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Dynamic Changes from Depolarizing to Hyperpolarizing
GABAergic Actions during Giant Depolarizing Potentials in
the Neonatal Rat Hippocampus
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During development, GABA exerts depolarizing action on immature neurons and, acting in synergy with glutamate, drives giant depo-
larizing potentials (GDPs) in the hippocampal network. Yet, blockade of the GABA(A) receptors transforms GDPs to epileptiform
discharges suggesting dual, both excitatory and inhibitory, actions of GABA in the immature hippocampal network. However, the nature
of this dualism in early GABA actions is poorly understood. Here we characterized the dynamics of synaptic currents mediated by
GABA(A) and glutamate receptors through an estimation of the changes in their conductance and driving forces in neonatal rat CA3
pyramidal cells during GDPs. We found that depolarizing GABAergic and glutamatergic currents act in synergy at the GDPs’ onset.
However, during the peak of the population discharge, the inward synaptic current was essentially mediated by glutamate receptors
whereas GABA currents transiently switched their direction from depolarizing to hyperpolarizing as a result of neuronal depolarization
above the GABA(A) reversal potential. Thus, the action of GABA on CA3 pyramidal cells dynamically changes during GDPs from excit-
atory at the GDPs’ onset to inhibitory at the GDPs’ peak. We propose that the dynamic changes in GABA actions occurring during GDPs
enable GABAergic interneurons not only to initiate the discharge of pyramidal cells but also to control excitation in the recurrent CA3
network preventing epileptiform synchronization.
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Introduction
During development, activity in neuronal networks is characterized
by particular patterns of activity that are thought to participate in the
formation of neuronal circuits (Katz and Shatz, 1996; Ben-Ari, 2001;
Khazipov and Luhmann, 2006; Blankenship and Feller, 2010; Col-

onnese and Khazipov, 2012). In the developing hippocampus, giant
depolarizing potentials (GDPs) are a ubiquitous network activity
pattern observed both in neonatal rodent and fetal primate hip-
pocampal slices and in the intact rat hippocampus in vitro (Ben-Ari
et al., 1989; Khalilov et al., 1997a; Leinekugel et al., 1998; Khazipov et
al., 2001; for reviews, see Ben-Ari et al., 2007; Blankenship and Feller,
2010; Cherubini et al., 2011). GDPs are generated in the CA3 hip-
pocampal region and are characterized by quasi-periodic (circa 0.3
Hz) synchronous depolarization and firing of CA3 pyramidal cells
and interneurons within a time window of few hundred millisec-
onds. GDPs propagate from CA3 to CA1, dentate gyrus, and ento-
rhinal cortex, they underlie synchronous neuronal calcium
oscillations and support plasticity in the developing hippocampal
networks (Leinekugel et al., 1997; Garaschuk et al., 1998; Menendez
et al., 1998; Kasyanov et al., 2004; Mohajerani and Cherubini, 2006).
In their generation, GDPs are mechanistically linked to depolarizing
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Significance Statement

During development GABA exerts a depolarizing action on immature neurons. However, at the network level the effects of GABA
are complex involving both excitatory and inhibitory actions. Here we show that GABA actions critically depend on the network
state. Although GABA depolarizes neurons at rest and at the onset of population bursts, it transiently becomes hyperpolarizing at
the peak of the population bursts. These dynamic changes in GABA actions enable GABAergic interneurons not only to initiate the
network discharge but also to control excitation to prevent epileptiform synchronization.
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and excitatory actions of GABA. Initially GDPs were described in
CA3 pyramidal cells as purely GABA driven events because their
reversal potential is close to the reversal potential of the chloride
currents mediated by the GABA(A) receptors and their sensitivity to
the GABA(A) receptor antagonists (Ben-Ari et al., 1989). However,
GDPs are also suppressed by glutamate receptor antagonists, and
intracellular blockade of GABA(A) receptors reveals glutamatergic
synaptic conductance activated during GDPs (Khazipov et al., 1997;
Leinekugel et al., 1997; Bolea et al., 1999; Lamsa et al., 2000; Sipilä et
al., 2005; Khalilov et al., 2014). These findings have led to a model
where neuronal excitation during GDPs is brought about by syner-
gistic excitatory actions of depolarizing GABA and glutamate (Ben-
Ari et al., 1997; Khazipov et al., 1997; Leinekugel et al., 1997; Bolea et
al., 1999; Cherubini et al., 2011). On the other hand, blockade of
GABA(A) receptors induces hypersynchronous epileptiform dis-
charges indicating that GABA also exerts inhibitory actions in the
CA3 network (Khalilov et al., 1997b, 1999; Khazipov et al., 1997;
Lamsa et al., 2000) and suggesting that depolarizing GABA exerts
dual, both excitatory and inhibitory actions in the immature net-
work. The nature of this dualism in the early GABA actions remains
unclear, however.

