
formed in vivo using a superfused hippocampus preparation, in which
the cortex above the CA3 and CA1 hippocampus is removed and the
hippocampal surface is continuously superfused with ACSF
(Khazipov & Holmes, 2003). Cell-attached recordings of GABA(A)
and NMDA channels were performed from the putative pyramidal

Fig. 3. Measurement of the c-aminobutyric acid (GABA)(A) driving force in the soma of CA3 pyramidal cells using cell-attached recordings of single GABA(A)
channels. (A) Cell-attached recordings of single GABA(A) channels with 1 lm GABA in a patch pipette at different pipette potentials (Vp) at postnatal day (P)1, P15
and P30. Traces are inverted because inwardly directed currents in cell-attached recordings correspond to inwardly directed currents through the membrane. On the
right, Corresponding I–V relationships of the currents through single GABA channels. Each point is a mean amplitude of about 30 openings at a given Vp. The
reversal potential that corresponds to the GABA driving force (DFGABA) was estimated by the exponential fit of the I–V curve. (B) All-points histograms from 2 min
of recording at Vp = )80 mV.

Postnatal changes in GABA 2519

ª The Authors (2008). Journal Compilation ª Federation of European Neuroscience Societies and Blackwell Publishing Ltd
European Journal of Neuroscience, 27, 2515–2528



cells at a depth of 150–200 lm from the hippocampal surface, which
corresponds to the pyramidal cell layer (Figs 6 and 7). In P4–P5 rat
pups, Em of pyramidal cells was )70 ± 4 mV (range )61 to )81 mV;
n = 5), and DFGABA was 11 ± 3 mV (range 2–22 mV; n = 7). In
P19–P40 pyramidal cells, Em was )76 ± 4 mV (range )61 to
)91 mV; n = 8), and DFGABA was 4 ± 1 mV (range )1 to 13 mV;
n = 14). Resulting values for EGABAwere )59 mVand )72 mV in the
neonatal and adult pyramidal cells, respectively. These are similar to
the values obtained in the hippocampal slices in vitro, suggesting that
the developmental changes in chloride homeostasis and actions of
GABA, which have been previously studied using in vitro prepara-
tions, reflect the physiological phenomenon.

Depolarizing action of GABA in adult CA3 pyramidal cells

Despite a high level of expression of chloride-extrusion transporters,
which should set EGABA at hyperpolarizing values, GABA responses
are slightly depolarizing in adult pyramidal neurons. One explanation
of this paradox involves the permeability of GABA(A) channels to
bicarbonate ions. Although the permeability to bicarbonate ions is
relatively low [about 0.2–0.4 when compared with chloride ions
(Bormann et al., 1987; Fatima-Shad & Barry, 1993; Kaila, 1994)], the
bicarbonate equilibrium potential is set at around )10 mV, and
therefore the driving force for bicarbonate ions (�70 mV) is much
greater than that for chloride ions, and so the current through GABA
receptors at rest is predominantly mediated by bicarbonate ions (Kaila
et al., 1993; Kaila, 1994). To estimate the bicarbonate contribution to
the depolarizing action of GABA in adult neurons, we measured the
effect of removal of bicarbonate ions using Hepes-buffered,
CO2 ⁄ HCO3-free extracellular solution saturated with O2 on DFGABA
measured using cell-attached recordings of GABA(A) channels from
1-month-old rat CA3 pyramidal cells. In control conditions in this

series (in the bicarbonate-based ACSF), DFGABA was 1.9 ± 0.6 mV
(n = 9). In bicarbonate-free Hepes-buffered solution, DFGABA was
)3.7 ± 1.8 mV (n = 10; P < 0.05; Fig. 8A). These results indicate
that bicarbonate conductance significantly contributes to DFGABA in
the soma of adult CA3 pyramidal cells. Subtraction of the bicarbonate
component allows an estimation of the chloride equilibrium potential
in the soma of adult CA3 pyramidal cells at around )82 mV.
Assuming [HCO3

