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ABSTRACT

Focal seizures are triggered by the pathological synchronization of a functionally altered group of neurons. In vivo and in vitro results in rodents and single unit studies
in humans suggest that seizure can be initiated by increased activity in interneuronal networks. We review here the data derived from in vitro perparations to describe
the function of GABAergic network in different phases of focal seizures. The data demonstrate that GABA-mediated synchronization of interneuronal activity has an

active role in shaping focal seizure dynamics.

Focal seizures are the expression of perturbed excitability triggered
by the pathological synchronization of a functionally altered group of
neurons. It is often stated that seizures are due to the disruption of the
balance between excitation and inhibition that contributes to maintain
the normal cortical excitability. It is also commonly assumed that this
balance is altered when (glutamatergic) synaptic excitation is enhanced
or when (GABAergic) inhibitory transmission is dampened or reduced.
This postulation is attractive but simplistic, and does not consider al-
ternative hypotheses, such as the synchronizing role of GABAergic
networks or the control of brain excitability by extracellular ion
changes.

With respect to the synchronizing action of GABAergic activity, two
main elements should be considered. The synchronous activation of
specific subtypes of GABAergic inhibitory interneurons controls the
output of a very large number of principal cortical neurons, as well as of
other interneurons (Pelkey et al., 2017; Tremblay et al., 2016). It has
been demonstrated that individual GABAergic interneurons can effec-
tively synchronize the activity of excitatory cells by imposing a rebound
firing in principal neurons after a transient and synchronous hyperpo-
larizing synaptic potential (Chang et al., 2018; Cobb et al., 1995).
Through this rebound mechanism, a single inhibitory GABAergic cell
can promote synchronization of a large populations of neurons. It is also
very important to recognize that synaptic GABA function sustains
spontaneous and event-driven synchronous activity in the normal brain,
mainly through the generation of oscillations in the beta-gamma fre-
quency band (> 20 Hz). The role of GABA, receptor-mediated network
activity in physiological rhythmogenesis has been the focus of several
reviews that examined in vitro and in vivo studies performed in different
experimental settings. For an update on this topic, we refer the reader
to these reports (Bartos et al., 2007; Mann and Paulsen, 2007) and to
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the contributions by Avoli et al., Peyrache et al. and Williams et al. in
the present Special Issue. Interestingly, one line of evidence suggests
that GABA-receptor dependent fast activity can be evoked both by
sensory stimulation (Pritchett et al., 2015) and by performing cognitive
tasks (Fries et al., 2007; Lachaux et al., 2012). The relevance of internal
or external stimuli in generating physiological GABA-dependent oscil-
latory activity and also pathological synchronization is intriguing and
may be invoked to explain why certain types of seizures are triggered
by sensory stimulations (i.e., reflex seizures, music-induced seizures,
reading seizures, etc.). These aspects have not been thoroughly explored
and require proper experimental assessment. Cortical high frequency
fast activities, such as pathological “epileptic” high-frequency oscilla-
tions (HFOs), are also in some cases reported to be sustained by GA-
BAergic networks (as reviewed in (Jiruska et al., 2017; Ylinen et al.,
1995; Levesque et al. in this Special Issue), further strengthening the
concept that altered GABAergic activity likely sustains interictal and
possibly also ictal epileptiform discharges.

The evidence mentioned in the previous paragraphs supports the
notion that GABAergic networks play a role not only in physiological
synchronization, but also in pathological epileptiform synchronization.
Based on the premises that GABAergic network activity does not
dampen excitation exclusively, we will review the data on GABAergic
network function mediated by GABA, receptors during the initiation,
the progression and the termination of focal seizures analyzed on brain
slices and other in vitro preparations. Previous reports reviewed GABA
involvement in the generation of epileptiform activity (Avoli and de
Curtis, 2011; de Curtis and Avoli, 2016) and recent additional evidence
prompted its reexamination.
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1. Epileptiform activity in vitro

