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In the developing hippocampus, GABA exerts depolarizing and excitatory actions and contributes
to the generation of neuronal network driven giant depolarizing potentials (GDPs). Here, we studied
spike time coding at immature GABAergic synapses and its impact on synchronization of the
neuronal network during GDPs in the neonatal (postnatal days P2-6) rat hippocampal slices. Using
extracellular recordings, we found that the delays of action potentials (APs) evoked by synaptic
activation of GABA(A) receptors are long (mean, 65 ms) and variable (within a time window of
10-200 ms). During patch-clamp recordings, depolarizing GABAergic responses were mainly
subthreshold and their amplification by persistent sodium conductance was required to trigger
APs. AP delays at GABAergic synapses shortened and their variability reduced with an increase in
intracellular chloride concentration during whole-cell recordings. Negative shift of the GABA reversal
potential (E,,,,,) with low concentrations of bumetanide, or potentiation of GABA(A) receptors with
diazepam reduced GDPs amplitude, desynchronized neuronal firing during GDPs and slowed down
GDPs propagation. Partial blockade of GABA(A) receptors with bicuculline increased neuronal
synchronization and accelerated GDPs propagation. e propose that spike timing at depolarizing
GABA synapses is determined by intracellular chloride concentration. At physiological levels of
intracellular chloride GABAergic depolarization does not reach the action potential threshold and
amplification of GABAergic responses by non-inactivating sodium conductance is required for
postsynaptic AP initiation. Slow and variable excitation at GABAergic synapse determines the level
of neuronal synchrony and the rate of GDPs propagation in the developing hippocampus.
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INTRODUCTION

Gamma aminobutyric acid is the main inhibitory neurotransmitter
in the adult brain. Synchronous inhibition by hyperpolarization
and shunt provided by GABAergic interneurons is instrumental
for the generation of various network activity patterns in the adult
brain (Freund and Buzsaki, 1996). However, early in development,
GABA acting via chloride-permeable GABA(A) channels, exerts
depolarizing and excitatory action due to elevated intracellular
chloride concentration in immature neurons (Ben Arietal., 2007).
Depolarizing GABA is involved in the generation of primitive pat-
tern of neuronal network activity in the immature hippocampus
—so called GDPs (Ben-Ari et al., 1989; Khazipov et al., 2004; Dzhala
etal., 2005; Sipila et al., 2005). During GDPs, both pyramidal cells
and interneurons fire within a time window of a few hundreds of
milliseconds. GDPs are initiated in CA3 hippocampal region and
propagate, in a wave-like manner, to CA1, dentate gyrus, and along
hippocampus in a septo-temporal direction. Slow wave-like propa-
gation of GDPs along the intact hippocampus in vitro may take
almost a second (Leinekugel et al., 1998). Excitation to pyramidal
cellsand interneurons during GDPs is brought by synergistic excita-
tory actions of GABA and glutamate (Menendez de la et al., 1996;

Khazipovetal., 1997; Leinekugel et al., 1997; De la Prida et al., 1998;
Bolea et al., 1999; Lamsa et al., 2000). By providing a coincidence
between pre- and postsynaptic neurons, GDPs are thought to be
involved in activity-dependent spike timing dependent plasticity
(Kasyanov et al., 2004; Mohajerani and Cherubini, 2006), which is
particularly robust during the early developmental period (Isaac
et al., 1995; Durand et al., 1996). However, factors determining
spatio-temporal characteristics of GPDs and spike timing during
GDPs are not completely understood.

While excitatory actions of GABA on immature neurons have
been well documented in virtually all brain structures using vari-
ety of electrophysiological and imaging techniques, an important
question of postsynaptic action potential (AP) time coding at the
GABAergic synapse has not been addressed. AP temporal coding
is a major characteristic of excitatory synapse, which implies a
delay of APs and its variability in the postsynaptic cell receiving
an excitatory input. AP temporal coding is determined by kinet-
ics of transmitter release, kinetics of postsynaptic receptor medi-
ated excitatory currents, and postsynaptic membrane properties
including voltage-gated conductances which shape and amplify or
inhibit postsynaptic potentials (PSPs) (Fricker and Miles, 2000). In
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glutamatergic synapses, synchronous activation of multiple gluta-
matergic inputs generates suprathreshold EPSPs that evoke APs
with short and reliable delays that synchronizes neuronal popula-
tion giving rise to population spike. Upon removal of GABAergic
inhibition, synchronization of neuronal population via recurrent
collateral glutamatergic synapses also enables generation of high-
frequency oscillations (Miles and Wong, 1986, 1987). However,
small near-threshold excitatory postsynaptic potentials (EPSPs)
evoke postsynaptic APs with long and variable delays due to activa-
tion of the voltage-gated potassium conductance and amplification
of EPSPs by non-inactivating sodium conductance in pyramidal
cells (Fricker and Miles, 2000). Thus, the AP timing at glutamatergic
synapses strongly depends on the amount of glutamatergic con-
ductance activated in the postsynaptic cell. In contrast, at immature
GABAergic synapses E_, ,, is likely to be the critical factor deter-
mining the AP timing as E_, ,, is set by chloride transporters not
far from the AP threshold (APlhr) (Ben-Ari et al., 1989; Hollrigel
et al., 1998; Sipila et al., 2005; Rheims et al., 2008). In the present
study, we provide evidence that (i) GABAergic interneurons excite
CA3 pyramidal cells with long and variable delays; (ii) the AP tim-
ing at GABAergic synapses depends on intracellular chloride con-
centration in the postsynaptic neuron; and (iii) in physiological
conditions, GABAergic depolarization is mainly subthreshold and
requires activation of persistent sodium conductance to trigger APs.
We also show that slow and variable spike timing at depolarizing
GABAergic synapses shapes GDPs by reducing neuronal synchro-
nization and slowing down their propagation.

