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Cell domain-dependent changes in the glutamatergic
and GABAergic drives during epileptogenesis in the rat
CA1 region
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An increased ratio of the glutamatergic drive to the overall glutamatergic/GABAergic drive
characterizes the chronic stage of temporal lobe epilepsy (TLE), but it is unclear whether this
modification is present during the latent period that often precedes the epileptic stage. Using
the pilocarpine model of TLE in rats, we report that this ratio is decreased in hippocampal
CA1 pyramidal cells during the early phase of the latent period (3–5 days post pilocarpine). It is,
however, increased during the late phase of the latent period (7–10 days post pilocarpine), via cell
domain-dependent alterations in synaptic current properties, concomitant with the occurrence
of interictal-like activity in vivo. During the late latent period, the glutamatergic drive was
increased in somata via an enhancement in EPSC decay time constant and in dendrites via an
increase in EPSC frequency and amplitude. The GABAergic drive remained unchanged in the
soma but was decreased in dendrites, since the drop off in IPSC frequency was more marked than
the increase in IPSC kinetics. Theoretical considerations suggest that these modifications are
sufficient to produce interictal-like activity. In epileptic animals, the ratio of the glutamatergic
drive to the overall synaptic drive was not further modified, despite additional changes in synaptic
current frequency and kinetics. These results show that the global changes to more glutamatergic
and less GABAergic activities in the CA1 region precede the chronic stage of epilepsy, possibly
facilitating the occurrence and/or the propagation of interictal activity.
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Temporal lobe epilepsy (TLE) is the most common form
of partial epilepsy in adults (Engel, 1996). Mesial TLE,
a specific TLE syndrome associated with hippocampal
sclerosis, often involves an initial brain insult (head
trauma, meningitis, febrile seizures, etc.) followed by a
latent (seizure-free) period that can last several years before
the occurrence of spontaneous recurrent seizures during
the chronic phase (Engel, 1996; Herman, 2002). The
process that leads to epilepsy (i.e. epileptogenesis) involves
structural and functional modifications within neuronal
networks, which are immediate or delayed with respect
to the initial insult and which ultimately lead to the first
spontaneous seizure (Herman, 2002). Since retrospective
studies clearly establish a causal relationship between
various brain insults and the occurrence of epilepsy, the
development of preventative drug treatments necessitates
a better understanding of when and where critical plastic
modifications occur in neuronal networks during the
latent period (Herman, 2002). Such an issue can only be

addressed experimentally at the cellular level in animal
models of TLE.

Two morphological alterations in the hippocampus
tipify the chronic stage in human TLE and animal models:
the sprouting of excitatory axons and the loss of specific
populations of GABAergic interneurons. The sprouting
is clearly associated with an increased excitatory drive in
principal cells and interneurons in a region-independent
fashion (e.g. Bausch, 2005). In contrast, the functional
consequences of the loss of GABAergic interneurons
appear to be not only region dependent but also cell
domain specific (Cossart et al. 2005). Thus, the GABAergic
drive is decreased in CA1 pyramidal cell dendrites, whilst
it is increased in pyramidal cell somata as a result of the
hyperactivity of the surviving perisomatic interneurons
(Cossart et al. 2001).

These observations are consistent with the hypothesis
that imbalance between the glutamatergic and GABAergic
drives characterizes epileptic networks and that such
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imbalance may be causally related to seizure genesis and/or
propagation (Bernard, 2005). This view has recently been
challenged, since some of these alterations are already
present during the latent period. In the pilocarpine
experimental model, the loss of GABAergic interneurons
is an early outcome of the initial insult (Obenaus et al.
1993; Dinocourt et al. 2003; Kobayashi & Buckmaster,
2003), and the GABAergic drive is already decreased in
dentate granule cells during the latent period (Kobayashi
& Buckmaster, 2003). Whether interneuron loss in the
CA1 region (Dinocourt et al. 2003) also leads to a
reduced GABAergic drive in pyramidal cells in a cell
domain-dependent manner (Cossart et al. 2001) is not
known. During the latent period, an increase in network
excitability in both hippocampal regions has also been
linked to an impaired inhibition (Mangan & Bertram,
1998; Doherty & Dingledine, 2001; Dinocourt et al.
2003; Kobayashi & Buckmaster, 2003; Cobos et al. 2005).
In contrast, an increased excitatory drive appears to
be specific to the chronic stage, since the sprouting of
excitatory axons has not been found during the latent
period (Smith & Dudek, 2001). The global picture that
emerges from these studies is that imbalance between the
glutamatergic and GABAergic drives should already be
present during the latent period. This scheme remains
to be tested by measurement of both synaptic drives
in individual cells, since homeostatic mechanisms could
compensate a loss of inhibition by a loss of excitation (Liu,
2004).

Here, we have measured the glutamatergic and
GABAergic synaptic drives received by pyramidal cells of
the CA1 region of the hippocampus during the latent
period and the chronic phase in pilocarpine-treated rats, a
relevant model of TLE. We asked the following questions.
Do the cell domain-dependent changes in GABAergic
drive precede or follow the onset of spontaneous seizures?
How does the glutamatergic drive evolve at the same time?
Is there a modification of the respective GABAergic and
glutamatergic contributions to the overall synaptic drive
received by pyramidal cell somata and dendrites? What
could be the functional outcome of such alterations?

Methods

Animal treatment

All experiments were carried out according to methods
approved by INSERM. Pilocarpine hydrochloride
(340 mg kg−1) was injected intraperitoneally (i.p.) into
adult male Wistar rats (180 g) 30 min after the i.p.
administration of N-methyl scopolamine (1 mg kg−1).
Diazepam (8 mg kg−1, i.p.) was administered to stop
status epilepticus (SE) after 3 h. Animals were then
observed periodically in the vivarium for the occurrence
of spontaneous behavioural seizures. Animals were
housed in individual cages; water and food were available

ad libitum. Twenty-eight matched sham-treated rats
received saline injection. Fifty-six and 42 animals were
used for the latent and chronic periods, respectively.
Drugs were obtained from Sigma.

In vivo depth EEG recordings

Six adult rats were anaesthetized with a mixture of
ketamine (1 mg kg−1) and xylazine (0.5 mg kg−1). One
bipolar steel hippocampal electrode (3.5 mm posterior,
2.5 mm lateral and 3.7 mm deep with respect to bregma)
and four monopolar stainless-steel cortical electrodes
(screwed on the skull, above the right and left frontal
and occipital cortex) were stereotaxically implanted. After
1 week recovery, animals were continuously recorded with
a video-EEG system (Deltamed, Paris, France) 3 days
before SE (control period) and over 1 month after SE.
Animals were housed in individual cages; water and food
were available ad libitum. At the end of the recording time,
animals were anaesthetized as above and intracardiacally
perfused with 4% paraformaldehyde, and the position of
the hippocampal electrode was checked histologically. Its
position within the CA1 region of the hippocampus was
confirmed.

EEG analysis

Electroencephalogram was analysed post hoc. For each
rat, it was divided into 86 400 contiguous epochs, each
of 30 s, for a total duration of 24 h before (control
period), during the latent period, and up to 10 days
after the first spontaneous seizure (chronic period).
Within each epoch, sharp waves were visually detected.
They were considered as epileptic sharp waves if their
amplitudes were more than twice the amplitude of the
biggest sharp waves recorded during the control period.
Epochs containing movement artefacts (confirmed using
the video that was recorded concomitantly with the
EEG) were removed. Epileptic seizures were characterized
by an initial increase in the sharp wave frequency,
followed by a rapid low-voltage activity that evolved into
sustained high-frequency oscillations and high-voltage
polyspikes. The first spontaneous seizure involved the
limbic structures first, since motor behaviour was either
absent or occurred more than 5 s after the beginning of the
electrographic seizure (not shown). Data are presented as
means ± s.e.m and analysed with Student’s paired t test.