A relevant issue to consider in the context of in vitro experiments is
the notion that seizure-like events (SLEs) do not occur spontaneously in
vitro (see Dulla et al., 2018). With the exception of long-term organo-
typic hippocampal slice cultures maintained in vitro for at least 1 week
(Berdichevsky et al., 2012), in vitro studies of epileptic seizure-genesis
are based on SLEs induced by a precipitating condition. This applies
also to studies performed on brain slices obtained from chronically
epileptic animals and in cortical and hippocampal slices obtained from
human tissue from therapeutic surgical resections performed in patients
with focal epilepsy resistant to pharmacological treatment (for review
see Jones et al., 2016; Raimondo et al., 2017; Dulla et al., 2018). SLEs
can be reliably induced in vitro by pharmacological manipulations:
GABA, receptor blockers and 4-aminopyridine (4AP) are the most
commonly utilized pro-epileptic drugs (Hablitz, 1984; Macdonald and
Barker, 1977; Perrault and Avoli, 1992; Perreault and Avoli, 1991).
SLEs can be induced in vitro also by increasing potassium (K*) or by
lowering magnesium (Mg“) and/or calcium (Ca%™) concentration in
the composition of the extracellular solution utilized to incubate the
brain tissue (Anderson et al., 1986; Mody et al., 1987; Tancredi et al.,
1990; Taylor and Dudek, 1982; Yaari et al., 1986). Moreover, seizure-
like activities are obtained on in vitro slices by delivering electrical
stimulation at high frequency directly on brain tissue (Fujiwara-
Tsukamoto et al., 2003; Stasheff et al., 1989). These experimental
conditions have been utilized in slices of different cortical brain areas
and in more extensive brain preparations, such as the immature in toto
hippocampus (Derchansky et al., 2004; Khalilov et al., 1997) and in the
in vitro isolated adult guinea pig brain preparation (de Curtis et al.,
2016; de Curtis et al., 2017), to induce both interictal epileptiform
discharges (interictal spikes and/or HFOs) and SLEs that mimic seizure
patterns observed in human focal epilepsies. The two most frequent and
more thoroughly analyzed in vitro SLE onsets are characterized by the
hypersynchronous and the low-voltage fast activity pattern (Avoli et al.,
2016; Boido et al., 2014b; Devinsky et al., 2018; Jiruska et al., 2013; see
also Weiss et al., in this issue). As discussed in the next paragraphs, the
role of GABAergic networks in the initiation of these two different
patterns of focal seizures can be very different.

Finally, it has to be pointed out that the read-out of network in-
teractions with neurophysiological techniques contributes to under-
stand the mechanistic dynamics in different phases of a seizure, in-
cluding its onset, but do not provide information on why and how a
seizure is initiated. The large amount of data currently available on
seizure onset patterns does not consent to identify the first prime mover
(or movers, if we accept that more factors can ignite seizures) of a focal
seizure. The next paragraph indicates that both GABAergic and ex-
citatory networks can be prominently activated at the very onset of a
focal seizure, but does not clarify why this happens. This is a crucial
question that still remains unanswered.

2. GABAergic networks at SLE onset in vitro

GABAergic network involvement during the interictal and preictal
state may be different. Most interictal spikes induced by pharmacolo-
gical manipulations are sustained by a prominent contribution of glu-
tamatergic networks and are abolished by glutamate receptor antago-
nists (de Curtis and Avanzini, 2001). The group of Massimo Avoli first
demonstrated the existence of in vitro epileptiform population spike
events that resist glutamate receptor blockers and are abolished by
GABA, receptor antagonists, such as bicuculline methiodide (Avoli,
1996; Kohling et al., 2000; Lopantsev and Avoli, 1998); for review see
(Avoli et al., 2016). Spikes sustained by GABAergic networks were
observed mainly, but not exclusively, in the 4AP model, both in slices
and in the isolated guinea pig brain (for review, see (Avoli and de
Curtis, 2011; de Curtis and Avoli, 2016)). GABAergic spikes were also
identified as pre-seizure (or pro-seizure) events during brief perfusions
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of bicuculline and in the 4AP models developed in the isolated guinea
pig brain (Uva et al., 2015, 2009); see below.