MATERIALS AND METHODS
Hippocampal slices were prepared from Wistar rats of both sexes
(Postnatal days [P]2—6). All animal use protocols conformed to the
INSERM guidelines on the use of laboratory animals. Transverse
(perpendicular to the longitudinal hippocampal axis) slices (350—
500 pm) were cut from the middle third of hippocampus using
Vibratome (VT 1000E; Leica, Nussloch, Germany). Slices were
kept in oxygenated (95% O,/5% CO,) artificial cerebrospinal fluid
(ACSF) of the following composition (in mM): NaCl 126, KCI 3.5,
CaCl, 2.0,MgCl, 1.3,NaHCO, 25,NaH,PO, 1.2 and glucose 11 (pH
7.4) at room temperature (20-22°C) at least 1 h before use. For
recordings, slices were placed into a conventional fully submerged
chamber superfused with ACSF at a rate of 2-3 ml/min.
Extracellular field potentials and multiple unit activity (MUA)
were recorded using 64-electrodes planar arrays (MCA, Germany)
or 2-3 electrodes made from tungsten wire of diameter 50 pm
(California Fine Wire, Grover Beach, CA, USA) placed in CA3 and
CA1 pyramidal cell layer. Signals were amplified (1000, bandpass
0.1 Hz—4 kHz) and digitized at 10 kHz. Patch-clamp recordings
were performed using Axopatch 200A (Axon Instruments, Union
City, CA, USA) and EPC-9 (HEKA Elektronik Dr. Schulze GmbH,
Lambrecht/Pfalz, Germany) amplifiers. Patch electrodes were made
from borosilicate glass capillaries (GC150F-15, Clark Electromedical
Instruments). For recordings of single GABA(A) channels, patch
pipette solution contained (in mM): NaCl 120, TEA-CI 20, KCl 5,
4-aminopyridine 5, CaCl, 0.1, MgCl, 10, glucose 10, Hepes-NaOH
10 buffered to pH 7.2-7.3 and GABA (1-5 pM) was added at the
day of experiment from 1 mM frozen stock solution. Driving force
for GABA(A) receptor mediated currents was determined from

the current—voltage relationships of the currents through single
GABA(A) channels as described earlier (Tyzio etal., 2006) and cor-
rected for an error of 2 mV (Tyzio etal.,2008). Membrane potential
was estimated using cell-attached recordings of single NMDA chan-
nels as described before (Leinekugel et al., 1997; Tyzio et al., 2003).
For recordings of single NMDA channels pipette solution contained
nominally Mg* free ACSF with NMDA (10 pM), glycine (1 pM),and
strychnine (1 pM). Patch pipette solution for whole-cell recordings
contained (in mM): potassium gluconate (0-135) or KCI (0-135);
MgClL, 2; Hepes, 10; Mg—ATP, 4; Na-GTP, 0.3; equilibrated at pH
7.3 with KOH. In current-clamp recordings, membrane potential
was maintained at values between —75 and —80 mV by injection of
constant negative current. Synaptic GABA(A) receptor mediated
responses were evoked by electrical stimulation in the presence of
the antagonists of glutamate ionotropic receptors CNQX (10 uM)
and p-APV (40 pM), and GABA(B) receptors CGP55845 (1 pM).
Simulated GABA—-PSPs were evoked by injection of GABA-PSCs
waveform obtained by averaging one hundred spontaneous GABA-
PSCsrecorded in voltage-clamp mode in the presence of glutamate
ionotropic receptor antagonists. The amplitude of GABA-PSPs
was adjusted to evoke near-threshold responses. Action potential
threshold (AP, ) was determined offline using the custom-made
software (IGOR Pro, WaveMetrics) as a value of membrane poten-
tial at which dU/dt exceeded 10 V/s (Stuart et al., 1997; Fricker
etal., 1999). AP delays were measured as a time between the stimu-
lus and AP peak. Recordings were digitized (10 kHz) online with
Digidata 1200/1322 interface cards (Axon Instruments, Union City,
CA, USA) and analyzed offline with Axon package, miniAnalysis
(Synaptosoft), IGOR Pro (WaveMetrics) and Origin 5.0 (Microcal
Software, Northampton, MA, USA). Group measures are expressed
as means T SE unless indicated; error bars also indicate SE. The
statistical significance of differences was assessed with the Students
t-test and Kolmogorov—Smirnov test. The level of significance was
set at P<0.05.

