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SUMMARY

Abnormally enhanced glutamatergic excitation is commonly believed to mark the
onset of a focal seizure. This notion, however, is not supported by firm evidence, and it
will be challenged here. A general reduction of unit firing has been indeed observed in
association with low-voltage fast activity at the onset of seizures recorded during
presurgical intracranial monitoring in patients with focal, drug-resistant epilepsies.
Moreover, focal seizures in animal models start with increased y-aminobutyric acid
(GABA)ergic interneuronal activity that silences principal cells. In vitro studies have
shown that synchronous activation of GABA, receptors occurs at seizure onset and
causes sizeable elevations in extracellular potassium, thus facilitating neuronal recruit-
ment and seizure progression. A paradoxical involvement of GABAergic networks is
required for the initiation of focal seizures characterized by low-voltage fast activity,
which represents the most common seizure-onset pattern in focal epilepsies.
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KEY POINTS

e Enhanced glutamatergic excitation at the onset of a
focal seizure is not supported by firm evidence

¢ A reduction of unit firing is observed in association
with low-voltage fast activity at the onset of seizures
in patients and animal models

e Synchronous activation of GABA 4 receptors occurs at
seizure onset is typical of low-voltage fast activity
focal seizure.

The understanding of the transition from the interictal
condition into seizure generation (ictogenesis) is crucial in
epileptology. Neurology textbooks as well as most reviews
and original papers regard focal seizures as the expression
of excessive synchronization of excitatory neuronal net-
works. This statement rests on the observation of large
amplitude electroencephalography (EEG) transients during
seizure activity both in patients presenting with focal epi-
lepsy and in animal models of epilepsy. However, the pres-
ence of large, synchronous (and presumably excitatory)
EEG events during a seizure does not necessarily imply that
analogous mechanisms are responsible for its initiation. The
events occurring at seizure onset may, therefore, be differ-
ent from those involved in maintaining seizure activity.
Moreover, the network and cellular mechanisms responsible
for seizure generation are likely diverse in different forms
of focal epilepsies.

Large amplitude EEG transients represent the most evi-
dent pattern associated with interictal activity in several
forms of focal epilepsy. In patients as well as in experimen-
tal models of focal epilepsy, interictal spikes (i.e., short-last-
ing, large-amplitude EEG events occurring between
seizures) correlate with brief increases in neuronal firing
and are followed by a profound depression in excitability
associated with a slow-wave component.' Based on in vivo
intracellular recordings obtained from acute models of
epileptiform synchronization, it was proposed >40 years
ago that the transition from interictal to ictal activity results
from weakening of the postspike “inhibitory” processes
leading to an uncontrolled increase in excitation.” Accord-
ing to this hypothesis, seizures occur when excitatory gluta-
matergic  transmission overcomes inhibition, thus
transforming the short-lasting interictal event into a pro-
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longed, large-amplitude epileptiform discharge. However,
this scenario has been never confirmed. Rather, clinical evi-
dence suggests that focal seizure onset is often characterized
by decreased amplitude and “flattening” of the scalp EEG
that correlates with low amplitude activity recorded with
intracranial electrodes routinely utilized to identify the
boundaries of the epileptogenic zone in patients with drug-
resistant epilepsy candidate for epilepsy surgery.

Intracranial human data® and experimental evidence in
animal models in vivo®™® and in vitro®’ have demonstrated
that the most common EEG-onset pattern observed in focal
seizures/epilepsies is characterized by low voltage fast
activity (preceded by ictal spikes or not), whereas large
amplitude discharges represent the established seizure core.
As illustrated in Figure 1, human intracerebral recordings
have demonstrated that seizure onset correlates with (1)
waning of background activity, (2) the appearance of low-
voltage fast activity in the beta-gamma range (30-100 Hz),
and (3) a very slow field potential shift.> " Such low-vol-
tage fast focal-onset pattern gradually evolves within sec-
onds into large-amplitude EEG discharges that are
unmistakably recognizable as seizure activity. Of interest,
the low-voltage fast seizure onset observed both in temporal
lobe structures and in neocortical regions can be heralded
by one or more large-amplitude synchronous poten-
tials,®'"'? designated as preictal spikes (see subsequent
text).