Several studies reported in vitro SLEs recorded on cortical slices from
naive non-epileptic rodents. The large majority of early in vitro studies
utilized blockers of GABA, receptor mediated inhibition to induce
epileptiform discharges; the application of these convulsants (penicillin,
bicuculline and picrotoxin) prevented the possibility to analyze
GABAergic function during epileptiform activities. Interestingly, pro-
tracted in vitro perfusions with GABA receptor blockers prominently
induced interictal spikes and brief poly-spike discharges in both hip-
pocampus and neocortex (de Curtis and Avanzini, 2001; Wong et al.,
1986), whereas proper SLEs were observed only occasionally. Recurrent
SLEs were consistently generated in cortical slices (olfactory-, en-
torhinal-, neocortex, hippocampus) bathed either in 4AP or in low-
Mg?* /high-K* solutions; these models were introduced in the '90s and
became widely utilized, replacing the GABA-blockers models. It became
clear since the introduction of these models that GABAergic neurons are
active at the very onset of SLEs. As mentioned above, hippocampal and
hippocampal-entorhinal slices perfused with 50 uM 4AP showed two
types of interictal extracellular spikes: sharp spikes blocked by AMPA
receptor antagonists, and broad spikes abolished by GABA, receptor
antagonists (Avoli et al., 1996a, 1993). A later report on entorhinal
cortex slices (Lopantsev and Avoli, 1998) demonstrated that GABA,-
dependent potentials were activated at the transition into a SLE during
4AP application.

GABAergic interneuronal synchronization was confirmed to be
prominent during SLEs induced by different stimuli in hippocampal
slices (Lasztoczi et al., 2009; Panuccio et al., 2009; Velazquez and
Carlen, 1999; Ziburkus et al., 2006). These findings were confirmed in
the isolated whole brain of the adult guinea pig arterially perfused with
a bolus of bicuculline or with 4AP (Gnatkovsky et al., 2008; Uva et al.,
2015, 2009). The activity of GABAergic interneurons was also analyzed
in a series of collaborative studies between the Tokyo Metropolitan
Institute for Neuroscience and the RIKEN Brain Science Institute, per-
formed on hippocampal slices after intense electrical stimulation (te-
tanic stimulation) of CA1 Schaffer collaterals, utilized as a model of SLE
precipitation. In these experiments, neuronal synchronization during
the epileptiform afterdischarge induced by tetanic stimuli was proposed
to be generated by a positive feedback circuit initiated by activity in
interneurons, that impose a depolarizing GABAergic input on principal
pyramidal cells in the CAl area and facilitate their oscillatory syn-
chronization (Fujiwara-Tsukamoto et al., 2010, 2004, 2003). Other in
vitro neurophysiological studies performed on the immature hippo-
campus in toto (Derchansky et al., 2008) and on limbic and neocortical
slices in vitro (Cammarota et al., 2013; Schevon et al., 2012; Trevelyan
et al., 2006) confirmed that interneurons are active at the very begin-
ning of a seizure. Based on the authors assumption that inhibitory in-
terneurons should not be expected to initiate seizure activity, these
studies proposed that the interneuronal discharge represents a last at-
tempt of the cortical network to prevent seizure precipitation, mediated
by a powerful feed-forward inhibition that ultimately fails and surren-
ders to a wave of excessive excitation. This hypothesis was more re-
cently challenged by optogenetic and dual intracellular recordings. The
generation of large IPSPs in principal cells coupled with burst firing in
interneurons was demonstrated in the 4AP model during double patch
recordings in the EC (Librizzi et al., 2017). The study demonstrated that
in the 4AP model circa 90% of SLEs are preceded by GABAergic sy-
naptic potentials. The modifications of the extracellular K™ associated
with these inhibitory events (Fig. 1) were proposed to be responsible for
the recruitment of excitatory principal neurons and for the transition
into SLE. These findings strongly support the conclusion that, at least in
this model, interneuronal activity and the associated changes in ex-
tracellular K* is the most common network pattern responsible for
promoting seizures. These data confirmed the hypothesis originally
formulated twenty years before by the experiments performed on hip-
pocampal slices by the team of Massimo Avoli (Avoli et al., 1996b).
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FS-IN