RESULTS

ACTION POTENTIAL DELAYS AT THE EXCITATORY GABAergic SYNAPSE
Experiments were performed in hippocampal slices obtained from
P2-6 neonatal rats. To asses temporal characteristics of GABAergic
excitation we determined the AP delays in CA3 pyramidal cells in
response to synaptic activation of GABA(A) receptors. Synaptic
GABA(A) receptor mediated responses were elicited by electrical
slice stimulation using bipolar electrodes or glass pipette positioned
in a vicinity of the recording site (separation distance <0.5 mm)
in the presence of ionotropic glutamate (10 pM CNQX, 40 uM
D-APV) and GABA(B) (1 pM CGP55845) receptor antagonists
(Davies et al., 1990; Khazipov et al., 1993).

In the first experiment, we used extracellular recordings of MUA
that is action currents from tens of neurons nearby the record-
ing site (Cohen and Miles, 2000). Synaptic activation of GABA(A)
receptors invariably increased MUA in CA3 pyramidal cell layer
(Figure 1), and the response was suppressed by the GABA(A) recep-
tor antagonist bicuculline (10 pM; see also Figure 4). In certain
cases, short-latency spikes persisted in the presence of bicuculline,
probably due to the direct stimulation of axons of the recorded
neurons (not shown); these experiments were discarded from
the analysis. In the experiments, in which bicuculline completely
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FIGURE 1 |Temporal characteristics of excitation at GABAergic synapses
using extracellular recordings. (A) Extracellular recordings of the action
potentials (APs) evoked by electrical stimulation (ES) in the presence of the
AMPA, NMDA, and GABA(B) receptor antagonists (10 uM CNQX, 40 uM D-APV,
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1 uM CGP55845) in the CA3 layer of P5 rat hippocampus. Five traces are
superimposed. Below: cross-correlogram of the APs times versus stimulus.
(B) Average cross-correlogram of the APs versus stimulus obtained from eight
slices (P2-5 rats). Dashed lines show SEM.

suppressed synaptic MUA response, MUA was cross-correlated with
stimulus and the time course of MUA response has been analyzed.
MUA peaked at 28 £ 6 ms after the stimulus and decayed with a
decay time constant of 76 & 18 ms; half-width of MUA elevation
was of 71 = 13 ms (mean £ S.D.; n = 8 slices). Mean value of APs
delay was of 65 12 ms (n = 8). In none of recorded slices, activa-
tion of GABA(A) receptors evoked population spikes, that are a
characteristic response to the collective activation of glutamatergic
synapses. These results indicate that the AP delays at excitatory
GABAergic synapses in the immature CA3 pyramidal cells are long
and variable.

DEPENDENCE OF THE TEMPORAL CHARACTERISTICS OF GABA-
MEDIATED EXCITATION ON [CL],

We hypothesized that slow kinetics of GABAergic excitation results
from relatively small driving force (DF_, ,,) of the GABA(A) recep-
tor mediated responses. Therefore, we next studied the temporal
characteristics of GABAergic excitation as a function of intracellular
chloride concentration. In this aim, we investigated AP delays of
evoked by synaptic GABA(A) receptor mediated responses using
current-clamp whole-cell recordings from CA3 pyramidal cells with
chloride concentration of [Cl’]p =18, 30, 50, and 140 mM in the
recording pipette (Figure 2). Membrane potential was maintained
at—70/—-80 mV by injection of the constant negative current to com-
pensate for the leakage through the gigaseal contact between the
membrane and pipette (Tyzio et al., 2003). Under these conditions,
synaptic activation of GABA(A) receptors evoked depolarizing post-
synaptic potentials (GABA-PSPs) which were completely blocked by
bicuculline (20 uM). In keeping with the results of previous studies
using intracellular recordings with sharp electrodes (Ben-Ari et al.,
1989), GABA-PSPs often triggered APs in pyramidal cells. In each

neuron, AP probability and delays were analyzed from a hundred of
evoked GABA-PSPs. With [Cl‘]p of 18 mM, GABA-PSPs evoked APs
in two of 12 neurons. With [CI"] of 30, 50, and 140 mM probability
of GABA-PSPs to evoke APs increased to 39+ 8% (n=11),30+2%
(n=2)and 70+ 7% (n=8), respectively. AP delays and their variabil-
ity also strongly depended on [Cl’]p (Figure 3). At [Cl’]p of 18 mM,
mean AP delay and dispersion attained 56 = 8 and 14 + 1 ms, respec-
tively (n = 2; Figure 2A, left), that was close to the values obtained
using extracellular recordings. At [CI] /= 30 mM, APs delays varied
within a range from 8 to 145 ms, with a mean of 38 £ 21 ms (n=14);
AP delays were highly variable with standard deviation varying from
8 to 44 ms in individual cells, and with a mean SD of 17 £ 2 ms
(n=14). With symmetrical chloride ([Cl‘]p =140 mM), AP delays
and their dispersion reduced to 12 + 2 and 4 % 0.5 ms, respectively
(n=8; Figure 3, right). Interestingly, at lower [CI] values APs barely
emerged at the rising phase or peak of GABA-PSPs but rather from an
additional depolarization, which prolonged and amplified synaptic
potentials. With elevated intracellular chloride concentration, APs
typically emerged at the rising phase of GABA-PSPs.