)]I = 16 mm and that the relative permeability
HCO3

) ⁄ Cl) = 0.2, we further estimated [Cl)]i according to the
Goldman equation:

EGABA ¼ RT=F ln½ð½Cl��i þ 0:2 � ½HCO�3 �iÞ=ð½Cl��o þ 0:2 � ½HCO�3 �oÞ�

We estimated [Cl)]i in the soma of adult pyramidal cells as 4 mm,
which corresponds to a [Cl)]i equilibrium potential of )91 mV. This
theoretical value is more negative than the value obtained in the
bicarbonate-free Hepes-buffered ACSF ()82 mV). The difference
is probably due to residual intracellular bicarbonate ions in the Hepes-
buffered ACSF.
Another mechanism contributing to depolarizing GABA may

involve activity of the chloride loader NKCC1. Although NKCC1
expression dramatically reduces with maturation, significant levels of
NKCC1 expression can be detected even in adult neurons (Dzhala
et al., 2005). We therefore tested the effect of bumetanide, which is a
highly selective NKCC1 antagonist at doses < 20 lm, on DFGABA in
adult neurons. We found that bumetanide (10 lm) strongly shifted
DFGABA from 1.0 ± 1.2 mV to )8.1 ± 2.2 mV (n = 10; P < 0.05) in
1-month-old CA3 pyramidal neurons (Fig. 8B). According to the
Goldman equation, the effect of bumetanide is associated with a
reduction of [Cl)]i from 4 to 2 mm. Taken together, these results
indicate that DFGABA in the soma of adult CA3 pyramidal cells is set
at slightly depolarizing values by an equilibrium between chloride-
extrusion and chloride-loading systems and bicarbonate permeability
of GABA(A) receptor channels.

Discussion

In this study, we examined the postnatal changes in GABA driving
force and reversal potential in the somatic region of CA3 pyramidal
cells using noninvasive cell-attached recordings of single channels.
The major findings of the present study are that: (i) the postnatal E–I
switch in the action of GABA on CA3 pyramidal cells is not
associated with a change in the polarity of the GABAergic responses;
and (ii) in adult hippocampal pyramidal cells, somatic GABA
responses are slightly depolarizing, with somatic EGABA being set
by chloride extrusion, NKCC1-based chloride loading, and bicarbon-
ate conductance.
The classic view of the developmental switch in the action of

GABA from excitatory to inhibitory is that it is due to a switch in the
polarity of GABA responses from depolarizing to hyperpolarizing.
Although the results of the present study confirm that the excitatory
action of GABA is due to its depolarizing effects on immature
neurons, they also suggest that the postnatal E–I switch in the action of
GABA is not associated with a switch in the polarity of GABA
responses to hyperpolarizing. The developmental profile of the E–I
switches, DFGABA and the two determining parameters, EGABA and
Em, are summarized in Fig. 9. In this study, using cell-attached
recordings of GABA channels, we found that GABA strongly (by
10–20 mV) depolarizes CA3 pyramidal cells during the postnatal
period, when GABA is excitatory, that the amplitude of this

Fig. 4. Postnatal changes in the somatic c-aminobutyric acid (GABA)(A)
driving force (DFGABA) in hippocampal neurons. Summary plot of the age
dependence of DFGABA estimated using cell-attached recordings of single
GABA(A) channels (from 165 CA3 pyramidal cells). Note that DFGABA is
strongly depolarizing during the first postnatal week and progressively shifts to
less depolarizing values during maturation, but does not switch to hyper-
polarizing relative to the resting membrane potential (Em).