In vitro electrophysiology

Hippocampal slices (380 µm thick) were prepared
according to local INSERM guidelines from sham, latent
and chronic animals, which were anaesthetized by i.p.
injection of chloral hydrate (800 mg kg−1). Animals were
perfused intracardially with cold artificial cerebrospinal
fluid (ACSF) in which NaCl was substituted with an
equimolar concentration of choline. Animals were then
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killed by decerebration, and slices were cut in modified
ACSF. Slices were then transferred to a holding chamber
at room temperature in normal ACSF. Artificial CSF
contained (mm): NaCl, 126; KCl, 3.5; CaCl2, 2; MgCl2, 1.3;
NaH2PO4, 1.2; NaHCO3, 26; and d-glucose, 10; and was
continuously aerated with 95% O2 and 5% CO2 (pH 7.3).
Neurons were visualized by infrared video microscopy
using an upright Leica DM LFS microscope equipped with
a×40 objective (Leica, Bensheim, Germany) or a Zeiss FSII
microscope equipped with a ×60 objective (Zeiss, Jena
Germany). Patch pipettes were pulled from borosilicate
glass tubing (2.0 mm outer diameter, 0.5 mm wall
thickness) and filled with internal solutions containing
(mm): Cs-gluconate, 135; MgCl2, 10; CaCl2, 0.1; EGTA, 1;
Na2- adenosine triphosphate, 2; Hepes, 10; and 0.5%
biocytin, pH 7.25. For whole-cell somatic and dendritic
recordings, the pipette resistance was 3–8 and 6–12 M�,
respectively. Uncompensated series resistances were 6–30
(soma) and 15–35 M� (dendrites). Series resistances
and membrane properties were not different between
sham, latent and chronic animals (not shown), as
previously reported (Bernard et al. 2004). Access resistance
and holding current were continuously monitored for
stability; a 20% variation led to a rejection of the
experiment. The recording temperature was 32–34◦C.
Signals were fed to an EPC9 (HEKA, Heidelberg,
Germany) or Multiclamp 700A (Axon Instruments),
digitized (10 kHz) with a Labmaster interface card to a
personal computer and analysed with MiniAnalysis 5.1
program (Synaptosoft, Decatur, GA, USA). Spontaneous
GABAA receptor-mediated currents (IPSCs) were
measured at the reversal potential for glutamatergic
events (+10 mV). Bicuculline, a GABAA receptor
antagonist, was applied at the end of the experiments
to verify that the currents were indeed GABAergic, as
described (Cossart et al. 2001). Spontaneous glutamatergic
currents (EPSCs) were measured at the reversal potential
for GABAA receptor-mediated events (−60 mV) and
were blocked by 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) and d-aminophosphonovalerate (d-APV).
Single events recorded (∼200 events per cell during a
continuous recording session) were fully characterized:
rise times (10–90%), amplitudes and decay time constants
were calculated using MiniAnalysis 5.1. More than 95% of
the synaptic events were fitted with a single exponential
decay. In some instances, the frequency of sIPSCs was high
enough for individual synaptic events to overlap most
of the time. The analysis was performed on events that
could be clearly isolated, which involved longer duration
recordings.

Data treatment

The average synaptic drive was measured as the charge
transfer (CT) from baseline using 10 × 1 s periods

randomly taken from the recordings of spontaneous
postsynaptic currents (10 epochs each for glutamatergic
and GABAergic activity in each cell). The baseline was
determined by epochs without synaptic activity, which
were always present even when the rate of synaptic
currents was high (e.g. Fig. 2C). The ratio between
the glutamatergic drive and the overall synaptic drive
(GABAergic + glutamatergic) in a given cell was defined as
the ratio [EPSC CT]/([EPSC CT] + [IPSC CT]). Data are
presented as means ± s.e.m. and analysed with Student’s
unpaired t test. Probability distribution functions were
compared with Kolmogorov–Smirnov (KS) test.

Morphology

Slices were processed for the detection of biocytin-filled
neurons. They were fixed overnight at 4◦C in a solution
containing 4% paraformaldehyde in 0.12m phosphate
buffer (PB, pH 7.4). After fixation, slices were rinsed
in PB, cryoprotected in sucrose and quickly frozen on
dry ice. To neutralize endogenous peroxidase, slices were
pretreated for 30 min in 1% H2O2. After several
rinses in saline potassium phosphate buffer (0.01 m
KPBS, pH 7.4), slices were incubated for 24 h at room
temperature, in 1:100 avidin–biotin peroxidase complex
(Vector Laboratories, Inc., Burlingame, CA, USA) diluted
in KPBS containing 0.3% Triton X-100. After 30 min
rinses in KPBS, slices were processed with 0.04%
3,3′- diaminobenzidine-HCl (DAB; Sigma, St Louis, MO,
USA) and 0.006% H2O2 diluted in KPBS. Based on
their characteristic morphological features, neurons were
morphologically identified post hoc as CA1 pyramidal
cells. All dendritic recordings were performed farther
than 300 µm from the soma (range, 300–450 µm). The
recording sites in the dendrites appeared as holes (Fig. 3A)
or dents, and were measured post hoc at a distance of
320 ± 28 (sham, n = 8), 342 ± 47 (latent, n = 6) and
335 ± 72 µm (chronic, n = 8) from the soma, i.e. close
to the stratum radiatum–lacunosum moleculare border.
CA1 pyramidal cells did not display axonal sprouting
during the latent period (not shown), as reported in the
kainic acid model (Smith & Dudek, 2001). Sprouting
was present in epileptic animals, as reported previously
(Esclapez et al. 1999; Smith & Dudek, 2001).

Computational modelling of field potential activity
recorded in vivo during control, latent
and chronic periods

Sufficient conditions to reproduce signals recorded
during control, latent and chronic periods were studied
in a neuronal population model described in detail
previously (Wendling et al. 2002). Modelling at the
neuronal population level was chosen for two reasons.
First, this macroscopic level allows for direct comparison
of model output (average postsynaptic activity generated
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by the subset of pyramidal cells) with field activity recorded
in vivo and arising from large assemblies of cells. Second,
this level of modelling is deep enough to provide insights
into the relationship between excitation/inhibition-related
model parameters and extracellular field activity recorded
in vivo during control, latent and chronic periods.

The model design is based on experimental data
describing the neuronal organization and connectivity
of the CA1 region. It includes recurrent excitatory
connections from pyramidal cells to pyramidal cells
(Thomson & Radpour, 1991; Whittington et al.
1997). Pyramidal cells receive two types of GABA
receptor-mediated currents: slow dendritic and faster
perisomatic inhibitory postsynaptic currents (IPSCs). As
previously proposed (Miles et al. 1996; White et al.
2000; Banks & Pearce, 2000; Banks et al. 2002), two
separate classes of interneurons (possibly basket cells and
dendrite-projecting interneurons, respectively, called, for
simplicity, GABAA,fast interneurons and GABAA,slow inter-
neurons) give rise to these two types of IPSCs. Both classes
of interneurons interact, in that GABAA,slow cells inhibit
not only pyramidal cells but also GABAA,fast interneurons
(Banks et al. 2000).

The model was designed to represent this functional
organization of interacting subsets of principal cells and
interneurons. It consists in three subsets of neurons,
namely the main cells (i.e. pyramidal cells), the slow
dendritic-projecting inhibitory interneurons (GABAA,slow

receptors) and the fast somatic-projecting inhibitory
interneurons (GABAA,fast receptors). Interneurons receive
an excitatory input (AMPA and NMDA receptor mediated)
from pyramidal cells. The influence from neighbouring or
more distant populations is represented by an excitatory
input n(t) (modelled by a positive mean Gaussian white
noise) that globally describes the average density of afferent
action potentials.