In this review we challenge the common belief that
enhancement of glutamatergic transmission underlies the
transition from interictal to ictal activity in focal seizures
with low-voltage fast onset. We review clinical and experi-
mental evidence that underscores the paradoxical and unex-
pected role played by y-aminobutyric acid (GABA)ergic
networks in seizure initiation. The preservation of
GABAergic neurons in humans and in animal models of
focal epilepsies, albeit controversial, is supported by numer-
ous reports.g’13 First, we address the results obtained in vivo
by analyzing single unit activity in patients with epilepsy
and in chronic animal models. Then, we discuss the role
played by GABA receptor signaling in seizure initiation.
Finally, we propose a mechanistic model of ictogenesis that
highlights the concept that synchronization of interneuron
networks leads to increases in extracellular potassium that
support seizure progression. Our hypothesis is specifically
proposed for focal seizures that initiate with low-voltage
fast activity and represent the most common seizure-onset
pattern in focal epilepsies.®'

INTERNEURON ACTIVITY MARKS THE
INITIATION OF FOCAL SEIZURES

Early work performed in patients with drug-resistant epi-
lepsy during presurgical EEG monitoring casted doubt on
the experimental view that transition from interictal to ictal
activity could result from increased excitation, as proposed
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Figure 1.

Intracerebral signals recorded with multichannel stereo-EEG recording electrodes in a patient with a right frontal cortical dysplasia during
presurgical monitoring. The onset of the seizure (arrows) correlates with low-voltage fast activity in the epileptogenic zone (contacts A3,
B3, B4, C4, C5, C6, and D3 recorded with multichannel depth electrodes). The activity recorded at C5 is magnified below. The C5 signal
frequency content at ictal onset illustrated in the power density graph demonstrates the presence of fast activity at 3040 Hz (courtesy

of Stefano Francione).
Epilepsia © ILAE

by Ayala et al.? Specifically, it reported a widespread
reduction of neuronal firing at seizure onset, possibly due to
inhibition of principal cells.'> More recently, intracranial
presurgical recordings with microelectrode arrays in
patients with focal epilepsy have confirmed a reduction of
firing in a large population of single neurons at seizure
onset'® (Fig. 2A). These data suggest that the low-voltage
fast activity seen in the EEG at the beginning of focal sei-
zures correlates with an arrest of principal cell firing possi-
bly reflecting enhanced inhibition in the epileptogenic
region. In addition, Schevon et al.'” have demonstrated
irregular and relatively low level of unit firing at the onset

of ictal activity in patients with focal epilepsy; this phe-
nomenon was interpreted by these authors as an inhibitory
restraint that prevents the spread of the ictal discharge (see
subsequent text).

The decreased firing of principal, glutamatergic neurons
along with the enhanced activity of presumptive inhibitory
cells has been documented in vivo with single-unit record-
ings performed in the hippocampus of pilocarpine-treated
epileptic animals, which represent an established model of
temporal lobe epilepsy.'® " These studies have shown that
the initial 5-10 s of a seizure correlate with a virtual cease
of principal neuron activity along with interneuron firing
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Figure 2.

Seizure-onset patterns in a patient (A) and in a rat (B) with focal epilepsy. (A) Focal seizure recorded in the temporal cortex with a sub-
dural electrocorticographic electrode anda 10 x 10 multielectrode array in a patient with extensive focal lesion. Seizure onset is marked
by the vertical line at time 0. Local field potential (LFP in a) and the corresponding spectrogram (b) are shown. In ¢, neuronal spike raster
plot is shown including the activity of 149 neurons. Each dot represents the occurrence of an action potential. At seizure onset, most neu-
rons either reduced or ceased firing; activity across the population became more homogenous as seizure progressed until spiking was
abruptly interrupted in all neurons at seizure end. With the exception of a few neurons, spiking in the recorded population remained sup-
pressed for about 20 s. From Truccolo et al., 201 1,'¢ with permission. (B) Firing of hippocampal neurons during a spontaneous seizure
recorded in a pilocarpine-treated rat that developed temporal lobe epilepsy. Seizure onset is marked by the vertical arrows. In Ba, raster
plots of interneurons (gray dots) and principal neurons (black dots) are illustrated. The local field potential is shown in the bottom trace.
Interneurons increased the firing and principal cells reduced spiking just ahead and at seizure onset (time 0). In Bb, peri-event time his-
tograms for average firing rates of pyramidal cells (in black) and interneurons (in gray) relative to the initial fast seizure activity. Data were
averaged over |7 seizures and represent the activity of 154 pyramidal cells and 47 interneurons. Arrow indicates the average time of the
onset of rhythmic ictal spiking. Bin size, 500 msec. Significance thresholds (dashed lines) are set at the mean + 3 times the standard devia-
tion from the 2 min prior to seizure onset. Kindly provided by Dr. Karen Moxon.
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enhancement (Fig. 2Ba); such a pattern could be identified
in >150 principal cells and about 50 interneurons recorded
during several focal seizures'® (Fig. 2Bb). Of interest, de-
synchronization of principal neuron firing21 along with an
increased activity of putative interneurons>> was also identi-
fied at the transition from interictal to ictal activity in acute
models of focal ictogenesis in vivo.