In the immature cortical neurons, elevated [Cl ], is set by NKCC1
chloride co-transporter (Payne et al., 2003; Yamada et al., 2004;
Dzhala et al., 2005; Tyzio et al., 2006). We therefore hypothesized
that reduction of NKCCI activity, via reduction in [Cl"], and nega-
tive shift in E_, ,,, will increase GABA-evoked AP delays and their
variability. Using extracellular recordings of MUA responses evoked
by pharmacologically isolated GABA-PSPs we found that indeed,
low concentrations of bumetanide (0.3—-0.6 uM) cause significant
increase in the AP delays and their variability, that was manifested
by an increase in the mean AP delay, half-width and decay time con-
stant of the MUA response. Bumetanide also reduced APs number
in MUA response evoked by GABA-PSPs (Figure 4). Thus, the
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FIGURE 2 | Dependence of depolarizing GABAergic postsynaptic responses

on chloride concentration in the recording pipette. (A) GABA(A) receptor
mediated postsynaptic potentials recorded from CA3 pyramidal cells in whole-cell
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current-clamp configuration at different [CI'].. GABA-PSPs were evoked by
electrical stimulation in the presence of the glutamate and GABA(B) receptors
blockers. (B) Corresponding histograms of the GABA-PSP-triggered AP delays.

results of whole-cell recordings with different [Cl] . and the effects
of low-bumetanide on MUA responses indicate that AP timing at
GABAergic synapses is strongly dependent on [Cl], in the post-
synaptic neuron.

GABA DRIVING FORCE, RESTING MEMBRANE POTENTIAL AND ACTION
POTENTIAL THRESHOLD

We further measured three parameters on which depends excitatory
action of GABA: GABA driving force (DF_, ,, ), resting membrane
potential (E_) and AP, in CA3 pyramidal cells (Figure 5). DF , ..
was measured using cell-attached recordings of single GABA(A)
channels, that do not affect intracellular chloride (Tyzio et al.,
2006). Deduced from the current—voltage relationships of the cur-
rents through GABA(A) channels, DF , . in P2-5 CA3 pyramidal
cellswas of 16.5+ 1.6 mV (n = 32 cells; Figure 5A), which is close to
the previously reported values (Tyzio et al., 2008). Resting potential
was measured using NMDA channels in cell-attached recordings as
voltage sensors (Tyzio et al.,2003). We found that E_in P2-5 CA3
pyramidal cells is of —=78.8 £ 3.1 mV (n = 14; Figure 5B). Knowing
these values we further estimated E_,,, (E.,;, = E, + DFE_,,,) in
P2-5 CA3 pyramidal cells of —61.4 £ 5.4 mV. Corresponding
Nernst values of [Cl'], ranged from 7 to 30 mM (see also Tyzio
et al., 2007, 2008).

Threshold of APs triggered by GABA-PSPs was measured as a value
of membrane potential at which d U/dtexceeded 10 V/s in whole-cell
current-clamp recordings. AP, varied from —63 to =34 mV, with a
mean of —45.9 6.5 mV (n = 11 cells; Figure 5C). As summarized
on Figure 5D, there is only small overlap between E a and E_,and
in the vast majority of neurons E_., . is essentially subthreshold and

GABA
barely attains AP, . These findings are in agreement with the results

obtained using whole-cell recordings, which suggested that excita-
tory action of GABA requires activation of additional subthreshold
conductance, which amplifies GABA-PSPs and brings potential to
the AP, .