In each subset, a linear transfer function is used to
transform the average presynaptic density of afferent
action potentials (the input) into an average postsynaptic
membrane potential (the output). This transfer function
models synaptic transmission in a simplified way but still
takes into account both the amplitude and kinetics of
synaptic responses. Its impulse response

hE(t) =
(

EPSP

τE

)
te−t/τE

hDI(t) =
(

IPSPD

τD

)
te−t/τD

and
hSI(t) =

(
IPSPS

τS

)
te−t/τS

determines the excitatory (E), dendritic inhibitory
(DI) and somatic inhibitory (SI) average postsynaptic
membrane potential, respectively. Lumped parameters

EPSP, IPSPD and IPSPS define the amplitude of the average
postsynaptic membrane potential. Although the exact
relationship is not yet established, it can reasonably be
assumed that these parameters aggregate both the rate
and amplitude of spontaneous postsynaptic potentials
(sPSP). Lumped parameters τ E, τD and τ S are time
constant parameters that account for both the average
decay time of sPSP and average distributed delays in the
dendritic tree. In each subset, in turn, a static non-linear
function (asymmetric sigmoid curve S(v) = 2e0/[1 +
er(v0−v)], where 2e0 is the maximum firing rate, ν0 is
the post-synaptic potential corresponding to a firing rate
of e0, and r is the steepness of the sigmoid) is used to
model threshold and saturation effects in the relationship
between the average postsynaptic potential of a given
subset and the average pulse density of potentials fired
by the neurons. Interactions between main cells and local
neurons are summarized in the model by connectivity
constants which account for the average number of
synaptic contacts.

Finally, in order to model the electric extracellular field
potential, we used the classical approximation based on the
equivalent current dipole theory. As described by Lopes da
Silva (2002), we assumed that the neuronal events that
cause the generation of electric fields in the neuronal
mass consist of ionic currents, the origin of which is
mainly postsynaptic. Indeed, at the level of the single
cell, synaptic activation of a neuron causes changes in
membrane conductance that lead to the generation of
primary currents through the membrane and cause a
variation of the postsynaptic membrane potential. In both
excitatory and inhibitory postsynaptic cases, extracellular
currents (volume currents flowing in the surrounding
medium) orientated in the same direction are generated.
At the level of neuronal assemblies, these extracellular
currents can only be measured by macroelectrodes at
a distance from the sources if they sum together. This
is typically the case for pyramidal cells, which are
organized both in space and in time (parallel orientation
and quasi-synchronous activation). These considerations
allow us to approximate the electrical contribution of
the whole neuronal population by an equivalent current
dipole whose time-varying moment depends on the time
variations of the average postsynaptic potential at the
subset of pyramidal cells. Consequently, the temporal
dynamics of the extracellular field potential activity seen
by the electrode are represented, in the model output, by
the summation of average excitatory and inhibitory post-
synaptic potentials given, respectively, by the functions hE,
hDI and hSI.

A parameter sensitivity study was conducted using an
exhaustive procedure aimed at quantifying the frequency
of interictal-like spikes detected in simulated signals as
a function of the aforementioned model parameters.
The amplitudes of glutamatergic average postsynaptic
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potentials (parameter EPSP) and GABAergic average post-
synaptic potentials (parameters IPSPD and IPSPS) were
varied step by step. At each step, a 15 s duration signal
was simulated, in which the frequency of epileptic spikes
was determined using an automatic detection method. The
procedure was reiterated for increased average IPSP time
constants (parameters τD and τ S). All other parameters
were kept constant. Finally, results were represented as
colour-coded ‘activity maps’ to obtain a complete view of
the model behaviour with respect to parameter variations.
These maps were used to determine necessary conditions
to reproduce, in the model, signals observed in control
(normal background activity), latent and chronic periods
(background activity mixed with interictal-like spikes). In
addition, this procedure was carried out in a blind manner,
i.e. without knowledge of the evolution of excitation and
inhibition determined experimentally.

Results

Pathological activity during the latent period in vivo

Hippocampal EEG displayed continuous electrical activity
during the control period, i.e. 3 days before pilocarpine
injection, mostly within the theta band during awake
states and rapid eye movemtent (REM) sleep, as
previously reported (Leung et al. 1982; Buzsaki, 2002).
Two to three days after status epilepticus (SE), the electrical
activity was discontinuous, with no recognizable back-
ground activity (not shown). Three to five days after SE,
awake states, REM sleep and slow-wave sleep (SWS) were
again detectable, and background activity returned to
normal visually. The first spontaneous seizure occurred
14.5 ± 1.2 days after SE (range, 12–18 days; n = 6) and
always occurred first in the hippocampus versus the cortex.

Between day 3 and the first spontaneous seizure (latent
period), EEG abnormalities, which were not present
before SE, occurred in the form of epileptiform patterns,
characterized by large-amplitude spike and sharp waves
(Fig. 1A). Interictal-like activity was very infrequent
between 3 and 5 days post SE (27 ± 3 events h−1),
increased to 42 ± 5 events h−1 between 5 and 7 days and to
164 ± 29 events h−1 between 7 and 10 days post SE (n = 6,
Fig. 1). A similar pattern of activity was also observed
during the chronic phase, but at a higher frequency
(Fig. 1B, +60% versus 7–10 days post SE, n = 6). This
network activity was called interictal activity because
it occurred between seizures. As in human TLE, these
epileptiform patterns were observed during SWS and
wakefulness, but not during REM sleep. There is thus an
abrupt build up of interictal-like activity between 7 and
10 days post SE.

Based on these in vivo recordings, we defined two
phases of the latent period: the early latent period when
interictal-like activity starts to appear (3–5 days after SE)
and the late latent period when interictal-like activity

is firmly established (7–10 days after SE). Animals were
not assessed before day 3 because of the disorganization
of the EEG. Glutamatergic and GABAergic synaptic
activities were then recorded in vitro in pyramidal cells
in sham, early latent, late latent and epileptic animals, and
the corresponding charge transfers associated with these
activities were determined.

Time-dependent modifications of the glutamatergic
drive during epileptogenesis in CA1 pyramidal
cell somata

The frequency of EPSCs was decreased during the early
latent period (−55% versus sham; Fig. 2 and Table 1).
This decrease was transient, since it returned to control
values during the late latent period (+26% versus sham,
statistically non-significant), whilst EPSC frequency was
significantly increased (+134% versus sham) during the
chronic phase (Fig. 2 and Table 1). The glutamatergic
activity received by pyramidal cells depends not only upon
the frequency of synaptic currents but also upon their
individual properties, i.e. their kinetics and amplitude. The
analysis of individual EPSCs revealed a 170% increase in
rise time and a 90% increase in decay time constant during
the early latent period versus sham, whilst their average
amplitude was significantly decreased by 12% (Fig. 2 and
Table 1). These modifications resulted in a decrease of the
individual charge transfer of EPSCs (−25% versus sham;
Fig. 2 and Table 1) During the late latent period, rise times
and decay time constants remained increased (70% versus
sham), whilst the amplitudes returned to sham values. Rise
time and amplitudes were increased during the chronic
phase versus the late latent period and sham (Fig. 2 and
Table 1). As a result, there was a gradual increase of the
individual charge transfer during the late latent period
(+40% versus sham) and the chronic phase (+60% versus
late latent period; Fig. 2 and Table 1). These findings show
that EPSC frequencies, amplitudes, rise times, decay time
constants and charge transfers are modified at different
rates during epileptogenesis.