Overall these studies indicate that principal neurons are
not hyperactive at seizure onset, presumably as the result of
the increased firing of interneurons. However, a causal rela-
tion between increased interneuron activity and seizure ini-
tiation has not been identified in vivo. In the following
section we address studies that have revealed the presence
of synchronous GABAergic events at the start of focal sei-
zure activity in vitro, and have provided evidence for a

Epilepsia, 57(5):679-687,2016
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mechanism implicating GABA 4 receptor signaling in inter-
ictal to ictal transition.

GABA, RECEPTOR SIGNALING
SPARKS FOCAL SEIZURES

As shown in Figure 3A, ictal discharges recorded in vitro
from principal neurons in several limbic structures during
application of the potassium channel blocker 4-aminopyri-
dine start with an intracellular depolarization that is associ-
ated with few if any action potentials.>> Paradoxically, this
initial depolarizing component—which is mirrored by field
activity—becomes hyperpolarizing when the neuron mem-
brane potential is brought to values less negative than
—60 mV with steady injection of depolarizing current (right
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Figure 3.

Focal seizure patterns in different in vitro models of focal seizures. (A) Seizure-like activity in a slice of the rat entorhinal region induced
by 4-aminopyridine. In Aa, intracellular (upper traces) and extracellular field recordings (lower traces) are illustrated. Seizure onset is
marked by the vertical arrows. Spaces between the traces indicate time lapses of about 20 s. In Ab, intracellular recording during a differ-
ent seizure-like event; note that depolarizing the membrane potential with intracellular injection of positive current (right trace) reveals a
robust hyperpolarizing inhibitory potential at the onset of the seizure. Resting membrane potentials marked by the dotted line: a:
—76 mV;b = —78 mV. In both a and b, the intracellular recording was obtained from a principal cell. (B) Acute seizure induced by arte-
rial perfusion of 50 uM bicuculline in the entorhinal cortex of the in vitro isolated guinea pig brain (modified from Gnatkovsky et al.
2008%"). Intracellular recording from a principal neuron, extracellular field response, and changes in the extracellular potassium ([K*],)
are shown in Ba at the onset of a seizure (arrow). In Bb, the intracellular potential and the potassium changes outlined in the dotted box
in Ba are expanded. Small-amplitude, possibly ectopic spikes during the rising phase of [K*], are marked by the small arrows. Traces of
low-voltage fast activity recorded intracellularly marked by the asterisks in Bb are further expanded in Bc. During the initial phase of the
seizure, the membrane potential depolarizes and the amplitude of the fast inhibitory potentials decreases, suggesting a change in GABA
chloride reversal potential. Resting membrane potential marked by the dotted line inaand ¢ = —59 mV. (C) Seizure-like event recorded
in the entorhinal cortex of the isolated guinea pig model during arterial perfusion of 50 M 4-aminopyridine. On the left, extracellular
(lower traces) and intracellular recordings from a principal neuron (upper traces) show that the ictal discharge is preceded by preictal
population spikes associated with a hyperpolarizing potential (marked by the dotted outline and expanded in the lower trace). The inhibi-
tory potentials associated with the preictal spikes show the typical reversal of inhibitory postsynaptic potential. Traces shown in the right
panel are courtesy of Gianluca Breschi. Increased activity of an entorhinal cortex interneuron at seizure onset are shown in the right pan-
els. (D) In the presence of 4-aminopyridine optogenetic activation of GABA-releasing parvalbumin-positive interneurons in a mouse
entorhinal cortex slice induces ictal discharges; note that these extracellular field potential recordings are similar to those occurring spon-
taneously in the rat brain slice. Courtesy of Zahra Shri, Fred Manseau, Maxime Lévesque and Sylvain Williams.
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trace in Fig. 3Ab). Therefore, in this in vitro model of interneurons at the onset of ictal discharges induced in vitro
epileptiform synchronization, ictal-discharge onset is asso- by 4-aminopyridine. Moreover, pharmacologic manipula-
ciated with a powerful GABAergic event. In line with these tions that antagonize GABA, receptors or decrease
data, Ziburkus et al.>* have reported increased activity of presynaptic release of GABA from interneurons, abolish