ROLE OF PERSISTENT NA- CURRENTS IN THE GABAergic EXCITATION

In the previous studies, persistent Na* current (INap), which is acti-
vated at =~60 mV was shown to account for the slow regenerative
depolarization triggering spontaneous bursting in the immature
CA3 pyramidal neurons (Sipila et al., 2005, 2006). Because E_, ,,
is close to the activation threshold of INap, we hypothesized that
INap amplifies GABA-PSPs and contributes to the excitatory action
of GABA. To test this hypothesis, we studied the effects of sodium
channel blockers TTX and phenytoin on GABA-PSPs. Because
blockade of sodium channels causes presynaptic inhibition, we
examined simulated GABA-PSPs (simGABA-PSPs) evoked by
injection of GABA-PSCs waveform, which was obtained in voltage-
clamp recordings similar to the procedure previously described for
glutamatergic synapses (Fricker and Miles, 2000). The amplitude of
GABA-PSCs was adjusted in each neuron to evoke near-threshold
responses. The experiments were performed in the presence of the
GABA and glutamate receptor antagonists to suppress ongoing syn-
apticactivity. As illustrated by Figure 6, simulated GABA responses
were amplified and prolonged by voltage-gated conductance, and
triggered APs with long and variable delays similarly to synaptic
GABA-PSPs with a mean AP delay of 69 + 4 ms and standard devia-
tion of 10 = 1 ms (n = 20). Application of voltage-gated sodium
channels blocker TTX (1 pM) not only inhibited APs evoked by sim-
GABA-PSPsbutalso suppressed the amplification of simGABA-PSPs
by subthreshold voltage-gated conductance (Figure 7A). Integral
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FIGURE 3 | Dependence of spike timing at GABAergic synapse on intracellular chloride concentration. Left: Average histograms of the AP delays at different
[CI, in whole-cell recordings. Right: Cumulative curves for the AP delays fitted by Hill equation.
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response calculated as a surface of simGABA-PSPs was reduced by
TTX from 4851 591 pVs (calculated for selected simGABA-PSPs
which did not evoke APs) to 3536 + 574 pVs, that is to 70 £ 5% of
the control values (n = 6; P = 0.004). TTX also reduced the half-
width of simGABA-PSPs from 132 + 15 to 110 + 11 ms, that is to
85 £ 5% of the control values (n = 6; P = 0.0003). Antiepileptic
drug phenytoin (200 uM) that preferentially blocks repeated Na*
cannel openings and INap (Kuo and Bean, 1994; Segal and Douglas,

1997) also blocked amplification of simGABA-PSPs, reducing the
integral response to 70 £ 5% (from 7585 + 549 to 5239 £ 555 pVs;
n=3; P=0.005) and the half-width from 182 + 10 to 146 + 2 ms;
n=3; P=0.003; Figure 7B). Phenytoin completely suppressed APs
evoked by simGABA-PSPs. Phenytoin also inhibited APs triggered
by synaptically evoked GABA-PSPs (n = 4, Figure 7C). However,
phenytoin also increased the number of failures of the synaptically
evoked responses suggesting an additional presynaptic effect. Taken
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FIGURE 4 | Effect of partial blockade of NKCC1 co-transporter on action
potential delays at GABAergic synapses. (A) Extracellular recordings of
MUA evoked by electrical stimulation (E.S.) in the presence of the glutamate
and GABA(B) receptor antagonists from the CAS layer of P5 rat hippocampus
(top: control, middle: 0.3 uM bumetanide and bottom: 20 uM bicuculling). On
the right are shown corresponding cross-correlograms of the AP times versus
stimulus. (B) Summary plot of the effects of low-bumetanide on synaptic
GABA-evoked MUA. (C) Average cross-correlograms in control conditions
(black) and in the presence of 0.3-0.6 uM bumetanide (red) (n = 4 slices; P2-5
rats). Dashed lines show SEM. Note that partial blockade of NKCC1
co-transporter increases AP delays and their jitter, and decreases APs number.

together, these results indicate that INap participates in the ampli-
fication of depolarizing subthreshold GABA-PSPs and that this
amplification is involved in excitatory action of GABA in immature
CA3 pyramidal neurons. It should be noted that simGABA-PSPs
under standard current-clamp conditions may differ from natural
responses as DF _, . decreases during depolarizing GABA-PSPs; this
should result in an acquisition of a “plateau” shape of the response
and favor the role of near-threshold activated conductances. Use
of dynamic clamp would be useful to address these questions in
future studies.

IMPLICATION OF “SLOW" GABA(A)-MEDIATED EXCITATION FOR GDPs

Essential features of GDPs are relatively low level of neuronal
firing synchrony within the temporal window of GDPs (Ben-Ari
et al., 1989; Khazipov et al., 1997; Strata et al., 1997; Hollrigel
et al., 1998; Menendez de la and Sanchez-Andres, 2000; Sipila
et al., 2006) and slow wave-like propagation of GDPs between
the hippocampal regions and along the hippocampus (Leinekugel
et al., 1998; Menendez de la et al., 1998). We suggested that low

verify our assumption, we tested effects of drugs that modulate
E_, ;. (low-bumetanide) and efficacy of GABAergic transmis-
sion (bicuculline, diazepam) on synchronization of neuronal
network during generation of GDPs. Extracellular recordings
were performed using two to three wire electrodes placed in
CA3 and CA1 pyramidal cell layer with 300-600 pm separation
distance or 64-sites recordings using planar electrode arrays with
a 200-um separation distance. Neuronal synchrony was quan-
tified by measuring: (i) GDPs parameters at a single recording
site in CA3 pyramidal cell layer including amplitude and dura-
tion of the local field potential, duration of MUA bursts associ-
ated with GDPs and GDPs frequency, and (ii) velocity of GDPs
propagation (Figure 8).