2520 R. Tyzio et al.

ª The Authors (2008). Journal Compilation ª Federation of European Neuroscience Societies and Blackwell Publishing Ltd
European Journal of Neuroscience, 27, 2515–2528



depolarization progressively reduces during the two postnatal weeks,
and that the developmental changes in EGABA underlie the postnatal
reduction in DFGABA. These findings are in general agreement with
the results of previous studies. However, during the postnatal E–I
switch, we did not observe the switch in the polarity of DFGABA from
depolarizing to hyperpolarizing that had been found previously using
intracellular (Obata et al., 1978; Mueller et al., 1984; Ben-Ari et al.,
1989; Swann et al., 1989; Luhmann & Prince, 1991; Psarropoulou &

Descombes, 1999; Rivera et al., 1999; Banke & McBain, 2006),
gramicidin-perforated patch (Banke & McBain, 2006) and extracel-
lular field potential recordings (Romo-Parra et al., 2008). Instead, we
found that by the time of the postnatal E–I switch, EGABA reaches
values close to Em, and DFGABA remains slightly depolarizing. This
discrepancy is due to strong differences in the Em estimations
(Fig. 9C). In the current study, using cell-attached recordings of
NMDA channels as voltage sensors, we found that Em values at the

Fig. 5. Dual recordings of single c-aminobutyric acid (GABA)(A) and NMDA channels. (A) Scheme of the dual cell-attached recordings of single GABA(A) and
N-methyl-d-aspartate (NMDA) channels from a CA3 pyramidal cell. Representative traces of dual recordings are shown below. Spontaneous bursts of action
potentials in cell-attached recordings (B) and synaptic activity recorded in whole-cell configuration (C) occur simultaneously in both electrodes, confirming that the
recordings were performed from the same cell. (D) Summary plots of GABA(A) driving force (DFGABA) inferred from I–V curves of single GABA(A) channels
(upper plot); resting membrane potential inferred from I–V curves of single NMDA channels (Em, middle plot); and the GABA(A) reversal potential
(EGABA = DFGABA + Em; bottom plot). Pooled data from 43 CA3 pyramidal cells. Note that Em does not change during postnatal development, and that depolarizing
EGABA shifts negatively during development but does not reach the value of Em. P, postnatal day; Vp, pipette potential.
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moment of E–I switch are more negative (by 10–20 mV) than those
obtained using conventional approaches, including intracellular,
whole-cell and gramicidin-perforated patch recordings, and cell-
attached recordings of potassium channels (Ben-Ari et al., 1989;
Rovira & Ben-Ari, 1993; Tyzio et al., 2003; Banke & McBain, 2006).
This raises the question of the reliability of Em values obtained using
cell-attached recordings of NMDA channels. The results of dual cell-
attached NMDA channels and whole-cell recordings gave an estima-
tion of the error of Em measurements using NMDA channels of

0.9 ± 1.3 mV (Fig. 2), and confirmed that invasive recording tech-
niques cause neuronal depolarization by introducing shunt conduc-
tance to the recorded cell [see also Barry & Lynch (1991), Fricker
et al. (1999), Verheugen et al. (1999), Tyzio et al. (2003), Wang et al.
(2003), Yamada et al. (2004), Mohajerani & Cherubini (2005),
Esposito et al. (2005), Corder-Erausquin et al. (2005), Banke &
McBain (2006), Perkins (2006), Ge et al. (2006), Achilles et al. (2007)
and Marchionni et al. (2007)]. This depolarization is most evident in
small immature neurons with high membrane resistance [Fig. 9C, and

Fig. 6. Estimation of the resting membrane potential using cell-attached recordings of N-methyl-d-aspartate (NMDA) channels in the superfused hippocampus in
vivo. Cell-attached recordings of the currents via single NMDA channels in the pyramidal cells at different pipette potentials (Vp) at postnatal day (P)4 (A) and P19
(B). The dashed line indicates the closed state. In the right panels, corresponding I–V relationships are shown; deduced resting membrane potential (Em) values are
indicated by arrows. Recordings were obtained from the pyramidal cell layer using a superfused hippocampus preparation from urethane-anaesthetized rats.
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see also Tyzio et al. (2003, 2007)]. This is also in keeping with strongly
negative Em values of £ )80 mV obtained in acutely dissociated
cortical neurons at embryonic stages (E11–E22) using noninvasive
potentiometric techniques; with perforated patch recordings, Em was
)60 mV, i.e. 20–25 mV more depolarized (Maric et al., 1998).
Artificial neuronal depolarization could explain apparently hyperpo-
larizing DFGABA despite depolarized EGABA in some perforated patch
and intracellular recordings during the postnatal period (Fig. 9C; [see
also Rovira & Ben-Ari (1993) and Tyzio et al. (2003, 2007)] and in
adult neurons. Indeed, neuronal depolarization by 10–13 mV is still
introduced by whole-cell recordings of perforated patch recordings,
even in adult pyramidal cells [Fig. 9; see also Fricker et al. (1999),
Verheugen et al. (1999) and Tyzio et al. (2003)]. Interestingly, the
estimates of EGABA obtained using dual cell-attached and gramicidin-
perforated patch recordings differ less than the estimates of DFGABA or