More recently, optogenetic stimulation of GABAergic networks
proved sufficient to induce SLEs in limbic cortex slices perfused with
4AP. Selective activation of parvalbumin- or somatostatin-expressing
GABAergic neurons in the mouse entorhinal cortex precipitates SLEs
(Sessolo et al., 2015; Yekhlef et al., 2015) with a LVFA onset pattern
(Shiri et al., 2016, 2015) typical of human mesial TLE. Finally, both
optogenetic stimulation of GABAergic interneurons and local GABA
applications during 4AP and low-Mg?* perfusions both in mouse neo-
cortical tissue and in cortex resected from epilepsy patients maintained
in vitro demonstrated that the synchronous activation of GABAergic
interneurons is a robust trigger for SLE onset through a mechanism of
post-inhibitory rebound spiking (Chang et al., 2018). Interestingly, a
study performed on a model of focal NMDA-induced SLEs in mouse
cortical slices revealed that activation of GABAergic parvalbumin-con-
taining interneurons in the same area of NMDA application fails to
block SLEs generation, and induced post-inhibitory rebound spiking in
pyramidal neurons, enhancing neuronal synchrony and promoting ictal
generation. In contrast, the activation of the same interneurons was
able to block the propagation of SLE out of the area of SLE generation
(Sessolo et al., 2015). In line with these in vitro findings, pre-surgical
intracerebral studies that utilized microelectrodes to analyze single unit
recordings confirmed that the majority of neurons are silenced during a
focal seizure (Truccolo et al., 2011), whereas putative interneurons are
active at the very beginning of focal seizures that show a low-voltage
fast activity onset ((Elahian et al., 2018; Weiss et al., 2016); see also
Weiss et al. and in the present Special Issue). More recently, a com-
putational model of cortical networks Dravet syndrome (Kurbatova
et al., 2016) suggested that sub-populations of interacting interneurons,
such as perisomatic-projecting interneurons (basket-like)and dendritic-
projecting interneurons with fast and slow GABA, synaptic kinetics,
respectively, may differently contribute to seizure control and icto-
genesis.

At odds with a prominent role of GABAergic networks in focal sei-
zure initiation, experiments performed in rodent slices (Derchansky
et al., 2008; Ziburkus et al., 2006) and in the in vitro post-surgical
human subiculum (Huberfeld et al., 2011) demonstrated that the en-
hanced GABA, receptor-mediated inhibitory mechanisms observed
during the interictal period fades away as the ictal discharge ap-
proaches. Whether these results are due to differences in drug treatment
or brain structure analyzed compared to the studies mentioned in the
previous paragraphs or to the developmental stage of the analyzed
tissue remains a matter of discussion. More recent studies demonstrated
that glutamatergic activity is prominent at the onset of focal limbic
seizures characterized by an hypersynchronous onset (Avoli et al.,
2016; Kohling et al., 2016). This pattern is most frequently observed in
limbic SLEs during in vitro slices perfused with low-Mg?* and low
Mg?>*/high-K* solutions (Derchansky et al., 2008, 2006; Zhang et al.,
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Fig. 1. Simultaneous intracellular double-cell re-
cording of a fast-spiking interneuron (FS-IN) and a
pyramidal neuron (Pyr) and the associated changes
in extracellular potassium [K*] measured with an
ion-selective electrode in the entorhinal mouse
cortex slice. Seizure-like activity was induced by
slice perfusion with 100 uM 4-aminopyridine and
low-magnesium solution. SLE initiate in the FS-IN
and generates [K'] rise that is further increased
when the Pyr neuron is entrained. Note the si-
multaneous burst firing of FS-IN and Pyr cells at the
end of the SLE (Librizzi, Losi, Carmignoto and de
Curtis, unpublished data).