Although the activation of both GABAergic and glutamatergic
synaptic currents during GDPs have been well documented, the
dynamics and relative contributions of GABAergic and glutama-
tergic synaptic currents during GDPs remain unknown. The am-
plitude and direction of a transmembrane current ( I) depends on
the conductance (G) and on the driving force (DF) acting on ions
passing through this conductance (I � DF � G). Previous studies
indicated that Ggaba significantly exceeds Gglu during GDPs and
also reported that the onset of Ggaba activation precedes that of
Gglu (Khazipov et al., 1997; Leinekugel et al., 1997; Bolea et al.,
1999; Lamsa et al., 2000; Mohajerani and Cherubini, 2005;
Cherubini et al., 2011; Khalilov et al., 2014). However, the DF
values for both conductances and their dynamic changes during
GDPs remain unknown; this precludes the estimation of cur-
rents. In the present study, we characterized the time course and
relative contributions of the currents through GABA(A) and glu-
tamate receptors during GDPs in keeping with the dynamic
changes in DFgaba and DFglu measured during gramicidin per-
forated patch recordings. Our main finding is that during the
time course of GDPs, GABA transiently switches its action from
excitatory at the GDPs’ onset to inhibitory at the GDPs’ peak,
where synaptic excitation is primarily brought about by glutama-
tergic synaptic currents. We propose that the dynamic changes in
GABA actions during GDPs enable GABAergic interneurons not
only to initiate the discharge of pyramidal cells, but also to con-
trol excitation in the recurrent glutamatergic network to prevent
epileptiform synchronization.

Materials and Methods
Ethical approval. All animal-use protocols followed the guidelines of the
French National Institute of Health and Medical Research (INSERM,
protocol N007.08.01) and the Kazan Federal University on the use of
laboratory animals (ethical approval by the Institutional Animal Care
and Use Committee of Kazan State Medical University N9-2013).

Brain slice preparation. Acute horizontal brain slices were prepared
from P5–P6 Wistar rats of either sex. P0 was the day of birth. The animals
were decapitated and the brain was rapidly removed and placed into
oxygenated (95% O2–5% CO2) ice-cold (2–5°C) artificial CSF (ACSF) of
the following composition (in mM): 126 NaCl, 3.5 KCl, 2 CaCl2, 1.3
MgCl2, 25 NaHCO3, 1.2 NaH2PO4, and 11 glucose 11, pH 7.4. Four
hundred to 500-�m-thick horizontal slices were cut using a Vibratome
(VT 1000E; Leica). Slices were kept in oxygenated ACSF at room tem-
perature (20°–22°C) for at least 1 h before use. For recordings, slices were

placed into a submerged chamber and superfused with oxygenated ACSF
at 30°–32°C at a flow rate of 2– 4 ml/min.

Electrophysiological recordings. Extracellular recordings of the local
field potentials (LFPs) and multiple unit activity (MUA) were performed
in the CA3 region of hippocampus using extracellular 50 �m tungsten
electrodes (California Fine Wire) or with glass electrodes filled with
ACSF (2–3 M�) placed in the pyramidal cell layer to record LFPs and
MUA. The signals from extracellular recordings were amplified and fil-
tered (10,000�; 0.1 Hz–10 kHz) using a DAM80i amplifier, digitized at
10 kHz, and saved on a PC for post hoc analysis.