Epilepsia, 57(5):679-687,2016
doi: 10.1111/epi.13370
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this initial synchronous event and prevent ictal discharge
occurrence.® In vitro data supporting the participation of
GABAergic inhibition in the initiation of seizure activity
are not specific to the 4-aminopyridine model; similar find-
ings have also been obtained in other models of focal
seizures induced in brain slices by high-frequency tetanic
stimulation,” ?® in the isolated immature hippocampus by
application of low magnesium medium,”~° and in the
in vitro isolated guinea pig whole brain following
proconvulsive drug treatment.>' > As illustrated in Fig-
ure 3B, fast beta-gamma activity observed at the start of an
ictal discharge in the entorhinal cortex of the isolated guinea
pig brain is paralleled by intracellular hyperpolarizing
potentials that become smaller in amplitude as seizure pro-
gresses, suggesting a dynamic positive shift of the GABA -
mediated inhibitory post-synaptic potential (IPSP) reversal
potential. >**

It should be remarked that fast-onset activity in seizures
studied in vitro is usually preceded by one or more preictal
spikes that correlated with bursting activity of GABAergic
interneurons (Fig. 3C, right traces) and with inhibitory
potentials in principal neurons (Fig. 3C, left traces®"). Syn-
chronous GABAergic potentials during the interictal period
and just ahead of a focal seizure have been observed in brain
slices obtained from different cortical areas and in the iso-
lated guinea pig brain preparation.”>*** As mentioned ear-
lier, sequences of large amplitude spikes were observed at
seizure onset in both humans and animal models
in vivo.'"¥77 Such preictal spikes are different from inter-
ictal spikes and should be considered as proper ictal events,
since they occur exclusively at seizure onset. Of interest,
seizure onset in human partial epilepsy has been hypothe-
sized to be due to a reduction of GABAergic dendritic inhi-
bition releasing an enhancement of somatic inhibitory
interneurons generating fast IPSPs on pyramidal cells.*®

The slow negative shift of the local field potential
observed in association with preictal spikes and the ensuing
low-voltage fast activity (lower extracellular traces in
Fig. 3A—C) correlates with elevations in extracellular potas-
sium (Fig. 3B)*' that are known to accompany synchronous
neuronal activity.>*** However, and even more important
in the context of our hypothesis stating that seizure onset
rests on “excessive GABAergic signaling,” increases in
extracellular potassium are induced by activation of
GABA , receptors following application of GABA* or sus-
tained interneuron activity, such as that occurring at seizure
onset in rodent brain slices and in slices of human dysplastic
cortex maintained in vitro.?>->4374¢

An explanation for these GABA, receptor—dependent
elevations in extracellular potassium rests on the intracel-
lular chloride accumulation that is known to occur in
neurons once postsynaptic GABA, receptors are acti-
vated; this process increases the activity of the potas-
sium-chloride cotransporter (KCC2), thus causing the
efflux in the extracellular space of both potassium and

Epilepsia, 57(5):679-687,2016
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chloride ions.*’ In addition, GABA, receptor—dependent
elevations in extracellular potassium can also be con-
tributed by network-driven, bicarbonate currents.***
These mechanisms of extracellular potassium elevation
mediated by GABA release are expected to involve an
extensive population of mutually interconnected and elec-
trically coupled interneurons that innervate a large num-
ber of principal cells.

Increased extracellular potassium concentration is well
known to cause hyperexcitability and epileptiform synchro-
nization*® by (1) depolarizing neuronal membranes, (2) pro-
moting the generation of small amplitude, possibly ectopic
spikes49 (arrows in Fig. 3A,B), (3) releasing the resonance
of local networks to generate oscillatory patterns in the
beta-gamma range,’® and (4) causing a positive shift of the
membrane reversal of GABA, receptor—mediated inhibi-
tory postsynaptic potential that weakens inhibition and
releases intrinsic excitatory mechanisms.'!