Since a change in current frequency can be compensated
or amplified by alterations in current kinetics, we assessed
the global charge transfer carried by EPSC activity (termed
glutamatergic drive). This synaptic drive measures the
current flowing through receptors during fixed time
windows, thus effectively taking into account all the
changes affecting frequency, amplitude and kinetics of
individual EPSCs, lumping these parameters into a global
parameter. Despite slower kinetics, the decrease in EPSC
frequency and amplitude resulted in a large decrease
of the glutamatergic drive (−70% versus sham) during
the early latent period. This decrease was transient,
since it switched to a large increase during the late
latent period (+280% versus sham), consistent with the
overall increases in amplitude, rise time and decay time
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constant. The glutamatergic drive was further increased
during the chronic phase (+85% versus late latent; see
Fig. 4 and Table 3), since both EPSC frequency and
individual charge transfers were increased. We conclude
that after an early decrease following SE, there is a gradual
build-up of the glutamatergic drive during the course of
epileptogenesis.

Figure 1. Pathological activity recorded in vivo in the CA1 region during epileptogenesis
A, examples of depth EEG recordings performed in the same freely moving animal during wakefulness in the
control (3 days before SE), early latent (3 days post SE), late latent (10 days post SE) and chronic periods (1 month
post SE) displayed on two different time scales. Note the presence of frequent large-amplitude spikes during the
late latent period. A similar pattern is recorded during the chronic phase between seizures. B, histogram of the
frequency of large-amplitude spikes during epileptogenesis (n = 6 animals). Note the large increase in frequency
during the late latent and chronic periods compared with the early latent period (3–5 and 5–7 days post SE).
∗P < 0.01, ∗∗P < 0.001, Student’s paired t test.

Time-dependent modifications of the GABAergic
drive during epileptogenesis in CA1 pyramidal
cell somata

Since increased excitation can be controlled by strong
operative GABAergic inhibition (Miles & Wong, 1987;
Christian & Dudek, 1988), it is important to assess the
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state of the GABAergic drive in the soma. During both
early and late latent periods, the frequency of IPSCs
was similarly decreased by 40% versus sham (Fig. 2 and
Table 2), in keeping with the early loss of axo-axonic cells
(Dinocourt et al. 2003). The analysis of individual IPSCs
during the early latent period revealed that the distribution
of their amplitude was not modified, whereas both rise
times and decay time constants of IPSCs were significantly
increased by 25 and 45% versus sham, respectively (Fig. 2
and Table 2). Rise times and decay time constants were
further increased during the late latent period (45 and 25%
versus early latent period, respectively; Fig. 2 and Table 2),
i.e. a 76% increase versus sham for both parameters (Fig. 2
and Table 2). The gradual increase in decay time constant
and rise time resulted in a gradual increase in the individual
charge transfer (Fig. 2 and Table 2).

As a result of these modifications, the GABAergic drive
carried by spontaneous GABAergic activity was decreased
by 45% during the early latent period, showing that the
slowing down of kinetics of GABAergic currents did not
sufficiently compensate the reduction in frequency. In
contrast, the GABAergic drive returned to control values
during the late latent period (see Fig. 4 and Table 3),
suggesting that the increase in kinetics compensated for
the drop off in frequency.

During the chronic phase, the frequency of IPSCs
increased compared with both early and late latent periods,
returning to control values (Fig. 2 and Table 2). Inhibitory
postsynaptic current amplitudes and rise times remained
unchanged (versus the late latent period), whereas IPSC
decay time constants (hence individual charge transfers)
decreased but remained significantly increased by 23%
versus sham (Fig. 2 and Table 2). As a result of
these modifications, the GABAergic drive was increased
(+123% versus sham; Fig. 4 and Table 3), in keeping with
a previous study (Cossart et al. 2001).

The latent period is thus characterized by a transient
decrease in the GABAergic drive recorded in pyramidal
cell somata during the early phase, followed by a recovery
during the late phase. The recovery of the GABAergic drive
is followed by its increase during the chronic phase.

Since information processing is different in dendrites
and somata (Miles et al. 1996; Magee et al. 1998) and since
the fate of glutamatergic and GABAergic activities is cell
domain dependent (Cossart et al. 2001), we next assessed
the synaptic drives in distal dendrites (>300 µm from the
soma). We focused on the late latent period and chronic
phase, when critical modifications seem to occur based on
our somatic recordings.

Increase of the glutamatergic drive during the late
latent period in pyramidal cell dendrites

During the late latent period, the frequency of EPSCs
was increased (+640%; Fig. 3 and Table 1). The amplitude

of individual EPSCs was increased (+21% versus sham),
whilst rise times and decay time constants were not
modified (Fig. 3 and Table 1). As a result, the global
glutamatergic drive received by pyramidal cell dendrites
was increased during the late latent period (+380% versus
sham; Fig. 4 and Table 3).

During the chronic stage, EPSC frequency, amplitudes,
rise times and decay time constants were not significantly
modified compared to the late latent period (Fig. 3 and
Table 1). As a result, the global glutamatergic drive received
by pyramidal cell dendrites remained increased (+314%
versus sham; Fig. 4 and Table 3).

In contrast to the soma, where a continuous build-up
of the glutamatergic drive seems to occur, the increase in
the dendrites is an early, persistent phenomenon.

Gradual decrease of the GABAergic drive in pyramidal
cell dendrites

In keeping with the early loss of O-LM interneurons
that project to the distal dendrites of pyramidal cells
(Dinocourt et al. 2003), the frequency of IPSCs was
decreased (−49% versus sham; Fig. 3 and Table 2) during
the late latent period. The parameters characterizing
individual IPSCs recorded in the dendrites followed the
same pattern as those recorded in somata. The distribution
of IPSC amplitudes was not significantly modified, but
rise times (+33%) and decay time constants (+25%) were
significantly increased (Fig. 3 and Table 2). The GABAergic
drive assessed by the global charge transfer was decreased
(−47% versus sham) during the late latent period (Fig. 4
and Table 3). This suggests that the increase of the rise times
and decay time constants did not compensate enough for
the large decrease in IPSC frequency, in contrast to what
happened in somata.

During the chronic phase, there was no further
modification in IPSC frequency, which remained
decreased versus sham (−51%). However, both rise times
and decay time constants returned to control values. Since
the only modification found during the chronic period
compared with the late latent period was faster kinetics, the
GABAergic drive was further decreased in the dendrites
(−34% versus latent and −47% versus sham; Fig. 4 and
Table 3).

In contrast to the soma, where the GABAergic drive is
not modified during the late latent period and increased
during the chronic phase, there is a gradual erosion of
the GABAergic drive recorded in pyramidal cell dendrites
during the course of epileptogenesis.

Persistent increased contribution of the
glutamatergic drive to the overall synaptic drive

The previous observations show that the modifications
affecting the GABAergic and glutamatergic drives are
dependent on time and cell compartment. To obtain a
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Table 1. Properties of spontaneous EPSCs received by pyramidal cells

Frequency (Hz) Amplitude (pA) Rise time (ms) Decay time (ms) Area (pC ms)

Soma
Sham 3.8 ± 0.8 (13) 23.3 ± 0.5 (13) 0.80 ± 0.03 (13) 4.61 ± 0.02 (13) 322 ± 13 (13)
Early latent (3–5 days) 1.7 ± 0.5∗ (12) 20.7 ± 0.5∗ (12) 2.15 ± 0.07∗ (12) 8.9 ± 0.3∗ (12) 236 ± 16∗ (12)
Late latent (7–10 days) 4.8 ± 1.8† (12) 23.7 ± 0.5† (12) 1.38 ± 0.04∗†(12) 7.87 ± 0.03∗ (12) 452 ± 28∗† (12)
Chronic 8.9 ± 1.2∗† (9) 54.8 ± 5.4∗† (9) 1.61 ± 0.06∗† (9) 8.49 ± 0.3∗ (9) 736 ± 33∗† (9)

Dendrites
Sham 0.5 ± 0.2 (8) 22.9 ± 0.9 (8) 1.89 ± 0.08 (8) 7.39 ± 0.4 (8) 220 ± 17 (8)
Latent 3.7 ± 1.0∗ (6) 27.7 ± 1.0∗ (6) 1.90 ± 0.08 (6) 7.54 ± 0.5 (6) 268 ± 21 (6)
Chronic 1.8 ± 0.6∗ (8) 28.6 ± 0.6∗ (8) 1.88 ± 0.06 (8) 7.55 ± 0.4 (8) 315 ± 11 (8)

Values represent means ± S.E.M. ∗P < 0.05, significantly different by Student’s unpaired t test compared with sham. †P < 0.05,
significantly different by Student’s unpaired t test comparing chronic versus late latent (7–10 days) and late latent (7–10 days) versus
early latent (3–5 days).