Visual patch-clamp recordings were performed from CA3 pyramidal
cells located in the vicinity of the extracellular electrode (separation dis-
tance �100 �m) using Axopatch 200B or MultiClamp700B (Molecular
Devices) amplifiers. Patch electrodes were made from borosilicate glass
capillaries (GC150F-15, Clark Electromedical Instruments) and had a
resistance of 4 –7 M�. The patch pipette solution for gramicidin perfo-
rated patch recording contained the following (in mM):150 KCl and 10
HEPES, buffered to pH 7.2 with Tris-OH. Gramicidin was first dissolved
in DMSO to prepare a stock solution of 40 mg/ml and then diluted to a
final concentration of 80 �g/ml in the pipette solution. The gramicidin
containing solution was prepared and sonicated �1 h before the exper-
iment. To facilitate cell-attached formation (4 –10 G�) the tip of pipette
was filled with a gramicidin-free solution. At 20 –30 min after cell-
attached formation, series resistance (Rs) decreased and stabilized at
12– 61 M�. Series resistance was monitored for the duration of the re-
cording session. At the end of each recording, negative pressure was
applied to break the membrane and establish the whole-cell configura-
tion. This was associated with a shift of the reversal potential of the
GABA(A) receptor mediated responses to near 0 mV. The membrane
potential values were corrected for series resistance off-line as V (cor-
rected) � V (holding) � IRs. A picospritzer (General Valve Corporation)
was used to puff-apply isoguvacine (100 �M in ACSF) from a glass pipette
in stratum radiatum at a distance of about 100 �m from the soma. The
pressure was from 10 to 20 psi, and the duration of the puff varied from
10 to 20 ms. Synaptic responses were evoked by electrical stimulation in
the stratum radiatum via a theta glass electrode or via a bipolar nickel–
chrome electrode.

Whole-cell recordings for the intracellular blockade of GABA(A) re-
ceptor mediated synaptic currents were performed using pipette solu-
tions of the following composition (mM): 140 CsF, 1 CaCl2, 10 HEPES, 10
EGTA, pH 7.3. Recordings of the glutamate receptor mediated compo-
nent of GDPs were performed after �15 min of dialysis, at this time the
inwardly directed GABA(A) receptor mediated currents are completely
blocked (Leinekugel et al., 1997; Bolea et al., 1999; Khalilov et al., 2014).
The GABA(A) receptor mediated component of GDPs was recorded at
the reversal potential of the glutamate receptor mediated currents using
a pipette solution containing the following (in mM): 135 Cs-gluconate
or -methansulfonate, 2 MgCl2, 0.1 CaCl2, 1 EGTA, and 10 HEPES, pH
7.25. Extracellular and patch-clamp recordings were digitized at 10 kHz
with a Digidata 1400 interface card (Molecular Devices) and analyzed
off-line using MATLAB (MathWorks) routines.

Data analysis. Raw data were preprocessed using custom-written func-
tions in MATLAB (MathWorks). Raw data from extracellular recordings
were explored to detect MUA, following which the raw data were down-
sampled to 1000 Hz. MUA was detected at a band-passed signal (�400 and
�4000 Hz), where all negative events exceeding 3.5 SDs were considered to
be spikes. Further analysis of extracellular units and LFP data were per-
formed using custom-written, MATLAB-based programs. Because our anal-
ysis was based on comparisons of patch-clamp recordings through different
cells and conditions, special care was taken to determine the reference time
point of GDPs. First we explored the possibility of detecting GDPs from LFP
deflections in the pyramidal cell layer that are typically associated with GDPs
(Ben-Ari et al., 1989). However, the LFP signals associated with GDPs sig-
nificantly varied in their duration and waveform between slices, which pre-
vented us from using LFP signals for determining GDPs time reference. On
the other hand, population MUA bursts that were associated with GDPs
showed much more homogenous distribution between slices and animals
and therefore MUA bursts were used for the detection and analysis of GDPs.
MUA in the CA3 pyramidal cell layer was binned in 20 ms windows and
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smoothed using moving average with a span of 10 bins. After filtering at
low-pass 50 Hz, all MUA frequency peaks exceeding 3.5 SDs above the mean
were considered as MUA bursts. MUA bursts were further visually inspected
to exclude false bursts caused by artifacts. The times of MUA peaks (Time �
0, hereafter referred to as “GDP time”) were further used for processing of
the concomitant patch-clamp recordings through averaging within a �1000
to 2000 ms time window. Statistical analysis was based on Jackknife estimates
of the mean and SDs with the significance level set at p � 0.05.

Results
In the present study, we used patch-clamp and extracellular recordings
from the CA3 pyramidal cell layer to characterize the dynamics of the
currentsflowingthroughGABA(A)andglutamatereceptors(Igabaand

Iglu) during GDPs. To this end, we determined the dynamic changes in
drivingforces(DFgabaandDFglu)andconductances(GgabaandGglu)
and further calculated dynamic current values for each conductance as
I � DF � G.