Em [Fig. 9D; see also Tyzio et al. (2007)]. Therefore, the present results
suggest that in adult CA3 pyramidal cells, which have been widely
considered to be prototypes of neurons with ‘classic’ hyperpolarizing
inhibitory postsynaptic potentials, somatic GABAergic inhibition is not
hyperpolarizing but shunting. Shunting inhibition by depolarizing
GABA has been previously suggested in different types of neurons
(Eccles et al., 1961; Barrett & Crill, 1974; Kennedy et al., 1974;
Misgeld et al., 1986; Edwards, 1990; Staley & Mody, 1992; Kaila
et al., 1993; Zhang & Jackson, 1993; Golding & Oertel, 1996; Cattaert
& El Manira, 1999; Rudomin & Schmidt, 1999; Lu & Trussell, 2001;
Martina et al., 2001; Monsivais & Rubel, 2001; Bartos et al., 2002;
Chavas & Marty, 2003; Gulledge & Stuart, 2003; Banke & McBain,
2006; Vida et al., 2006). Purely shunting GABAergic inhibition may be
more advantageous than hyperpolarizing inhibition, because of its low
metabolic cost (Buzsaki et al., 2007) and absence of hyperpolarization-

Fig. 7. Estimation of the c-aminobutyric acid (GABA) driving force (DFGABA) using cell-attached recordings of single GABA channels in the superfused
hippocampus in vivo. Cell-attached recordings of the currents via single GABA channels in the pyramidal cells at different pipette potentials (Vp) at postnatal day
(P)5 (A) and P26 (B). The dashed line indicates the closed state. In the right panels, corresponding I–V relationships are shown; DFGABA values are indicated by
arrows. The experimental setup was the same as in Fig. 6.
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triggered excitation (Llinas & Muhlethaler, 1988; Bal et al., 1995;
Aizenman & Linden, 1999).
The present findings of depolarizing GABA in adult CA3 pyramidal

cells are in contrast to results obtained using extracellular local field
potential recordings. It has been recently shown that activation of
somatic GABA(A) receptors by synaptic stimulation or by application
of a GABA(A) receptor agonist induces depolarizing responses in
immature neurons and hyperpolarizing responses in adult CA3
pyramidal neurons, with a switch from depolarization to hyperpolar-
ization occurring during the second postnatal week (Romo-Parra et al.,
2008). The reasons for the discrepancy are not understood, and they
may involve methodological differences such as the use of an
immersed vs. interphase recording chamber and ACSF composition.
In future experiments, it will be important to compare the polarity of
GABA responses under similar experimental conditions using cell-
attached recordings of GABA channels and local field potential
responses to GABA.
Developmental changes in GABA signalling are due to the age-