10s

2012) in association with 4AP (Huberfeld et al., 2011; Kohling et al.,
2016). Therefore, the possibility that these in vitro models are more
representative of the hypersynchronous focal seizure pattern typical of
limbic cortices should be considered.

A different mechanism that explains the pro-epileptic action of
GABAergic activity has been proposed: the abnormal depolarization of
principal neurons mediated by GABA, receptors. Depolarizing GABA
responses were first demonstrated in immature hippocampus in vitro
((Ben-Ari et al., 2012; Khalilov et al., 1999; Khazipov et al., 2004;
Lamsa et al., 2000) and were later confirmed in mature hippocampal
neurons (Kaila et al., 1997; Staley et al., 1995). Different mechanisms
were proposed to explain the paradox GABA-mediated depolarization
(Kaila et al., 1997; Lamsa and Kaila, 1997; Lillis et al., 2012; Viitanen
et al., 2010); according to one hypothesis, recurrent network (synaptic)
activity results in extracellular K* accumulation that promotes a direct
depolarizing effect on the postsynaptic cell membrane potential. A
mixture of postsynaptic currents (i.e. Na*, K*, CI~ and HCO3 ™) were
also invoked for the generation of the slow GABA-mediated depolar-
ization. Notably, depolarizing GABA responses were observed in a
minority of in vitro studies, including a report on postsurgical subiculum
slices obtained in adult patients with mesial temporal epilepsy asso-
ciated with hippocampal sclerosis (Huberfeld et al., 2007), but not in
slices of the hippocampal Cornu Ammonis 2 (CA2) region (Wittner
et al., 2009). In the study by Huberfeld, a defect in GABAergic signaling
associated with altered chloride homeostasis was described, char-
acterized by an increase in NKCC1 ion co-transport and a down-
regulation of KCC2 transporter that promoted elevated levels of in-
tracellular Cl~ and the consequent depolarization of neuronal
membranes during GABA, receptor activation. Whether GABA-depen-
dent depolarization due to altered Cl~ homeostasis is sufficient to
generate epileptiform activity is still not experimentally demonstrated.
Interestingly, a biophysically realistic network model of ictogenesis
proposed that gradual accumulation of the extracellular K coupled to
the increase in the intracellular Cl~ concentration associated to a
normal activation of KCC2 co-transporter is indeed sufficient to pro-
mote epileptiform ictal activity (Gonzalez et al., 2018). Moreover, a
recent study showed how epilepsy itself could be responsible for KCC2
expression and activity alterations by increasing BDNF levels and/or
mTOR activation (Di Cristo et al., 2018). The role of Cl~ accumulation
in principal cells in the transition from the pre-ictal condition to the SLE
was also confirmed using the Cl~ indicator, Clomeleon (Lillis et al.,
2012). The Cl™ influx at seizure onset has been proposed to shift the
equilibrium potential of GABA-mediated Cl~ conductance to produce a
positive feedback loop that contributes to SLE progression. Finally, C1™~
loading inside pyramidal cells has been demonstrated to cause in-
hibitory postsynaptic currents to become depolarizing in the mature
hippocampal CA1 region, suggesting that GABAergic inhibitory-to-
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excitatory switch participates in the expression of SLE synchronization
(Fujiwara-Tsukamoto et al., 2004).

3. In vitro GABAergic networks during seizure progression and
termination

It has been largely demonstrated that synchronization of excitation
is predominant at the peak and in the late phase of in vitro focal sei-
zures. In the transition phase between seizure onset and the final
bursting (also described as “clonic”) phase, a tonic firing phase is al-
ways present in SLEs induced by different in vitro challenges. During
this SLE phase, defined in several manuscripts as irregular firing phase
(Aracri et al., 2018; Boido et al., 2014b; Uva et al., 2005), principal
neurons depolarize and generate action potentials with an irregular