Membrane potential in CA3 pyramidal cells during GDPs
GDPs were observed as recurrent polysynaptic events associated
with MUA bursts during extracellular recordings occurring at 0.3 �
0.1 Hz in all hippocampal slices of P5–P6 rats (n � 22 slices; Fig. 1).
During GDPs, MUA attained the peak value of 158 � 3 spikes/s and
overall GDPs synchronized 87.2 � 2.9% of total neuronal firing in
CA3 pyramidal cell layer. Field GDPs were also associated with tran-

Figure 1. Extracellular and gramicidin perforated patch recordings of GDPs. A, Example traces of cell-attached recordings from a CA3 pyramidal cell and field potential recordings from the CA3
pyramidal cell layer with a corresponding MUA frequency plot below. Note that the cell fires one to three action potentials indicated with vertical bars during each GDP (marked by asterisk). A GDP
outlined by a dashed box is shown on the right. B, Raster plot of the action potentials in cell-attached recordings aligned against field GDPs. C, Normalized average crosscorrelogram of the action
potentials during cell-attached recordings versus MUA. D, Gramicidin perforated patch recordings in current-clamp mode from a CA3 pyramidal cell (same as A). Note that GDPs are associated with
neuronal depolarization and action potential firing, which is similar to the firing recorded in cell-attached mode. A GDP outlined by a dashed box is shown on the right. E, Raster plot of the action
potentials in perforated patch recordings aligned against field GDPs. F, Normalized average crosscorrelogram of the action potentials during gramicidin perforated patch recordings versus MUA
(group data from n � 7 CA3 pyramidal cells, which fired action potentials during GDPs; P5–P6; shaded area shows Jackknife deviations).
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sient negative LFP deflections of �54.8 � 14 �V. On average, GDPs
half-duration measured at half-maximal MUA level was of 266.6 �
20.6 ms (n � 1567 GDPs from 22 P5–P6 slices). The peak in MUA
during GDPs was taken as a T�0 reference point for further analysis
of the data obtained using concomitant patch-clamp recordings
from individual CA3 pyramidal cells.

Gramicidin perforated patch recordings were obtained from 11
CA3 pyramidal cells in P5–P6 rat hippocampal slices. Typical behav-
ior of a CA3 pyramidal neuron in relation to population activity is
shown on Figure 1. In cell-attached recordings before gramicidin
perforation the cell fired one to three action potentials during GDPs
and most of the spikes highly correlated with MUA recorded from
the CA3 pyramidal cell layer in the vicinity of the patched cell (Fig.
1A,B). After gramicidin perforation, the pyramidal cell displayed
GDPs occurring in synchrony with field GDPs and its firing in asso-
ciation with MUA bursts was maintained indicating that the mem-
brane perforation did not affect cell excitability (Fig. 1D,E). Similar
results were obtained in seven cells which fired action potentials
during GDPs (Fig. 1C,F). Dynamic changes in membrane potential
during GDPs in CA3 pyramidal cells referenced to the peak of MUA
are shown in Figure 2A (average of n � 379 GDPs from n � 11 cells;
shaded areas indicate Jackknife confidence intervals at p � 0.05). On
average, neurons depolarized during GDPs from the membrane po-
tential of �73.8 � 1.2 mV (measured at an interval from �1000 to
�500 ms from the MUA peak) to the peak value of �57.7 � 1.7 mV
attained at �10 � 25 ms from the MUA peak (n � 11 cells). Because
of a slight time jitter in the peak depolarization values between cells,
the average GDP attained a slightly more hyperpolarized value of
�59.7 � 2.0 mV (Fig. 2A), but this difference was not significant.

Following transition to whole-cell mode, GDPs showed several-fold
increase in amplitude and an increase in firing with spikes occurring
primarily before and after, but not at the peak of GDPs (data not
shown), that is typical for recordings with a high-chloride pipette
solution (Ben-Ari et al., 1989).