dependent expression of the transporters and channels that regulate

intracellular chloride homeostasis (Payne et al., 2003; Ben Ari et al.,
2007; Farrant & Kaila, 2007). Considerable evidence indicates that
high-level expression of the chloride loader NKCC1 and low-level
expression of the chloride extruder KCC2 determines elevated [Cl)]i
in neonatal hippocampal pyramidal cells, and that progressive loss of
NKCC1 and expression of KCC2 are the two major factors
determining the postnatal [Cl)]i reduction, as estimated here in the
soma of CA3 from 15 mm at P1 to 4 mm at P15 and onwards. Our
results indicate that in adult pyramidal cells, somatic GABA responses
are maintained slightly depolarizing by chloride loading by NKCC1,
bicarbonate conductance, and the chloride-extrusion system. Although
previous studies indicated a developmental decline in NKCC1
expression, the results of the present study indicate the presence of
a bumetanide-sensitive NKCC1-mediated chloride-loading mecha-
nism in soma of adult CA3 pyramidal cells. This is compatible with
the findings of depolarizing responses to GABA in the initial axon
hillock (Szabadics et al., 2006), and their bumetanide sensitivity
(Khirug et al., 2008). On the other hand, bumetanide negatively shifts
EGABA in adult interneurons (Banke & McBain, 2006) but not in

Fig. 8. Contributions of bicarbonate conductance and bumetanide-sensitive chloride transport to the c-aminobutyric acid (GABA) responses in adult pyramidal
cells. Cell-attached recordings of GABA channels (inset) and corresponding I–V relationships in control conditions (open circles), after 30 min of perfusion with
bicarbonate-free Hepes-based artificial cerebrospinal fluid (ACSF; A, filled circles), and in the presence of bumetanide (10 lm; B, filled circles). Group data are
shown in the right panels. Recordings from P28–P30 CA3 pyramidal cells in vitro. Vp, pipette potential.
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pyramidal cells (Banke & McBain, 2006; Romo-Parra et al., 2008) in
the CA3 hippocampus, and in the neocortex and amygdala (Martina
et al., 2001). A second factor contributing to depolarizing GABA
responses is bicarbonate conductance of GABA(A) receptor channels
(Bormann et al., 1987; Fatima-Shad & Barry, 1993; Kaila, 1994).
Hyperpolarizing GABA revealed in a bicarbonate-free medium and in
the presence of bumetanide indicates powerful chloride-extrusion
mechanisms, including potassium–chloride cotransporters in adult
pyramidal cells (Zhang et al., 1991; Plotkin et al., 1997; Lu et al.,
1999; Rivera et al., 1999; Ganguly et al., 2001; Payne et al., 2003;
Mercado et al., 2004; Yamada et al., 2004; Dzhala et al., 2005).
However, unusually low estimates of [Cl)]i (about 2 mm) obtained in
the presence of bumetanide, as well as in bicarbonate-free medium and
in the presence of oxytocin as reported previously (Tyzio et al., 2006),
cannot be achieved by potassium–chloride cotransport, which, at such
low [Cl)]i, should operate as a chloride loader. These results indicate a
contribution from another chloride-extrusion mechanism, which could
be an Na+-dependent anion exchanger (Grichtchenko et al., 2001;
Jacobs et al., 2008) or another as yet non-identified transporter.
Clearly, further studies are needed to clarify maturation of EGABA and
the factors determining chloride homeostasis in somatic and other cell
compartments.
The present results suggest that somatic GABA responses are

depolarizing in the majority of immature CA3 interneurons (from Em

)73 mV to EGABA )58 mV). This is in agreement with the results of a
study using cell-attached recordings of potassium channels from
P1–P4 CA1 interneurons, which reported that activation of GABA(A)
receptors causes neuronal depolarization from )74 to )55 mV
(Verheugen et al., 1999). Similarly, synaptic activation of GABA(A)
receptors caused an increase in [Ca2+]i (Leinekugel et al., 1995) and
generated action potentials in cell-attached recordings (Khazipov
et al., 1997) in P2–P5 CA3 interneurons. In the postnatal neocortex,
activation of GABA(A) receptors caused an increase in GABAergic