The pivotal role played by interneurons in ictal discharge
initiation has recently been confirmed with optogenetic
techniques in the entorhinal cortex during 4-aminopyridine
treatment.”">? In these studies, optogenetic stimulation of
parvalbumin- or somatostatin-positive interneurons initi-
ated ictal events similar to those occurring spontaneously
(Fig. 3D); when the onset of an optically induced ictal dis-
charge was expanded, the typical pattern characterized by
one or two interictal spikes leading to the fast beta-gamma
ictal activity could be identified (arrowheads in Fig. 3D).
We should also mention that optogenetic studies have
demonstrated that activation of GABAergic cells con-
tributes to seizure maintenance™ and can play a more con-
ventional inhibitory role by contributing to the termination
of ictal discharges.”*>>

A NEw MODEL FOR FoCAL
ICTOGENESIS

Taking into consideration the clinical and experimental
evidence reviewed here, we propose a model of focal icto-
genesis whereby GABAergic network activity initiates (and
presumably maintains) seizures through the activation of
GABA, receptors that are postsynaptically located mainly
on principal glutamatergic cells. As mentioned earlier, we
propose that “preictal” spikes reflect interneuronal network
synchronization at seizure onset and thus belong to the ictal
condition.

As summarized in Figure 4, interictal spikes are lar-
gely contributed by short-lasting synchronous discharges
of action potentials generated by principal cells. Such
activity is restrained by several mechanisms, including
recurrent synaptic inhibition, that limit excitation both
spatially and temporally, and hinder seizure occurrence.
EEG spikes subsidized by interneuronal firing herald the
period that immediately precedes seizure onset. The
intense and possibly synchronous discharge of action
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Schematic model of focal ictogenesis. Representative traces of interictal and ictal discharges recorded extracellularly are shown on top.
Action potential firing of principal neurons and interneurons is illustrated by black and red vertical bars, respectively. Changes in the
extracellular potassium concentration are represented by the blue line. See text for the explanation.
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potentials generated by interneurons during such spikes
leads to a large release of GABA that inhibits and
silences principal cells via activation of postsynaptic
GABA, receptors. The cotransport of potassium and
chloride out of principal neurons consequent to the acti-
vation of GABA, receptors will cause sizeable increases
in extracellular potassium that depolarizes all neurons
and contributes to the emergence of resonant low-voltage
fast-network activity. Further increases in potassium also
facilitate recruitment of principal cells, leading to overt
seizure discharge, which is characterized by progressive,
excessive, and simultaneous coactivation of glutamatergic
and GABAergic networks.

OTHER POSSIBLE INTERPRETATIONS
OF GABA SYNCHRONIZATION AT
SEIZURE ONSET
Several researchers have confirmed the occurrence of

GABAergic synchronization at seizure onset, but have pro-
vided different interpretations of ictogenesis. For instance,

Trevelyan and colleagues'’° proposed that GABAergic

activation represents an inhibitory restraint occurring ahead
of the ictal excitatory wave and thus opposes the generation
of epileptiform activity. This interpretation, however, rests
on the nonverified assumption that excitatory-based ictal
discharges have already started somewhere else (as in the
model of focal seizures induced by local N-methyl-p-aspar-
tate (NMDA) application557) and on the presumption that
GABA receptor signaling has a compensatory (reparative)
function rather than an active role in seizure generation as
reviewed earlier.

A possible interpretation of the role played by GABAer-
gic synchronization at seizure onset is based on data
obtained from immature/juvenile rodent brain tissue; specif-
ically, it proposes that excessive interneuron activity during
epileptiform discharges induces a shift of the GABA,
receptor—mediated chloride reversal potential, thus trans-
forming GABAergic signaling from inhibitory to excita-
tory.”®°® However, neuronal firing during depolarizing
GABA shifts was never demonstrated in adult animal mod-
els of seizures/epilepsy.