P TREEECEE FEEECEE TEATRMentonm - 0 W W W
EEEREREIEEE P EIEIEE I T TN - w e w w
EETEIEEE TEEEETERECE EECERUIARAMOAR AT W
EEEIEEEEEEIEEEPEEEC TN m we ma m

bursting phase

ICECTCEIEEE PP TEEICTE POCCCC IR o W W
FLEEEIEEEEEIE I TP TMmaTommm e we w e
bursting phase
AR AR A T
CIEEEE TIEPIEELEE T M mrnmmm m mw uew m

193

Neurobiology of Disease 125 (2019) 190-197

b Fig. 2. Simultaneous intracellular recording of a
putative interneuron (IN) and the extracellular field
potential (FP) in the entorhinal cortex of the in vitro
isolated guinea pig brain during a SLE induced by 3-
min arterial perfusion with 50 uM bicuculline me-
thiodide. The fast activity at the onset of the SLE is
illustrated in the expanded trace (a); late bursts are
illustrated in (b). The time-locked correlation be-
tween the interneuronal firing and the extracellular
spikes within a burst is illustrated in the rightmost
bottom panel (Gnatkovsky, Uva, Librizzi and de
Curtis, unpublished data).

Fig. 3. Schematic model of focal ictogenesis during
two focal SLE that initiate with a low-voltage fast
activity (upper panel) and an hypersynchronous
pattern (lower panel). Action potential firing of 4
principal cells (PC) and 2 interneurons (IN) is simu-
lated by black and red vertical bars, respectively.
Low-voltage fast SLEs start with an increase in in-
terneuronal firing coupled with a blockade of PC
activity. IN spiking slows down during the transition
into the tonic SLE phase, when PC resume their
firing, possibly due to PC depolarization mediated by
the changes in extracellular potassium induced by
the intense IN firing. Neuronal activity in both PCs
and INs progressively synchronizes as SLE progress
toward the bursting phase. This transition is likely
due to recurrent excitation between PCs that entrain
INs. During the late SLE phase burst become more
synchronous and the inter-burst interval becomes
progressively longer before SLE end. The tonic-to-
bursting transition is similar in the hypersynchro-
nous SLE (lower panel), that initiates with a promi-
nent synchronous burst firing of PCs (reinforcement
of interictal spiking). Each PC burst is followed by IN
firing that gradually becomes prominent until
IN-mediated inhibitory potentials became progres-
sively weaker and PC neurons are re-engaged into
firing by membrane depolarization, possibly because
of the extracellular potassium increase. For details,
see also (Avoli et al.,, 2016; de Curtis and Avoli,
2016; Devinsky et al., 2018). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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occurrence (Trombin et al.,, 2011). This sparse firing progressively
synchronizes into small amplitude burst that progressively becomes
larger and more synchronized as neurons repolarize and as seizure
progresses into the late bursting phase. We proposed that this transition
is crucial for the progression in a condition characterized by sequences
of high synchronous burst excitation followed by post-burst depression
(Boido et al., 2014a); reviewed in (Devinsky et al., 2018). Tonic and
bursting phases of SLEs are consistently reproduced in cortical slices
maintained in vitro exposed to different SLE-inducing protocols (Haas
and Jefferys, 1984; Jefferys, 1995, 1990; Jones and Heinemann, 1988).
These three phases are also common in focal seizures recorded in vivo
both in animal epilepsy models and in patients with focal epilepsy.