Fig. 9. Developmental profile of somatic c-aminobutyric acid (GABA)
signalling in hippocampal CA3 pyramidal neurons. (A) Excitatory-to-inhibitory
(E–I) developmental switches in the action of GABA on Wistar rat
hippocampal CA3 pyramidal cells were estimated by pooling the results of
cell-attached and gramicidin-perforated patch recordings (Tyzio et al., 2006,
2007); the colour code indicates the proportion of cells with excitatory GABA.
Note the first transient switch near term and the second permanent switch
during the second postnatal week. Arrows (a to e) indicate the estimates of the
second permanent E–I switch obtained using different methodological
approaches: (a) at postnatal day (P)5, using sharp electrodes (Ben-Ari et al.,
1989; Swann et al., 1989); (b) at P8, using extracellular multiple unit activity
(MUA) recordings and synaptic activation of GABA(A) receptors (Tyzio et al.,
2007); (c) at P8, using gramicidin-perforated patch recordings (Tyzio et al.,
2007); (d) at P10, using MUA recordings and brief bath application of the
GABA(A) agonist isoguvacine (Tyzio et al., 2007) [at P13 in Sprague–Dawley
rats (Khazipov et al., 2004)]; (e) at P12, using MUA recordings and the
GABA(A) antagonist bicuculline (Dzhala & Staley, 2003). Estimates of the E–I
switch obtained using [Ca2+]i imaging techniques also placed it between P5 and
P12 (Leinekugel et al., 1995; Garaschuk et al., 1998). (B–D) Developmental
changes in the GABA driving force (DFGABA), resting membrane potential
(Em) and GABA(A) reversal potential (EGABA) in CA3 pyramidal cells inferred
from cell-attached recordings of single GABA and N-methyl-d-aspartate
(NMDA) channels, and from the results obtained using intracellular (Ben-Ari
et al., 1989; Rovira & Ben-Ari, 1993), gramicidin-perforated patch (Banke &
McBain, 2006; Tyzio et al., 2007) and cell-attached recordings of potassium
channels (Banke & McBain, 2006). Results of single and dual recordings of
GABA and NMDA channels during the postnatal period are pooled together,
and the values for the fetal and near-term period are taken from Tyzio et al.
(2006). The results of the present study indicate that the postnatal E–I switch
occurs without a change in the polarity of GABA signals.
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synaptic activity, which also indicated an excitatory effect of
GABA on interneurons (Owens et al., 1999). These results indicate
depolarizing and excitatory actions of GABA in the immature
interneurons. However, the interneuron population is highly hetero-
geneous (Freund & Buzsaki, 1996), and the action of GABA may be
interneuron cell-type dependent. Indeed, a developmental study in the
stratum lucidum interneurons revealed slightly hyperpolarizing syn-
aptic GABA responses in P5–P10 interneurons (Banke & McBain,
2006), with Em of )63 mV (estimated using cell-attached recordings
of potassium channels) and EGABA of )66 mV (measured using
gramicidin-perforated patch). On the other hand, it has been demon-
strated that GABA depolarizes and excites neuropeptide Y hilar
interneurons in adult mice (Fu & van den Pol, 2007). Thus, although
the developmental rule of a transient depolarizing and excitatory
action of GABA in the immature cells involves the majority of
interneurons, cell-type specificity may exist.
The results obtained using superfused hippocampus preparations

in vivo indicate that the developmental changes in GABA signalling
also take place in vivo. In particular, we found that EGABA shifts from
)59 mV during the first postnatal week to )72 mV in adult
hippocampal pyramidal cells, values that are close to those obtained
in vitro. Because these recordings were obtained under anaesthesia, it
can be suggested that the present results, including depolarizing
GABA in adult cells, may be relevant to deep sleep, when neurons are
relatively hyperpolarized, as in slices in vitro. During waking and
rapid eye movement sleep, when neurons are in a more depolarized
state, GABA may switch its action and become hyperpolarizing.
In conclusion, the noninvasive study of the developmental changes

in GABA signalling revealed that the postnatal developmental switch
in the action of GABA from excitatory to inhibitory is not associated
with a switch in the polarity of the GABAergic responses from
depolarizing to hyperpolarizing that has been consistently reported in
earlier studies using intracellular recordings. Instead, there is a
progressive developmental shift of the GABA(A) reversal potential
from strongly depolarizing to slightly depolarizing values, so that even
in adult hippocampal pyramidal cells, GABA provides shunting, but
not hyperpolarizing, inhibition.
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