Table 2. Properties of spontaneous IPSCs received by pyramidal cells

Frequency (Hz) Amplitude (pA) Rise time (ms) Decay time (ms) Area (pC ms)

Soma
Sham 18.1 ± 2.5 (19) 42 ± 4 (19) 1.15 ± 0.04 (19) 8.3 ± 0.2 (19) 442 ± 17 (19)
Early latent (3–5 days) 10.2 ± 0.5∗ (12) 45.9 ± 2 (12) 1.43 ± 0.05∗ (12) 12 ± 0.3∗ (12) 579 ± 24∗ (12)
Late latent (7–10 days) 11.2 ± 1.2∗ (15) 55 ± 5 (15) 2.07 ± 0.08∗† (15) 14.6 ± 0.4∗† (15) 819 ± 88∗† (15)
Chronic 17.4 ± 2.3† (18) 52 ± 4 (18) 1.97 ± 0.08∗ (18) 10.2 ± 0.3∗† (18) 608 ± 42∗† (18)

Dendrites
Sham 9.9 ± 1.8 (8) 28 ± 1.0 (8) 1.78 ± 0.04 (8) 14.2 ± 0.4 (8) 325 ± 17 (8)
Latent 5.0 ± 2.0∗ (6) 34 ± 1.0 (6) 2.36 ± 0.06∗ (6) 17.7 ± 0.5∗ (6) 542 ± 21∗ (6)
Chronic 5.1 ± 0.1∗ (8) 25 ± 1.0 (8) 1.68 ± 0.07† (8) 12.7 ± 0.6† (8) 300 ± 11† (8)

Values represent means ± S.E.M. ∗P < 0.05, significantly different by Student’s unpaired t test compared with sham. †P < 0.05,
significantly different by Student’s unpaired t test comparing chronic versus late latent (7–10 days) and late latent (7–10 days) versus
early latent (3–5 days).

better assessment of the overall impact of these alterations,
we computed the ratio between the glutamatergic drive
and the summed glutamatergic and GABAergic drives in
each recorded cell. This ratio represents the contribution
of the glutamatergic drive to the overall synaptic drive

Figure 2. Gradual increase of the glutamatergic drive and increase of the GABAergic drive in CA1
pyramidal cell somata during epileptogenesis
A, photomicrograph of a biocytin-filled pyramidal cell during the late latent period. The arrow indicates the
recording site. Scale bar represents 5 µm. B, traces at the top are recordings of spontaneous EPSCs in somata
in sham, late latent (cell shown in A) and epileptic animals. Note the transient decrease in EPSC frequency during
the early latent period and the increase in frequency during the chronic period, as shown in the histogram on
the bottom right (∗P < 0.002, Student’s unpaired t test). The graphs are cumulative probability plots of amplitude,
10–90% rise time, decay time constant and charge transfer of EPSCs in all recorded cells. Although the EPSC
charge transfer is decreased during the early latent period owing to a decrease in amplitude, it is increased during
the late latent period as a result of the increase in rise time and decay time constant. The charge transfer is further
increased during the chronic period owing to an increase in amplitude and rise time. Normalized average EPSCs
are displayed in the inset. C, traces at the top are recordings of spontaneous IPSCs in somata in sham, late latent
(cell shown in A) and epileptic animals. Note the transient decrease in frequency during the early and late latent
periods as shown in the histogram on the bottom right (∗P < 0.05, Student’s unpaired t test). The graphs are
cumulative probability plots of amplitude, 10–90% rise time, decay time constant and charge transfer of IPSCs
in all recorded cells. There was no modification in the distribution in amplitudes, whereas rise times and decay
time constants, hence IPSC charge transfers, were increased during the early and late latent periods. Decay time
constants and IPSC charge transfers reversed to near control levels during the chronic phase. Normalized average
IPSCs are displayed in the inset.

received by a given cell. In pyramidal cell somata, the ratio
was transiently decreased (−40% versus sham) during
the early latent period. In contrast, during the late latent
period, the ratio was increased by 231% versus sham)
and was not further modified in epileptic animals (Fig. 4
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Table 3. Permanent increase of the ratio [EPSC drive/(EPSC + IPSC) drive] during epileptogenesis

Glutamatergic Drive (pC s−1) GABAergic drive (pC s−1) Ratio (%)

Soma
Sham 0.95 ± 0.22 (13) 13.1 ± 2.7 (13) 6.3 ± 1.2 (13)
Early latent (3–5 days) 0.29 ± 0.07∗ (12) 7.09 ± 1.08∗(12) 3.8 ± (0.9)∗
Late latent (7–10 days) 3.65 ± 0.66∗† (12) 13.9 ± 1.9† (12) 20.9 ± 2.1∗† (12)
Chronic 6.78 ± 1.44∗† (9) 29.3 ± 5.1∗† (9) 20.7 ± 3.8∗ (9)

Dendrites
Sham 0.56 ± 0.15 (8) 10 ± 3.5 (8) 4.9 ± 1.7 (8)
Latent 2.69 ± 0.68∗ (6) 5.3 ± 1.0∗ (6) 32.7 ± 5.1∗ (6)
Chronic 2.32 ± 0.57† (8) 3.5 ± 0.8∗† (8) 40.9 ± 5.3∗ (8)

Values represent means ± S.E.M. ∗P < 0.05, significantly different by Student’s unpaired t test compared
with sham. †P < 0.05, significantly different by Student’s unpaired t test comparing chronic versus late
latent (7–10 days) and late latent (7–10 days) versus early latent (3–5 days).

and Table 3). The glutamatergic drive, which represents
6% of the synaptic drive measured in the soma of
sham animals, amounts to 20% in both late latent and
epileptic animals (Fig. 4 and Table 3). The same pattern
was found in pyramidal cell dendrites. The ratio was
increased during the late latent period (+567% versus
sham) and was not significantly further modified during
the chronic stage (Fig. 4 and Table 3). The contribution of
the glutamatergic drive measured in distal apical dendrites
is thus considerably reinforced during both late latent
and epileptic periods, from 5 to more than 33%. Like the
situation in somata, this modification occurred during the
late latent period and persisted during the chronic phase
without further modification.

Increased contribution of the glutamatergic drive
may be sufficient to induce interictal-like activity

Pharmacological and theoretical studies suggest that
increasing excitation and/or decreasing inhibition are
sufficient to drive a neuronal network into a hyper-
excitable state (Traub & Miles, 1991; Whittington et al.