It is well established that excitatory networks synchronize neuronal
activity during the full-blown phase of a seizure (Ziburkus et al., 2013);
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how GABAergic interneuron activity organizes in this crucial transition
period is not well understood. GABAergic interneurons could be syn-
chronized during fast oscillations discharges by several mechanisms
that include muscarinic and metabotropic glutamate receptors in-
volvement (Palhalmi et al., 2004; Arai and Natsume, 2006). Electrical
coupling through gap junctions among interneurons may also play a
role in GABAergic network synchronization and may influence icto-
genesis (Carlen et al., 2000), even though this is controversial. Paired
recordings in slices have shown that coupling between interneurons
promotes synchronous GABAergic excitatory potentials within inter-
neuronal networks (Zsiros et al., 2007) and gap junction blockers, such
as carbenoxolone, reduce 4-AP-dependent synchronization in vitro
(Traub et al., 2001; Gigout et al., 2006; Zsiros et al., 2007). On the other
hand, blockade of electrical coupling with carbenoxolone suppressed
epileptiform currents in connexin36 knockout mice hippocampal slices
treated with 4-AP, suggesting that gap junctions are not critical for the
generation of epileptiform discharges in GABAergic networks
(Beaumont and Maccaferri, 2011). Ellender et al. (2014) demonstrated
that C1~ gradients are preserved in the 4-AP model just prior to the
onset and during the late phase of an ictal event, suggesting that
GABA s-mediated synapses remain functional throughout a SLE. A study
on hippocampal slices bathed in 4AP and low extracellular Mg?* de-
monstrated that the initial stage of the SLEs inhibition in CA1 principal
cells prevails; during the central phase of the SLEs inhibition is reduced
and a prevalent excitatory activity is observed; when the bursting phase
approaches toward SLE end, principal cells were again controlled by
inhibition and GABAergic interneurons experienced persistent ex-
citatory synaptic barrage (Ziburkus et al., 2013) suggesting that in-
creased excitability of interneurons may play roles in both seizure in-
itiation and in their termination (see below). Several in vitro studies
performed in hippocampus and in other cortical regions reported that
interneurons depolarize and generate sustained bursting discharges at
seizure onset, and undergo a period of firing blockade during maximal
depolarization (Cammarota et al., 2013; Ziburkus et al., 2006). Depo-
larizing block is defined as a stop of neuronal firing due to membrane
potential depolarization above action potential threshold. Membrane
potential depolarization is believed to be due to the depolarizing effect
of extracellular K* increase mediated by the intense neuronal firing
observed at the very onset of a seizure (Bikson et al., 2003; Jensen and
Yaari, 1997; Lux et al., 1986; Trombin et al., 2011). It is now estab-
lished that activity of both interneurons and principal cells contributes
to this extracellular K" rise (for review see (de Curtis and Avoli, 2016;
Devinsky et al., 2018). Interestingly, in the low-calcium model (Bikson
et al., 2003), seizures also start by low-amplitude fast activity in gamma
band range associated to intense pyramidal and interneuronal firing,
contributing additional evidence on the role of intense interneuronal
activity and increased extracellular K* in seizure initiation. Blockade of
action potential firing due to such a rapid and pronounced membrane
depolarization occurs in both principal cells (Ziburkus et al., 2006) and
in GABAergic interneurons (Cammarota et al.,, 2013; Fujiwara-
Tsukamoto et al., 2006; Shin et al., 2010). Interestingly, depolarizing
block of principal cells is not commonly observed during in vitro SLEs
and it is not consistently shown in studies that report simultaneous pair
recordings from interneurons and principal cells. The continuous ac-
tivity of putative interneurons without depolarizing block was de-
monstrated in the whole brain in vitro preparation during low-voltage
fast activity onset SLEs (Gnatkovsky et al., 2008; Uva et al., 2015) see
Fig. 2).