In control conditions, field GDPs had 149 + 35 pV amplitude,
101 + 6 ms half-width and occurred at 0.2 + 0.03 s™'. GDPs typi-
cally originated from CA3a or CA3b and propagated towards CA1
and CA3c, at a rate of 25 = 5 mm/s (n = 20). Because of vari-
ability in GDPs parameters between slices and rats, the effects of
drugs were studied in paired experiments, and the results were
normalized to control values in each given slice. Partial blockade
of GABA(A) receptors with low doses of bicuculline (2-5 uM), that
causes nearly half-reduction of the GABA-PSCs in the hippocampal
slices (Whittington et al., 1995), caused transformation of GDPs
into super synchronous neuronal network discharges with tremen-
dously high amplitude (916 £ 315% of control values; P < 0.05)
and short duration (57 £ 12 ms versus 226 * 22 ms in control
conditions; P<0.001). This was accompanied by five-fold shorten-
ing of delays of GDP in neighboring recording sites (21 + 6% of
control values; P < 0.01), therefore increasing propagation rate by
282+ 81% (P<0.01; n= 7). Yet the frequency of GDPs decreased
when GABA receptors were partially blocked, probably because of
more powerful activation of the inhibitory conductances (GABA(B)
and Ca*"-activated potassium channels) which control inter-GDPs
intervals (Gaiarsa et al., 1995; Sipila et al., 2006). In contrast to
the effects caused by suppression of GABA(A) receptors, enhance-
ment of GABA action by positive allosteric modulator of GABA(A)
receptors diazepam (2 uM) had desynchronizing effect on GDPs.
Local field potentials associated with GDPs reduced so that they
could be hardly measured from the baseline noise, and duration
of MUA bursts associated with GDPs increased to 147 + 22% of
control values. Propagation of GDPs was delayed by 282 + 73%
(P < 0.05; n = 4). These results suggest that GABAergic synapses
desynchronize hippocampal network during generation of GDPs,
and slow down GDPs propagation.

GABAergic and glutamatergic synapses are co-activated in CA3
pyramidal cells during GDPs (Leinekugel et al., 1997; Bolea et al.,
1999; Lamsa et al., 2000). To determine the role of fast AMPA recep-
tor mediated synaptic transmission in the network synchronization
during GDPs we tested low doses of the AMPA receptor antagonist
CNQX (1 uM, that causes nearly 50% reduction in the amplitude
of field EPSPs (Andreasen et al., 1989). After CNQX application,
field GDPs reduced to baseline noise levels and duration of associ-
ated with GDPs MUA bursts prolonged by 100 = 49% (P < 0.05),
while GDP frequency and propagation rate decreased respectively
by 78 + 11 and 86 + 3% (P < 0.05; n = 5).
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FIGURE 5 | GABA driving force, resting membrane potential, and the action
potential threshold in neonatal CA3 pyramidal cells. (A, B) Measurements
of the GABA driving force (A) and membrane potential (B) using cell-attached
recordings of GABA and NMDA channels, respectively. Example traces of single
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(C) Measurement of the action potential threshold in whole-cell current-clamp
recordings. (D) Summary plot of the resting membrane potential, GABA reversal
potential and the action potential threshold in P2-5 CA3 pyramidal neurons.
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FIGURE 6 | Responses elicited by injection of synaptic GABAergic current
waveform. (A) Example traces of the responses (top traces) elicited by
injection of the current waveform of GABA-PSCs (bottom trace) recorded in
current-clamp mode in the presence of the GABA and glutamate receptor
antagonists. (B) Histogram of AP delays distribution over 20 cells. (C) Plot of
standard deviation (SD) versus mean AP delay value; each point corresponds
to an individual neuron.

We further investigated how modulation of E_, ,, affects GDPs
using NKCC1 inhibitor bumetanide (Figure 9). At 5-10 uM,
bumetanide completely blocked GDPs in agreement with previous
reports (Dzhala et al.,2005; Nardou et al., 2009; Sipila et al., 2009). At
lower doses (0.3—1 uM), at which bumetanide caused an increase in
AP delays and their variability (Figure 4), we observed a decrease in
GDPs frequency and the level of neuronal firing during GDPs. Field
GDPs reduced to baseline noise levels, duration of GDPs-associated
MUA bursts increased from 228 £47 to 278 £ 52 ms (n=6; P<0.01)
and propagation rate of GDPs decreased by 63 6% (1= 6; P<0.05).
In the presence of low-bumetanide, we often observed compart-
mentalized GDPs that were restricted to one electrode and failed
to propagate to the neighboring sites (not shown).