Figure 3. Persistent increase of the excitatory drive during the late latent period and gradual erosion
of the GABAergic drive in CA1 pyramidal cell dendrites
A, photomicrograph of a biocytin-filled pyramidal cell during the late latent period. The recording site (hole) is
shown in the inset. Abbreviations: O, stratum oriens; P, stratum pyramidale; R, stratum radiatum; LM, stratum
lacunosum moleculare; and M, molecular layer of the dentate gyrus. Scale bars represent 50 µm in main panel and
5 µm in the inset. B, traces are recordings of spontaneous EPSCs in dendrites in sham, late latent (cell shown in A)
and epileptic animals. Note the increase in frequency during the late latent period, an increase that persists during
the chronic period, as shown in the histogram on the right (∗P < 0.002, ∗∗P < 0.01 versus sham). The graphs are
cumulative probability plots of amplitude, 10–90% rise time, decay time constant and charge transfer of EPSCs in
all recorded cells. Note the permanent increase in EPSC charge transfer during the late latent period as a result of
the increase in amplitude, whilst rise times and decay time constants remain unaltered. Normalized average EPSCs
are displayed in the inset. C, the traces at the top are recordings of spontaneous IPSCs in dendrites in sham, late
latent (cell shown in A) and epileptic animals. Note the permanent decrease in frequency during the late latent
period, as shown in the histogram on the right (∗∗∗P < 0.05 versus sham, Student’s unpaired t test). The graphs
are cumulative probability plots of amplitude, 10–90% rise time, decay time constant and charge transfer of IPSCs
in all recorded cells. There was no modification in the distribution of amplitudes and rise times, whereas decay
time constants, hence IPSC charge transfers, were transiently increased during the late latent period. Normalized
average IPSCs are displayed in the inset.

1995). Although the CA1 region and the dentate gyrus
display signs of hyperexcitability (bursting activity and
loss of paired pulse inhibition) during the latent period
(Mangan & Bertram, 1998; Doherty & Dingledine,
2001; Kobayashi & Buckmaster, 2003), including the
interictal-like activity reported here, it is difficult to
establish a causal relationship between these macroscopic
observations and the more microscopic modifications we
and others report (i.e. changes in frequency, amplitude and
kinetics of glutamatergic and GABAergic currents).

To obtain some insight into the possible functional
consequences of these alterations, we took advantage of
a computer model that has been developed to mimic
the hippocampal architecture to generate EEG activity
(Wendling et al. 2002). Modelling was performed blind
regarding the experimental results. The only experimental
data provided (see Methods) was the depth EEG recordings
performed before and after SE (interictal-like activities
during latent and chronic periods).

Model parameters (related to EPSC/IPSC frequency/
amplitude and decay time constants) were compre-
hensively varied in somatic/dendritic compartments
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(parameter sensitivity study). Necessary conditions
to produce normal background and interictal-
like activities were then determined from colour-coded
activity maps representing the frequency of interictal-like
events detected in the model ouput. For standard
parameter values (including those corresponding
to experimental ones, as assessed after running the
simulations), the model produced an EEG background
activity similar to that observed in animals before SE
(Fig. 5A). Realistic interictal-like activity (Fig. 5A and B)
was obtained when the glutamatergic drive (represented

Figure 4. The contribution of the glutamatergic drive to the overall glutamatergic and GABAergic drives
in the soma and dendrites is already increased during the late latent period and not further modified
during the chronic period
In the soma, there is a gradual increase in glutamatergic drive during the late latent and chronic periods, following
an initial decrease during the early latent period. The GABAergic drive is also decreased during the early latent
period, recovers to sham values during the late latent period and then increases during the chronic phase. As a
result, the contribution of the glutamatergic drive is permanently increased during the late latent period, after an
initial decrease during the early latent period, and not further modified during the chronic phase. In the dendrites,
the glutamatergic drive is permanently increased during the late latent period and there is a gradual decrease of
the GABAergic drive. As a result, the contribution of the glutamatergic drive is permanently increased during the
latent period and not further modified during the chronic phase (∗P < 0.05, ∗∗P < 0.05, Student’s unpaired t test).

in the model by the average EPSP, which lumps together
EPSP frequency and kinetics) was increased by 100%
and the GABAergic drive (represented in the model by
the average IPSP, which lumps together IPSP frequency
and kinetics) was decreased by 54% in the dendrites
and by 25% in the soma (Fig. 5C, top panels). The
frequency of interictal-like events remained, however, low
(1–3 sporadic events for the 15 s simulated activity).

Interestingly, the network was more sensitive to a
decrease of the dendritic GABAergic drive than to a
decrease of the somatic GABAergic drive, as previously
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reported (Wendling et al. 2002). When the glutamatergic
drive was increased, interictal-like events became more
frequent for a given value of the GABAergic somatic and
dendritic drives. The sensitivity to a decrease in dendritic
GABAergic drive was more apparent for the greater values
of the glutamatergic drive (as demonstrated by maps
reading from left to right in Fig. 5C). These simulations
suggest that the occurrence of interictal-like events is
particularly sensitive to an increase in the excitatory drive
and a parallel decrease in the dendritic, and to a lesser
extent, somatic GABAergic drives.

We then explored the consequences of increasing the
decay time constant of IPSPs (Fig. 5C, middle and bottom
panels). The frequency of interictal activity decreased for
increased IPSP decay time constants, confirming that this
phenomenon may act as a compensatory mechanism to
increase the GABAergic drive, hence dampening the hyper-
excitability.

The same parametric study was used to explore the
chronic phase, which is characterized by an increase in the
frequency of interictal events (Fig. 1). In the model, this
phenomenon could be reproduced for parameter settings
compatible with experimental observations: (i) further
increase of the glutamatergic drive with respect to the
latent period; (ii) decay time constants returning back to
control values (‘pro-epileptic’ effect); and (iii) an increased
somatic GABAergic drive with respect to the latent period
(‘antiepileptic’ effect).

The model predicts that there exist a large number of
solutions (no unique set of parameters) to mimic the
activity recorded in vivo, including a set of parameters
that takes experimental values. Nevertheless, the global
analysis of activity maps reveals the main relationships
between model parameters and model output in terms
of tendencies; thus, increased glutamatergic drive and
decreased GABAergic drive (with differential roles at
the soma and dendrites) lead to a higher frequency of
interictal-like events, while increased IPSC decay time
constants tend to reduce this frequency.

Discussion

The purpose of this study was to investigate whether the
alterations of the glutamatergic and GABAergic drives
found during the chronic phase in CA1 pyramidal cell
dendrites and somata were already present during the
latent period. We found that the glutamatergic and
GABAergic inputs are modified in a time- and cell
domain-dependent manner during epileptogenesis. There
are four principal findings. First, there is a transient
decrease of the contribution of the excitatory drive to
the overall synaptic drive during the early latent period,
3–5 days following the initial status epilepticus. Second,
the contribution of the excitatory drive is increased
during the late latent period (7–10 days) and is not

further modified during the chronic phase. Third, EEG is
already abnormal during the late latent period, displaying
interictal-like activity. Fourth, computer simulations
suggest that the imbalance between the glutamatergic and
GABAergic drives constitutes a sufficient condition for the
occurrence of interictal-like activity.