The mechanisms that promote seizure termination are still un-
resolved (Lado and Moshe, 2008; Loscher and Kohling, 2010). One of
the possible mechanism is the recovery of interneurons from the de-
polarization block phenomenon described above; interneurons re-
polarization re-activates action potential firing and restores GABAergic
network activity that contributes to reestablish the physiological ex-
citability conditions by promoting active inhibition of principal cells.
The revision of the data available in literature demonstrates, indeed,
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that GABAergic (and putative GABAergic) interneurons resume firing
during the tonic phase of a SLE and maintain an intense action potential
bursting discharge during the late bursting phase (Figs. 1 and 2). Most
in vitro studies show intense interneuron bursting discharges during late
SLEs. In the bicuculline model interneuronal bursting is synchronous to
extracellular bursting potentials (left bottom panel in Fig. 2); moreover,
simultaneous double recordings from interneurons and principal cells
performed in entorhinal cortex slices demonstrate that interneurons
and principal neurons fire simultaneously during late seizure bursting
and are silent together during the interburst period (Fig. 1; Librizzi,
Losi, Carmignoto, de Curtis unpublished observations). Depolarization
block has been described also in interneurons during SLEs in vitro
(Cammarota et al., 2013). The role of this phenomenon on seizure onset
and progression is not clear; it has been proposed that firing impair-
ment of parvalbumin interneurons during membrane depolarization
recruits neighboring pyramidal neurons into SLE propagation. Inter-
estingly, in vivo data suggest that GABA, receptor blockade may en-
hance and enlarge cortical areas that generate fast oscillations, thus
recruiting a larger volume of principal neurons at the transition to
seizure (Bragin et al., 2002). These findings support the hypothesized
that clusters of highly interconnected neurons are capable of over-
coming interneuron feedback inhibition, leading to seizure activity.

As mentioned in previous paragraphs, bursting activity in late SLEs
becomes larger as seizure end approaches. It has been proposed that
bursting activity in the late SLE phase promotes a post-burst depression
that becomes longer and larger as the amplitude and synchronization of
bursting activity increases; seizure terminates when post-burst depres-
sion is large enough to hinder further burst reactivation (Boido et al.,
2014a; Schindler et al., 2007). This sequence of events could represent
an intrinsic control mechanism that contributes to seizure termination.
In the double intracellular recordings performed in slices, IPSPs are not
generated in principal cells during the late seizure inter-burst period
and a shunting effect mediated by GABA, conductances should be
postulated to explain the firing depression that follows each burst.
Moreover, the inter-burst silent period increases to several seconds as
seizure progresses (Boido et al., 2014a); these inter-burst depression
periods are much longer than GABA-mediated synaptic events. These
findings suggest that restored interneuronal firing (and the probable
associated re-establishment of GABA function) occurs during bursting
activity in late seizure phase and may contribute to seizure termination.
Other non-GABAergic mechanisms promoted by bursting activity
should be considered to explain the long post-burst inhibition and the
post-ictal depression that lasts several seconds.

4. Conclusions

Despite the intrinsic limitation of the study on ictogenesis per-
formed in vitro, interictal and SLEs recordings in cortical slices and in
toto preparations demonstrate that GABAergic activity is constantly
present during SLEs and may have an unexpected and relevant role in
their initiation, progression and termination. The different involvement
of interneurons and principal cells during the two most commonly
observed in vitro SLE patterns with either low-voltage fast or an hy-
persynchronous onsets are summarized in the scheme reported in
Fig. 3. In line with these findings, the role of GABAergic networks in
human and experimental temporal lobe seizures should be re-eval-
uated. Specific loss of GABAergic interneurons in different brain regions
has been described in human (Robbins et al., 1991; Sundstrom et al.,
2001) and experimental epilepsy (Buckmaster and Dudek, 1997;
Dinocourt et al., 2003; Kumar and Buckmaster, 2006; Morin et al.,
1998; Sloviter, 1987). Despite these observations, more studies re-
ported that entorhinal and hippocampal interneurons are largely pre-
served in rat models of temporal lobe epilepsy (Du et al., 1995; Eid
et al., 1999; Esclapez et al., 1997; Rempe et al., 1997). These findings
were confirmed in human specimens of hippocampus (Isokawa-Akesson
et al., 1989; Lieb et al., 1989) and by functional studies of GABAergic
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activity in human tissue (Cohen et al., 2002; Kohling et al., 1998).
These findings set the condition for single unit analysis of interneuronal
firing in animal epilepsy models and in humans. Recent studies de-
monstrated an increase in interneuronal unit discharges during the low-
voltage fast seizures in patients with mesial temporal lobe epilepsy; this
enhanced interneuronal firing parallels a decrease in principal neuron
activity. These data are reviewed by Weiss et al. in the present Special
Issue.
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