DISCUSSION

The main findings of the present study are the following: (i) delays of
APs evoked by synaptic GABA in neonatal CA3 pyramidal cells are
longand variable, and depend on intracellular chloride concentration;
(ii) at physiological conditions, depolarization produced by GABA is
typically more negative than the AP, ,and activation of subthreshold
voltage-gated INap is required to trigger APs; (iii) while depolarizing
action of GABA is required for GDPs generation, slow and variable
AP delays in GABAergic synapses reduce neuronal synchrony during
generation of GDPs and slow down GDPs propagation.
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FIGURE 7 | Na* channel blockers inhibit subthreshold voltage-gated conductance and the action potentials evoked by simulated and synaptic GABA-PSPs.
(A, B) Example traces of simGABA-PSPs evoked by injection of GABA-PSC waveform in control conditions (upper traces) and in the presence of 1 uMTTX (A) and
200 pM phenytoin (B) (bottom traces). (C) Synaptic GABA-PSPs in control conditions (upper traces) and in the presence of 100 uM phenytoin (bottom traces).

synaptic GABA PSPs

Although excitatory actions of GABA in the immature neurons
have been well documented in various brain structures (Ben Ari
et al., 2007), the temporal AP coding aspect of GABAergic exci-
tation until present study has not been analyzed. Our central
finding is that transmission of excitation in the immature depo-
larizing GABAergic synapses is slow and highly variable. This was
observed using non-invasive extracellular MUA recordings, that
affect neither membrane potential nor intracellular chloride, and
whole-cell recordings with elevated chloride concentration in the
pipette solution. These observations are in agreement with the
results of previous studies, in which representative traces show
similar long and variable latency APs evoked by stimulation of
synaptic GABAergic inputs, using cell-attached recordings from
CA3 pyramidal cells (Leinekugel et al., 1997), interneurons
(Khazipov et al., 1997), and neocortical pyramidal and stellate
cells (Rheims et al., 2008). These findings are important because
GABAergic synapses are the first synapses established in the hip-
pocampal neurons, both in rodents and primates (Tyzio et al.,
1999; Khazipov et al., 2001) and GABAergic conductance is pre-
dominant in GDPs (Ben-Ari et al., 1989; Khazipov et al., 1997;
Leinekugel et al., 1997; Hollrigel et al., 1998). We have shown
that the temporal coding at GABA synapse is strongly depend-
ent on intracellular chloride concentration in the postsynaptic
neuron: AP delays and their variability strongly decreased with
an artificial elevation of [CI"], during whole-cell recordings, and
increased in the conditions of partial blockade of NKCC1 using
low concentration of bumetanide. Comparison of the physi-
ological values of E , DF_,,. and AP, lead us to conclusion
that at physiological levels of [Cl'], depolarizing GABA-PSPs
do not attain the action potential threshold, and that the acti-
vation of intermediate subthreshold voltage-gated conductance

is required to trigger APs. This is in keeping with findings in
immature granular cells, in which E_, . is slightly, by ~5 mV,
is more negative than the action potential threshold (—46 and
—42 mV, respectively), yet granular cells discharge, typically one
action potential, during pure GABAergic GDPs (Hollrigel et al.,
1998; see also Brickley et al., 1996). This intermediate step in AP
initiation is likely the key factor contributing to slow AP delays
in GABAergic synapse. Several lines of evidence indicate that
persistent Na* current INap contributes to the amplification of
GABA-PSPs and excitatory action of GABA. INap is present in the
immature CA3 pyramidal cells (McBain and Dingledine, 1992)
and promotes their spontaneous bursting (Sipila et al., 2005,
2006). Activation threshold of INap is near —60 mV (Sipila et al.,
2006), that is close to the depolarization attained by GABA-PSPs.
In adult CA1 pyramidal cells, which also express INap (Azouz
etal., 1996), small glutamatergic EPSPs evoked from subthreshold
potentials initiate firing with long and variable latencies due to
INap-mediated plateau potentials that amplify and prolong EPSPs
(Fricker and Miles, 2002). Thus, present findings significantly
modify traditional view on GABAergic excitation which assumed
that GABA reaches AP, _and directly activates APs (Ben Ari, 2002;
Ben Arietal., 2007). It appears that in P2—5 CA3 pyramidal cells,
GABAergic depolarization per se typically does not attain AP, ,
and that amplification of GABA-PSPs by INap is required for
postsynaptic excitation. That GDPs are inhibited by INap blockers
phenytoin and riluzole (Sipila et al., 2006) is in agreement with
these findings. Interestingly, similar mechanisms may operate in
the immature neocortex, in which delays of GABA-evoked APs
are also long and variable, and E_, ., barely attains AP, (Rheims
etal.,2008). Variability of AP delays, which is also observed using
simGABA-PSPs, likely reflects dynamic changes in the state of the
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Bicuculine

FIGURE 8 | Effects of drugs modulating efficacy of GABAergic and
glutamatergic transmission on network synchronization during GDPs.
(A) Left: recording field electrodes arrangement in pyramidal layer of
hippocampus for concomitant recordings from different sites. Middle and right:
traces representing extracellular GDP recordings in control conditions and after
drug application (top traces, 3 uM bicuculline; middle traces, 1 uM CNQX;
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bottom traces, 2 uM diazepam). (B) GDPs half-width, frequency, and
propagation rate in the presence of drugs normalized to the control values.