Kinetics of synaptic events in somata and dendrites

Synaptic currents were recorded in somata and dendrites
because the geometry of the cell and the recording
conditions make it impossible for a recording electrode,
whatever its location along the somato-dendritic tree,
to record all the synaptic inputs a cell is receiving at a
given time. For example, the ability of a somatic recording
electrode to detect dendritically generated events varies as
a function of the distance between the activated synapse
and the soma, its position in the dendritic tree (main apical
branch, oblique dendrites, etc.), the series resistance, etc.
(Cossart et al. 2000). It is therefore important to assess
what is recorded by our somatic and dendritic recording
electrodes. Being separated by more than 300 µm, there
should be little cross-talk between soma and distal dendrite
recording electrodes (Soltesz et al. 1995; Cossart et al.
2000), although large-amplitude, distally generated events
may be picked up by the recording electrode (Magee &
Cook, 2000; Cossart et al. 2000). This issue was directly
assessed with simultaneous recordings of the soma and
the apical dendrite of the same pyramidal cell (n = 3).
Although large-amplitude events or events generated
midway were detected by somatic and dendritic recording
electrodes, most of the synaptic events recorded by one
electrode were not detected by the other (supplemental
Fig. 1). Furthermore, if there is a high level of cross-talk,
increased activity at the distal site would be reflected
at the recording site, with slower and smaller events
(e.g. supplemental Fig. 1). However, despite the fact that
EPSC and IPSC frequencies measured in the soma were
increased during the chronic phase versus the latent period,
EPSC and IPSC frequencies and kinetics measured in
dendrites were neither increased nor slower. Together,
these results suggest that we sampled synaptic events
generated mostly in the vicinity of the recording electrode.
For example, spontaneous EPSCs recorded in the soma
are most likely to reflect EPSCs generated in the proximal
apical and basal strata radiatum and oriens dendrites, since
the soma is devoid of symmetrical synapses (Megias et al.
2001). Conversely, EPSCs recorded in the dendrites are
most likely to reflect the activation of synapses located in
the distal part of the dendritic tree, in particular in the
stratum lacunosum moleculare. Dendritic and somatic
recordings thus allow different synaptic pathways to be
sampled.

The kinetics of synaptic events is different from its actual
value at the postsynaptic site because it is altered by two
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factors. The first factor is space clamp problems, which may
arise from the quality of the recording. However, series
resistance and membrane properties were not different
between sham, latent and epileptic animals. The second
factor is dendritic filtering, which could be specifically
altered during epileptogenesis. However, we could not
identify major morphological alterations in the dendritic
tree between sham, latent and epileptic animals. Therefore,
kinetic modifications are most likely to reflect post-
synaptic modifications. However, we cannot rule out a
spatial redistribution of active synapses (farther from the
recording site), which would result in slower kinetics
(e.g. supplemental Fig. 1).

Aetiology of glutamatergic neurotransmission
alterations

The glutamatergic drive was considerably decreased
during the early latent period, probably a direct
consequence of the initial insult (the pilocarpine-induced
status epilepticus). The frequency of EPSCs recorded in
dendrites was significantly increased during the late latent
period, most likely reflecting enhanced activity within the
glutamatergic pathways that target the distal dendrites,
e.g. proximal CA3 pyramidal cells (Ishizuka et al. 1990;
Bernard & Wheal, 1994) and the perforant path (Witter
et al. 2000; Cossart et al. 2001; Wozny et al. 2005).
The increased cell excitability in the entorhinal cortex is
consistent with this scheme (Shah et al. 2004; Wozny et al.
2005).

The frequency of EPSCs recorded in somata was not
modified during the late latent period, suggesting that
a lack of modification of the presynaptic glutamatergic
pathways projecting in the perisomatic region, in
particular mid/distal CA3 pyramidal cells and the CA1
associational pathway (Ishizuka et al. 1990; Bernard &
Wheal, 1994). However, during the chronic phase, the
EPSC frequency measured in the soma was increased, most
likely reflecting the sprouting of the CA1 associational
pathway is stratum oriens, and to a lesser extent in

Figure 5. Increasing the glutamatergic drive and decreasing the GABAergic drive may constitute
sufficient conditions for the genesis of interictal-like activity
A, examples of depth EEGs generated by the model in control, latent and chronic periods. Note the similarity
in EEG patterns with the experimental results (cf. Fig. 1). B, frequency content of interictal-like events. Note the
similarity between the recorded and simulated signals. C, the frequency of interictal-like events is presented as a
colour map (dark blue, 0 Hz; red, 1.66 Hz). Average dendritic and somatic GABAergic drives are presented in each
colour map on the abscissa and ordinate, respectively. The excitatory drive is increased from left to right and the
decay time constant of IPSPs is increased from top to bottom. The numbers in the colour maps correspond to the
activity presented in A, as follows: (1) background activity; (2) interictal-like activity during the latent period; and
(3) interictal activity during the chronic period. Although a very large increase in the excitatory drive is sufficient
by itself to produce interictal-like activity (top right map), the latter is readily induced when the GABAergic drive is
decreased. Note that the occurrence of interictal-like activity is more sensitive to a decreased GABAergic drive in
the dendrites versus the soma. An increase in the decay time constant of IPSPs acts as a limiting factor, decreasing
the frequency of interictal-like events.

stratum radiatum (Esclapez et al. 1999; Perez et al.
1996), and perhaps CA3 axonal sprouting (Siddiqui &
Joseph, 2005). Increased activity within the presynaptic
glutamatergic pathways may also be a consequence of a
decrease of the inhibitory tone received by presynaptic
cells (as reported here) and/or an increase of their
excitability (Sanabria et al. 2001; Bernard et al. 2004).
Alternatively, a greater susceptibility to slicing-induced
irritation during epileptogenesis may explain the increase
in EPSC frequency. The fact that miniature activity is
decreased in epileptic animals (Esclapez et al. 1999;
Hirsch et al. 1999; Cossart et al. 2001), argues against
such a scheme. Finally, a change in the tonic control
of transmitter release by presynaptic receptors (mGlu,
GABAB, cannabinoid, etc.) cannot be ruled out (Yang
et al. 2006), an issue that remains to be investigated. Post-
synaptic alterations also occurred during epileptogenesis,
with slower EPSC kinetics, a property only found for
somatic recordings, suggesting that these modifications are
pathway specific. The mechanisms underlying kinetics and
amplitude modifications (spatial distribution of synapses,
subunit composition, receptor number/distribution and
phosphorylation states) was beyond the scope of this study.

An intriguing aspect of our results is the time-, pathway-
and parameter-dependent modifications of the properties
of presynaptic glutamatergic networks and postsynaptic
receptors. Following a postinsult depression, although
these alterations take different forms in somata and
dendrites, they all concur to increase the glutamatergic
drive. We conclude that the glutamatergic drive is
already increased in both cell compartments during the
seizure-free late latent period, but, whereas it is not
subsequently modified in dendrites, it is further increased
in somata in epileptic animals.

Aetiology of GABAergic neurotransmission
alterations

During the early latent period, the GABAergic drive was
decreased, like the glutamatergic drive, further supporting
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a post-insult modification (Goodkin et al. 2005). During
the late latent period, IPSCs were less frequent in
somata and dendrites than in sham animals, probably
reflecting the loss of axo-axonic and O-LM interneurons,
respectively (Dinocourt et al. 2003). Decreased inter-
neuron excitability (Kobayashi et al. 2003) and decreased
miniature GABAergic activity (Hirsch et al. 1999) could
also contribute to the reduction in IPSC frequency.
This decrease was transient in the soma, since IPSC
frequency returned to control values during the chronic
phase, reflecting the increased excitability of perisomatic
interneurons (Esclapez et al. 1997; Cossart et al. 2001).
Axonal sprouting of surviving interneurons cannot be
ruled out, but the issue remains controversial (Bausch,
2005). The fact that IPSC frequency measured in the
dendrites remained decreased during the chronic phase
suggests a lack of compensatory mechanisms in dendrite
projecting interneurons. Postsynaptic modifications also
occurred with the increase in IPSC kinetics, which could
be explained in part by a change in subunit composition,
as in the dentate gyrus (Brooks-Kayal et al. 1998; Shao
& Dudek, 2005), or by receptor internalization (Goodkin
et al. 2005). In contrast to EPSCs, kinetics alterations
affecting IPSCs occurred in both cell compartments and
were transient, since they returned to control values during
the chronic period. These results suggest that complex
intracellular mechanisms differentially alter GABAergic
and glutamatergic receptors, according to their location
along the somato-dendritic axis and the time window
during epileptogenesis.