GABAergic and glutamatergic conductances during GDPs
We further estimated Ggaba and Gglu in CA3 pyramidal cells
during the time course of GDPs using whole-cell recordings and
concomitant extracellular recordings of MUA from the CA3 py-
ramidal cell layer. Ggaba was determined during whole-cell
voltage-clamp recordings with a low chloride based pipette solu-
tion at the reversal potential of glutamatergic currents (0 mV) as
Ggaba � Igaba/DFgaba. Under these recording conditions, GDPs
were characterized by large amplitude polysynaptic GABA(A)
receptor mediated currents attaining the maximal value of
231.3 � 86.4 pA that corresponds to a Ggaba value of 3.3 � 1.1 nS
(n � 10 P5–P6 cells; Figs. 3A,C, 4). Recordings of the glutamate

Figure 2. Membrane potential dynamics during GDPs and Egaba in CA3 pyramidal cells. A, Group
dataanalysisofthemembranepotentialduringGDPsinCA3pyramidalcells(379GDPsfrom11P5–P6
CA3pyramidalcells).Shadedareas indicateJackknifedeviations.Eachopentrianglecorrespondstoan
individualcell,andtheclosedtriangleshowsanaverage�Jackknifedeviations.T�0correspondsto
the MUA peak of GDPs detected from extracellular recordings. Inset, Top right, Egaba values in P5–P6
pyramidal cells (n � 11). Each open circle corresponds to an individual cell, closed circle shows an
average � Jackknife deviations. Below are shown corresponding frequency plots of MUA (B) and
spikes from gramicidin perforated patch recordings in current-clamp mode (CC; C), and LFP average
trace (D). E, Example traces of the responses evoked by brief local application of the GABA(A) receptor
agonist during gramicidin perforated patch recordings from a P5 CA3 pyramidal cell at different hold-
ing potentials. F, The current–voltage relationships of the isoguvacine-evoked responses and their
exponential fit revealing an Egaba value of �65 mV in this neuron.

Figure 3. Dynamics of GABAergic and glutamatergic conductances activated during GDPs. A,
B, Example traces of whole-cell recordings of GABA(A) (A) and glutamate (B) receptor mediated
currents in CA3 pyramidal cells and field potential recordings from CA3 pyramidal cell layer with
GDPs marked by asterisks. C, Average GABA(A) and glutamate receptor mediated conductances
during GDPs. Group data for Ggaba were obtained from 10 P5–P6 CA3 pyramidal cells (total 351
GDPs) and for Gglu from 24 P5–P6 CA3 pyramidal cells (total 837 GDPs). Shaded areas indicate
Jackknife confidence intervals.
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receptor mediated component of GDPs using whole-cell record-
ings with a CsF-based solution to block GABA(A) receptors from
inside the cell (Khazipov et al., 1997; Leinekugel et al., 1997;
Khalilov et al., 2014) or with a low-chloride Cs-methanesulfonate
based solution at the reversal potential of GABAergic currents,
revealed Gglu during GDPs attaining maximal values of 0.11 �
0.02 nS (n � 24, P5–P6 cells; Figs. 3B,C, 4). Application of the
ionotropic glutamate receptor antagonists CNQX (20 �M) and
D-APV (40 �M) completely suppressed glutamatergic postsynap-
tic currents and blocked both spontaneous and evoked GDPs
(n � 5 cells, P4 –P6; data not shown) in keeping with the results of
previous studies (Khazipov et al., 1997; Leinekugel et al., 1997;
Bolea et al., 1999; Lamsa et al., 2000; Sipilä et al., 2005; Khalilov et
al., 2014). Thus, Ggaba largely dominates over Gglu during GDPs
with a Ggaba/Gglu ratio of 	30.

Driving forces for the GABAergic and glutamatergic currents
during GDPs
The reversal potential of currents through GABA(A) receptors
(Egaba) in P5–P6 CA3 pyramidal cells was measured during
gramicidin perforated patch recordings from the current–voltage
relationships of the GABA(A) receptor mediated responses,

evoked by brief local application of the
GABA(A) agonist isoguvacine or synaptic
GABA(A)-PSCs evoked by electrical stim-
ulation in the presence of the glutamate
receptor antagonists CNQX (20 �M) and
D-APV (40 �M; Fig. 2A,E,F). Both types
of measurements gave similar results and
therefore the data were pooled together
providing Egaba values of �61.3 � 1.8
mV (n � 11, P5–P6 CA3 pyramidal cells).
These values are similar to those reported
with gramicidin perforated patch record-
ings previously and to the values obtained
using cell-attached measurements of the
resting membrane potential and DFgaba
values from the current–voltage relation-
ships of currents through single NMDA
and GABA(A) channels, respectively, (Ty-
zio et al., 2006, 2007, 2008).