(C) Cross-correlograms of unitary APs between two distinct CA regions (CA3
and CA1, or within CA3) in control conditions (black) and in the presence of the
drug. (B, C) represent pooled data obtained in the presence of bicuculline
(n=7); CNQX (n = 5); diazepam (n = 4).

voltage-gated conductances (INap, potassium channels, Ih, etc.).
At thelevel of population, variability is multiplied by heterogene-
ityin [CI], that also strongly affects AP delays. However, we do not
claim that amplification of GABA-PSPs by intrinsic membrane
conductances is a general mechanism required for GABAergic

excitation. It is plausible that a situation with E_, ., = AP, may

also take place, for instance in cells with very positive E_, ,, at very
early developmental stages (LoTurco et al., 1995) or as a result of
epileptogenic process (Cohen et al., 2002; Khalilov et al., 2003;
Huberfeld et al., 2007), trauma (van den Pol et al., 1996; Pieraut
etal., 2007), or in the neurons with relatively negative AP, , such

as neocortical interneurons (Rheims et al., 2008).
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FIGURE 9 | Effect of partial blockade of NKCC1 on GDPs. (A) Photograph of bumetanide. (C, D) Cross-correlograms of unitary APs (C) and GDPs
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GDPs width, frequency, and propagation rate in the presence of 0.3 uM SEM. (B-D) Pooled data from four slices.

Present results suggest that slow and variable AP delays at
GABAergic synapses have major impact on synchronization of
neuronal network during generation and propagation of GDPs.
Decrease of depolarizing driving force for GABA by low-bumetanide
desynchronized neuronal network during generation of GDPs. On
the other hand, reduction of GABAergic conductance with low-
bicuculline and its augmentation with diazepam increased and
decreased neuronal synchronization during GDPs, respectively. In
keeping with the major contribution of GABAergic conductance to
GDPs (Ben-Ari et al., 1989; Khazipov et al., 1997; Leinekugel et al.,
1997; Strata et al., 1997), slow and variable AP delays at GABAergic
synapses seem to play an important role in determining the level of
neuronal synchrony during GDPs and the rate of their propagation.
Yet GABA is not the only factor contributing to neuronal excitation
during GDPs. Less prominent, but possessing stronger driving force
glutamatergic component provided by recurrent collateral synapses
plays equally important role in GDPs generation (Khazipov et al.,
1997; Leinekugel et al., 1997; Bolea et al., 1999), as glutamate receptor
antagonists reduce neuronal synchrony, according to present study,
and block GDPs when glutamate receptors are fully blocked (Ben-
Arietal., 1989). After partial blockade of GABA receptors, increase
in neuronal synchronization is likely determined by glutamatergic
synapses which provide faster and less variable conduction of excita-
tion than GABAergic synapses. The difference in excitation provided
by GABA and glutamate is likely due to the difference in the level
of depolarization, which is secondary to the amount and driving
force of these two conductances. Small glutamatergic EPSPs evoked
from just subthreshold potentials are amplified by INap-mediated

plateau potentials and evoke postsynaptic spikes with long and vari-
able delays in adult pyramidal cells (Fricker and Miles, 2002), that
is similar to the present observations with GABA-PSPs. Because
glutamate-driving force is close to 0 mV, increase in glutamatergic
conductance provides stronger depolarization which exceeds AP,
and postsynaptic cells fire APs at short delays with little variability.
By an order higher input resistance and smaller capacitance of the
immature neurons (Tyzio et al., 2003) also should be taken into
account, because both factors should provide larger depolarization
in response to even weak input. In contrast, GABAergic depolariza-
tion is limited by small driving force, and its level can not exceed
E_, ;. despite of the large GABAergic conductance activated during
GDPs. GABAergic depolarization also potentiates NMDA recep-
tors via attenuation of their voltage-dependent magnesium block,
and in keeping with their slow kinetics, NMDA receptor mediated
depolarization could be an additional factor contributing to delayed
firing (Khazipov et al., 1995; Leinekugel et al., 1997).

Present results suggest that slow and variable excitation in
GABAergic synapses is an important factor controlling spike tim-
ing during GDPs. By providing a coincidence between pre- and
postsynaptic neurons, GDPs are thought to be involved in activ-
ity-dependent plasticity in the hippocampal network (Kasyanov
et al., 2004; Mohajerani and Cherubini, 2006). Synaptic plasticity
is particularly robust during the early developmental period (Isaac
et al., 1995; Durand et al., 1996), and similarly to adult forms of
plasticity, it depends on timing of firing in pre- and postsynaptic
neurons both in glutamatergic and GABAergic synapses. Because
all neurons fire action potentials during GDPs, entire network is
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activated and all synaptic inputs are imposed to plasticity, which
direction (potentiation or depression) should depend on the spike
timing in the synaptically coupled neurons. In the future studies it
would also be important to determine the role of slow spike timing
at GABAergic synapses in the generation of the early patterns of
hippocampal activity in the intact animals in vivo.
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