Epilepsia, 57(5):679-687,2016
doi: 10.1111/epi.13370
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CONCLUSIONS

The clinical and experimental data reviewed herein sug-
gest that the role of GABAergic networks in focal seizures
is more complex than what was assumed in the past. The
general belief that a reduction of GABAergic activity is
proepileptic, whereas its increase protects against seizure
precipitation, is presumably too simplistic and certainly
reflects only one side of the coin. It is now well known that
GABAergic networks can promote and sustain synchronous
cortical fast oscillations in the beta-gamma range.”® The
observation that GABA 5-receptor signaling can synchro-
nize neuronal networks and can promote seizures may
explain the disappointingly limited efficacy of antiepileptic
drugs designed in the 1980s to potentiate GABA receptor—
mediated actions. More subtle modulations of GABA,-
receptor signaling should be envisioned to interpret the
effects of currently available drugs and to develop new
antiepileptic therapies. In line with this concept are the
observation that bicarbonate efflux via GABA s-receptor
channels®' is decreased by the carbonic anhydrase inhibitor
topiramate and the demonstration of an antiseizure effect by
the KCC2 antagonists that regulate chloride/potassium
exchange. %

ACKNOWLEDGMENTS

MdC is supported by the Telethon Foundation grant GGP12265, by a
grant of the Fondazione Banca del Monte di Lombardia, and by funds of the
Italian Health Ministry (Finanziamento di Ricerca Corrente 2012-2015;
Progetto Finalizzato Giovani Riceratori 2011-02348633). MA is supported
by the Canadian Institutes of Health Research (CIHR grants 8109 and
74609) and by the Savoy Foundation. References for this Review were
identified through searches of PubMed with terms “focal seizures,”
“GABA,” “interneurons,” “epilepsy,” “extracellular potassium,” and “ictal
and interictal discharges” up to March 2015. Further references were identi-
fied from those cited in articles. The final reference list was generated from
articles that we considered relevant to the contents of our review.

DISCLOSURE

The authors declare no conflict of interest. We confirm that we have read
the Journal’s position on issues involved in ethical publication and affirm
that this report is consistent with those guidelines.

ADDITIONAL CONTRIBUTIONS

MdC and MA equally contributed to the design and the writing of this
review.

REFERENCES

1. de Curtis M, Avanzini G. Interictal spikes in focal epileptogenesis.
Progr Neurobiol 2001;63:541-567.

2. Ayala GF, Dichter M, Gumnit RJ. Genesis of epilectic interictal spikes.
New knowledge of cortical feedback system suggests a neurophysio-
logical explanation of brief paroxysms. Brain Res 1973;52:1-17.

3. Perucca P, Dubeu F, Gotman J. Intracranial electroencephalographic
seizure-onset patterns: effect of underlying pathology. Brain
2014;137:183-196.

Epilepsia, 57(5):679-687,2016
doi: 10.1111/epi.13370

4.

11.

12.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

217.

Bragin A, Wilson CL, Fields T, et al. Analysis of seizure onset on the
basis of wideband EEG recordings. Epilepsia 2005;46(Suppl. 5):59—
63.

. Lévesque M, Salami P, Gotman J, et al. Two seizure-onset types reveal

specific patterns of high-frequency oscillations in a model of temporal
lobe epilepsy. J Neurosci 2012;32:13264—-13272.

. Avoli M, de Curtis M. GABAergic synchronization in the limbic sys-

tem and its role in the generation of epileptiform activity. Progr Neuro-
biol 2011;95:104-132.

. Boido D, Jesuthasan N, de Curtis M, et al. Network dynamics during

the progression of seizure-like events in the hippocampal-parahippo-
campal region. Cereb Cort 2014;24:163—173.

. de Curtis M, Gnatkovsky V. Reevaluating the mechanisms of focal

ictogenesis: the role of low-voltage fast activity. Epilepsia
2009;50:2514-2525.

. Gnatkovsky V, de Curtis M, Pastori C, et al. Biomarkers of epilepto-

genic zone defined by quantified stereo-EEG analysis. Epilepsia
2014;55:296-305.

. Tkeda A, Taki W, Kunieda T, et al. Focal ictal direct current shifts in

human epilepsy as studied by subdural and scalp recording. Brain
1999;122:827-838.

Bartolomei F, Wendling F, Bellanger JJ, et al. Neural networks involv-
ing the medial temporal structures in temporal lobe epilepsy. Clin Neu-
rophysiol 2001;112:1746-1760.

Ogren JA, Bragin A, Wilson CL, et al. Three-dimensional hippocam-
pal atrophy maps distinguish two common temporal lobe seizure-onset
patterns. Epilepsia 2009;50:1361-1370.