In the following calculations of dynamic
changes of DFgaba (DFgaba � Egaba �
Em) during GDPs, we used the Em and
Egaba values obtained during gramicidin
perforated patch recordings. We found that
DFgaba undergoes dramatic changes during
GDPs (Fig. 4B). Before GDPs DFgaba was
depolarizing (
12.5 � 1.2 mV). However,
at the GDPs’ onset DFgaba progressively re-
duced and at the peak of GDPs even tran-
siently switched polarity to hyperpolarizing
attaining a value of �1.6 � 1.9 mV at the
peak of the average GDP, and to �3.5 � 1.7
mV after correction of time jitter of the peak
depolarization values during GDPs between
individual cells. Assuming that Eglu � 0 mV
(thus, DFglu � �Em), DFglu showed only
small reduction from 
73.8 � 1.2 mV to

59.7 � 2.0 mV at the peak of GDPs (Fig.
4B). Thus, DFgaba and DFglu undergo car-
dinally different changes during GDPs:
whereas DFglu shows only a small reduc-

tion, DFgaba displays a V-shape change transiently losing its depo-
larizing power and switching to slightly hyperpolarizing direction at
the GDPs’ peak.

Real GABAergic and glutamatergic currents during GDPs
Knowing the values of driving forces and conductances, we made a
further estimation of the currents flowing through the GABA(A)
and glutamate receptors at different time points of GDP. These esti-
mations were based on the results obtained from 11 CA3 pyramidal
cells during gramicidin perforated current-clamp recordings, 10
cells during estimations of Ggaba, and 24 cells during estimations of
Gglu. All data were referenced to the peak of the population GDP
from the extracellular MUA recordings with a distinction of three
phases based on MUA thresholds�3 SDs from the baseline and 50%
of the peak MUA as an onset phase (�250 to �80 ms from the GDP
peak), catharsis phase (�80 to 
88 ms from the GDP peak) and
termination phase (
88 to 
350 ms from the GDP peak; Fig. 4E).
As illustrated in Figure 4D, real GABAergic and glutamatergic cur-
rents showed very different dynamics during the time course of
GDPs. At the GDPs’ onset both Igaba and Iglu were inward attaining
maximal values of 5.8 � 1.5 and 3.8 � 1.1 pA at the onset phase,
respectively. Total charge transfer values for GABA and glutamate

Figure 4. Dynamic changes in GABAergic and glutamatergic currents in CA3 pyramidal cells during GDPs. A, Average membrane
potential during GDPs obtained during gramicidin perforated patch recordings (average of 379 GDPs from 11 P5–P6 CA3 pyramidal
cells). B, Driving forces for glutamate and GABA(A) receptor mediated synaptic currents during GDPs (average of 837 and 351 GDPs
from 24 and 10 P5–P6 CA3 pyramidal cells, respectively). C, Conductances mediated by GABA(A) and glutamate receptors during
GDPs. D, Real currents through GABA(A) and glutamate receptors during GDPs. E, Average perievent CA3 MUA histogram obtained
from 21 hippocampal slices of P5–P6 rats (n � 1567 GDPs). Values presented in A–E are aligned against the peak in MUA
frequency during GDPs. Onset, catharsis, and termination phases of the GDP are outlined by vertical green dashed lines. F,
Color-coded charge transfer mediated by GABAergic (circles) and glutamatergic (pyramids) synaptic currents during different
phases of GDPs. Note that at GDPs’ onset inward current is mediated by depolarizing GABA and glutamate. The catharsis phase,
characterized by maximal discharge of CA3 neurons, is associated with the glutamatergic inward current, whereas GABAergic
currents transiently switch their direction to hyperpolarizing. This phase is also characterized by maximal value of GABA(A)
conductance also suggesting shunting inhibition. Termination of GDPs is associated with neuronal repolarization.
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during the onset phase were of 0.67 � 0.23 and 0.43 � 0.16 pC.
During the catharsis phase, Iglu continued to rise attaining a value of
6.5 � 1.4 pA at GDPs’ peak. Yet Igaba showed a reduction and a
switch in polarity to attain �3.0 � 1.0 pA at the GDPs’ peak and the
most negative value of �5.3 � 1.7 pA at the time point of 
20 ms
after GDPs’ peak. Total charge transfer values for GABAergic and
glutamatergic currents during the catharsis phase were of �0.14 �
0.06 pC and 0.90 � 0.21 pC, respectively. During the termination
phase, Iglu decayed in parallel with a decrease in MUA, whereas
Igaba transiently returned to inward, attaining a second maximal
level of 9.5 � 2.6 pA at 330 ms after the GDP’s peak. Total charge
transfer during this phase for GABA and glutamate was of 1.57 �
0.42 and 0.64 � 0.21 pC, respectively.