We conclude that the GABAergic drive in the dendrites is
already decreased during the late latent period (the increase
in kinetics does not sufficiently compensate the decrease
in frequency) and further decreased during the chronic
stage owing to a return to control kinetics. In contrast, the
somatic GABAergic drive remained unaltered during the
late latent period after a post-insult transient depression,
since the increase in IPSC kinetics compensated for
the decrease in IPSC frequency. The GABAergic drive
was, however, increased during the chronic period, via
an activity-dependent process, as reported previously
(Cossart et al. 2001). These results further confirm the
dichotomy between the two cell compartments (Cossart
et al. 2001), with a gradual erosion of the GABAergic drive
in dendrites and a gradual increase in somata.

Although a gradual build-up of the excitatory drive
during the course of epileptogenesis may constitute a
general rule of reorganization (i.e. independent of model
and region), the fate of the GABAergic drive appears to be
model specific. During the latent period, IPSCs were less
frequent in dentate gyrus granule cells in the pilocarpine
model (Kobayashi & Buckmaster, 2003), although they
were not modified in the kainic acid model (Shao & Dudek,
2005). Interestingly, IPSC decay time constants were also
increased in dentate gyrus granule cells during the latent

period in the kainic acid model, but this increase persisted
during the chronic phase (Shao & Dudek, 2005), whilst
it was transient in the CA1 region (present data). These
model- and region-dependent modifications may have
different consequences in terms of network behaviour.

Functional implications of altered glutamatergic
and GABAergic drives

One can only speculate about the functional outcome
of the multiple time-dependent and domain-dependent
synaptic alterations found within the glutamatergic and
GABAergic pathways. The decreased GABAergic drive
found during the late latent period may explain why the
CA1 region is already hyperexcitable during the latent
period (Mangan & Bertram, 1998; Gorter et al. 2002),
a property also found in the dentate gyrus (Doherty &
Dingledine, 2001; Gorter et al. 2002). It is important to
note that we have analysed only one aspect of synaptic
physiology, namely the focusing of the synaptic drives.
Other mechanisms, including changes in cell excitability,
GABA action (depolarizing versus hyperpolarizing) and
glial function, also contribute to hyperexcitability (Cohen
et al. 2002; Su et al. 2002; Bernard et al. 2004; Tian et al.
2005). In acute in vitro models of epilepsy, hippocampal
networks can support a large loss of GABAergic activity
before generating epileptiform discharges (Whittington
et al. 1995). In this context, it is not surprising to find that
some erosion of inhibition during the latent period is not
associated with seizures. The same conclusion applies to
the increased excitatory drive found during the late latent
period, which is not associated with seizures.

What could be the functional consequences of an
increased glutamatergic drive and a decreased GABAergic
drive? The model we have used to asses this issue,
although not as detailed as those including networks
of multicompartment neurons (Traub & Miles, 1991;
Traub et al. 2005), allowed exploration of different sets of
solutions to produce specific EEG patterns (Wendling et al.
2002), in particular interictal activity. In epileptic patients
with TLE, interictal activity corresponds to one steady state
of the system, whilst seizures are rare events, involving
the recruitment of different brain regions (Bartolomei
et al. 2001). The model predicts that steady-state interictal
activity can result from an offset between the glutamatergic
and GABAergic drives. Spontaneous synaptic activities
recorded in the slice preparation also characterize the
steady-state of network activity in vitro. The fact that
spontaneous interictal-like activity was not measured in
the slice is not surprising, since most extrinsic and intrinsic
connections are severed. Such limitation is not present in
the computer model, in which more complete connectivity
can be achieved. Together, these arguments lead us to
propose that interictal activity can result from an offset

C© 2007 The Authors. Journal compilation C© 2007 The Physiological Society



J Physiol 578.1 Glutamatergic and GABAergic synaptic drives during epileptogenesis 209

between the glutamatergic and GABAergic drives. It is
interesting to note that during the early latent period,
the offset is reversed compared with the late latent period
(i.e. the contribution of the excitatory drive is decreased),
whilst interictal-like activity is starting to appear at a
very low frequency (corresponding to random transient
events rather than steady-state activity, as during the
late latent and chronic periods). Although one of the
possible theoretical solutions to produce interictal-like
activity includes the one found experimentally, other sets
of parameters can produce such activity. These sets of
solutions (achieving an offset between the glutamatergic
and GABAergic drives) could correspond to what may
occur in other limbic and non-limbic regions, giving
them the possibility for generating interictal-like activity.
Interestingly, EEG recordings in TLE patients show that
interictal activity does not necessarily emerge from subsets
of temporal structures, but can emerge in specific regions
independently of the others (Bourien et al. 2005).

Although it is tempting to propose that interictal-like
activity recorded in the CA1 region results from an
imbalance between the glutamatergic and GABAergic
drives, both observations may not be causally related.
Pharmacologically induced interictal-like activity in vitro
can originate from the CA3 region (Avoli et al. 2002) or
the entorhinal cortex (Wozny et al. 2005), and it remains
to be determined whether the interictal-like activity we
record in CA1 is locally generated or propagated from
other structures. Even if the imbalance between the
glutamatergic and GABAergic drives in CA1 does not
produce interictal-like activity, it can facilitate the spread
of epileptiform activity from the entorhinal cortex to the
CA1 region, as previously reported in slices from epileptic
animals (Cossart et al. 2001; Wozny et al. 2005).

Which modifications are then specific to the chronic
period? Among many alterations, two features can be
distinguished: the increased excitatory drive associated
with the formation of aberrant excitatory connections and
a further erosion of the GABAergic drive in the dendrites
(via a return to faster IPSC kinetics). Interestingly,
the theoretical analysis suggests that these modifications
are sufficient to explain the increased frequency of
interictal-like events found in vivo during the chronic
phase. The fact that these modifications reproduce
steady-state (interictal) activity and not transient events
(seizures) is consistent with our hypothesis that the offset
between the glutamatergic and GABAergic drives may be
causally related to the genesis of interictal-like activity.
The increase of the perisomatic GABAergic drive during
the chronic phase is not necessarily paradoxical if one takes
into account the synchronizing action of interneurons
(Freund & Buzsáki, 1996) and/or the depolarizing action
of GABA in normal and epileptic tissue (Cohen et al. 2002;
Szabadics et al. 2006). If the inhibitory action of GABAergic
neurotransmission is solely considered (like in the model),

the lengthening of the GABAergic current during the latent
period acts as a protective mechanism, whilst the return
to faster control level values is clearly increasing network
excitability.

Conclusion

The present study provides further evidence of the
considerable amount of plasticity that takes place within
glutamatergic and GABAergic pathways during the latent
period. These modifications are dependent on pathway,
time and cell compartment, but the net effect is a
larger contribution of the excitatory drive to the overall
synaptic drive. Importantly, although some parameters
are permanently modified as a result of the initial
insult, others specifically evolve between the latent and
chronic periods. As a working hypothesis, we propose
that interictal-like activity is a direct early outcome of the
underlying morpho-functional network modifications.
The occurrence of interictal-like activity may constitute
a signature of the latent period (Hellier et al. 1999;
Cobos et al. 2005; Staley et al. 2005), and its functional
consequences remain to be investigated. It may not
be sufficient to cause seizures, as reported in humans
(Cavazzuti et al. 1980), but it may constitute one key
process of epileptogenesis, e.g. enabling further plastic
modifications in temporal structures to produce an
epileptic zone (Staley et al. 2005). It will be interesting
to test whether interictal activity appears before epilepsy
in patients at risk (with a previous history of brain trauma,
meningitis, etc.) in prospective studies. This would open
the way to preventive therapeutic treatments.
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