Discussion
The principal finding of the present study is that GABAergic and
glutamatergic synaptic currents dynamically change during
GDPs as a result of changes in driving forces and conductances.
At the GDPs’ onset, the inward current is driven by depolarizing
GABA and glutamate currents. However, at the peak of GDPs,
Igaba transiently switches its direction from depolarizing to hy-
perpolarizing as a result of neuronal depolarization above Egaba
values. The inward synaptic current at the peak of GDPs is pri-
marily driven by glutamate. We propose that the dynamic
changes in postsynaptic GABA actions during GDPs enable
GABAergic interneurons not only to initiate the collective dis-
charge of pyramidal cells during GDPs but also to control excita-
tion in the recurrent glutamatergic CA3 network and to prevent
epileptiform synchronization.

Previous studies indicated that Ggaba significantly exceeds
Gglu during GDPs and also reported that the onset of Ggaba
activation precedes that of Gglu (Khazipov et al., 1997; Leineku-
gel et al., 1997; Bolea et al., 1999; Lamsa et al., 2000; Mohajerani
and Cherubini, 2005; Cherubini et al., 2011; Khalilov et al., 2014).
Although our results are in agreement with these previous stud-
ies, we found that the currents through GABA(A) receptors dur-
ing GDPs follow a very different trajectory than Ggaba and that
this difference is entirely due to the dynamic changes in DFgaba.
Indeed, although Igaba essentially contributed to the onset of
GDPs as a result of high Ggaba and strong DFgaba, at the peak of
GDPs inward Igaba transiently collapsed and then transiently
switched to hyperpolarizing direction, and this transient change
in Igaba was entirely due to DFgaba shifts. The dynamic change in
Igaba during GDPs is probably even stronger than reported here,
however. First, in our estimations of DFgaba we used the average
GDP trace. However, due to a time jitter in GDPs between indi-
vidual cells the level of the neuronal depolarization during aver-
age GDPs provided smaller values than the average of the peaks of
depolarization. Moreover, even within the same neuron there
was a jitter in membrane potential dynamics between GDPs. Sec-
ond, although we assumed that Egaba does not change during
GDPs, the inward electrical current carried by chloride ions flow-
ing out of the cell through GABA(A) channels at the onset of
GDPs suggests a depletion of intracellular chloride. Indeed, a
reduction of intracellular chloride concentration has been dem-
onstrated in immature hippocampal neurons during activation
of GABA(A) receptors using the fluorescent chloride sensor
MQAE (N-6-methoxyquinolinium acetoethylester; Marandi et
al., 2002). Transient reduction in intracellular chloride has also
been observed during GDP-like spontaneous population bursts
in the embryonic chick spinal cord preparation (Chub et al.,
2006). If similar changes in intracellular chloride also occur dur-
ing hippocampal GDPs, one would expect a transient negative

shift in Egaba to occur during the onset phase of GDPs, and thus,
even more robust negative Igaba at the peak of GDPs than re-
ported here.

In keeping with the dynamic changes in synaptic currents and
population activity our findings support a three-phasic model of
GDPs in CA3 pyramidal cells (Fig. 4).

Phase 1: onset
Excitation of CA3 pyramidal cells at the onset of GDP is driven by
depolarizing GABAergic and glutamatergic currents that act in
synergy during this phase. Interestingly, the contribution of Iglu
to the integral inward current is comparable to that of Igaba
despite much smaller Gglu than Ggaba values because of a much
stronger driving force. Neuronal depolarization by inward GABA
and glutamate currents is supported by low-threshold voltage
gated noninactivating sodium current (Inap) mediating “depo-
larization sags” that may attain the action potential threshold and
thus trigger spikes (Sipilä et al., 2005, 2006; Valeeva et al., 2010).
Recurrent excitation during this phase grows as reflected by an
increase in MUA and provides an avalanche-like increase in syn-
aptic release of GABA and glutamate resulting in an increase of
Ggaba and Gglu.

Phase 2: catharsis
Progressive build up of excitation in the CA3 network is sup-
ported by glutamatergic recurrent excitation which attains its
maximum at the peak of GDP, when both maximal firing of CA3
cells and Gglu are observed. At the peak of GDPs, the inward
current is primarily provided by Iglu, whose driving force is only
minimally affected during GDP, because of highly positive Eglu
values (0 mV). At the same time, Igaba collapses as a result of a
drop in DFgaba and changes direction from inward to outward at
the very peak of GDPs. Ggaba values are also maximal at the peak
of GDPs. Therefore, at the peak of GDPs, GABA exerts a hyper-
polarizing and shunting inhibitory effect on glutamatergic exci-
tation thus preventing over synchronization in the CA3 network.
This is in agreement with the effects of GABA(A) receptor block-
ers which strongly increase neuronal synchronization within
CA3 and accelerate propagation of GDPs at low antagonist con-
centrations inducing partial blockade of GABA(A) receptors
(Valeeva et al., 2010) and induce hypersynchronous epileptiform
discharges when GABA(A) receptors are completely blocked
(Khalilov et al., 1997b, 1999; Khazipov et al., 1997; Bolea et al.,
1999; Lamsa et al., 2000).

Phase 3: termination
Upon neuronal repolarization, Iglu ceases as a result of reduction in
Gglu but inward Igaba comes back as a result of an increase in DF-
gaba and still high Ggaba values. However, return of depolarizing
Igaba has little effect on neuronal firing as at this terminal phase of
GDPs, synaptic conductances are efficiently counterbalanced by po-
tassium conductance, which is presumably mediated by slow
calcium-activated potassium channels (Sipilä et al., 2006).

Thus, GABA action in the neonatal CA3 hippocampus dy-
namically oscillates between depolarizing during the resting net-
work state and the initiation phase of GDPs to hyperpolarizing at
the peak of network activation. We propose that the dynamic
changes in GABA actions during GDPs enable GABAergic in-
terneurons not only to initiate, acting in synergy with glutama-
tergic currents, the collective discharge of pyramidal cells during
GDPs but also to control excitation in the recurrent glutamater-
gic CA3 network to prevent epileptiform synchronization. In fu-
ture studies it would be of interest to determine whether similar
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dynamic changes in GABA actions during GDPs also occur in
hippocampal interneurons. Previous studies indicated that
GABA actions on neonatal hippocampal interneurons at resting
state are diverse, ranging from depolarizing and excitatory to
essentially isoelectric-shunting (Leinekugel et al., 1995; Khazipov
et al., 1997; Verheugen et al., 1999; Banke and McBain, 2006;
Tyzio et al., 2008; Sauer and Bartos, 2010). Large GABAergic
conductance activated during GDPs indicates that interneurons
depolarize and discharge during GDPs. However, behavior of
different types of interneurons during GDPs remains unknown,
except for stratum-radiatum interneurons, in which excitation
during GDPs is primarily driven by depolarizing actions of GABA
and glutamate (Khazipov et al., 1997). It is conceivable that the
dynamic reduction of DFgaba occurs during GDPs in all types of
interneurons; however, switch in polarity of GABA responses
from depolarizing to hyperpolarizing will probably depend on
the level of depolarization during GDPs and Egaba value in each
individual interneuron. For example, it is likely to happen in
stratum lucidum interneurons, where GABA is shunting at rest
(Banke and McBain, 2006) and less likely for the parvalbumin-
interneurons, where Egaba is strongly depolarizing (Sauer and
Bartos, 2010). In future studies, it would be also of interest to
determine whether similar dynamic changes in polarity of
GABAergic currents also occur during other types of physiolog-
ical and pathological network activities including epileptiform
discharges (Cohen et al., 2002; Khalilov et al., 2003; Huberfeld et
al., 2007; Nardou et al., 2009; Dzhala et al., 2010), post-traumatic
and posthypoxic tissue (van den Pol et al., 1996; Nabekura et al.,
2002; Payne et al., 2003; Price et al., 2009; Dzhala et al., 2012),
where GABA exerts depolarizing actions at the resting network
state (e.g., during down-states or interictal periods; Staley and
Mody, 1992; Gulledge and Stuart, 2003; Szabadics et al., 2006;
Khirug et al., 2008) but may change its direction to hyperpolar-
izing during the active state (up-states or population bursts).
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