. Babb TL, Pretorius JK, Kupfer WR, et al. Glutamate decarboxylase-

immunoreactive neurons are preserved in human epileptic hippocam-
pus. J Neurosci 1989;9:2562-2574.

Singh S, Sandy S, Wiebe S. Ictal onset on intracranial EEG: do we
know it when we see it? State of the evidence Epilepsia 2015;56:1629—
1638.

Babb TL, Wilson CL, Isokawa-Akesson M. Firing patterns of human
limbic neurons during stereoencephalography (SEEG) and clinical
temporal lobe seizures. Electroencephalogr Clin Neurophysiol
1987;66:467-482.

Truccolo W, Donoghue JA, Hochberg LR, et al. Single-neuron dynam-
ics in human focal epilepsy. Nat Neurosci 2011;14:635-641.

Schevon CA, Weiss SA, McKhann G Jr, et al. Evidence of an inhibi-
tory restraint of seizure activity in humans. Nat Communication
2012;3:1060.

Grasse DW, Karunakaran S, Moxon KA. Neuronal synchrony at
the transition to spontaneous seizures. Exp Neurol 2012;248:72—
84.

. Fujita S, Toyoda I, Thamattoor AK, et al. Preictal activity of subicular,

CAl, and dentate gyrus principal neurons in the dorsal hippocampus
before spontaneous seizures in a rat model of temporal lobe epilepsy. J
Neurosci 2014;34:16671-16687.

Toyoda I, Fujita S, Thamattoor AK, et al. Unit activity of hippocampal
interneurons before spontaneous seizures in an animal model of tempo-
ral lobe epilepsy. J Neurosci 2015;35:6600-6618.

Cymerblit-Sabba A, Schiller Y. Network dynamics during develop-
ment of pharmacologically induced epileptic seizures in rats in vivo. J
Neurosci 2010;30:1619—-1630.

Timofeev I, Grenier F, Steriade M. The role of chloride-dependent
inhibition and the activity of fast-spiking neurons during cortical
spike-wave electrographic seizures. Neuroscience 2002;114:1115—
1132.

Lopantsev V, Avoli M. Participation of GABAA-mediated inhibition
in ictal-like discharges in the rat entorhinal cortex. J Neurophysiol
1998;79:352-360.

Ziburkus J, Cressman JR, Barreto E, et al. Interneuron and pyramidal
cell interplay during in vitro seizure-like events. J Neurophysiol
2006;95 (6):3948-3954.

Taira T, Lamsa K, Kaila K. Posttetanic excitation mediated by GABA
(A) receptors in rat CAl pyramidal neurons. J Neurophysiol
1997;77:2213-2218.

Velazquez JL, Carlen PL. Synchronization of GABAergic interneu-
ronal networks during seizure-like activity in the rat horizontal hip-
pocampal slice. Eur J Neurosci (1999) 11:4110-4118.

Lasztoczi B, Nyitrai G, Héja L, etal. Synchronization of
GABAergic inputs to CA3 pyramidal cells precedes seizure-like



687

GABA networks at seizure onset

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

event onset in juvenile rat hippocampal slices. J Neurophysiol
2009;102:2538-2553.

Fujiwara-Tsukamoto Y, Isomura Y, Imanishi M, et al. Prototypic sei-
zure activity driven by mature hippocampal fast-spiking interneurons.
J Neurosci 2010;30:13679-13689.

Derchansky M, Jahromi SS, Mamani M, et al. Transition to seizures in
the isolated immature mouse hippocampus: a switch from dominant
phasic inhibition to dominant phasic excitation. J Physiol 2008;586:
477-494.

Quilichini PP, Le Van Quyen M, Ivanov A, et al. Hub GABA neurons
mediate gamma-frequency oscillations at ictal-like event onset in the
immature hippocampus. Neuron 2012;74:57-64.

Gnatkovsky V, Librizzi L, Trombin F, et al. Fast activity at seizure
onset is mediated by inhibitory circuits in the entorhinal cortex in vitro.
Ann Neurol 2008;64:674-686.

Uva L, Breschi GL, Gnatkovsky V, et al. Synchronous inhibitory
potentials precede seizure-like events in acute models of focal limbic
seizures. J Neurosci 2015;35:3048-3055.

UvalL, Librizzi L, Wendling F, et al. Propagation dynamics of epilepti-
form activity in the hippocampal-parahippocampal region of the iso-
lated guinea pig brain. Epilepsia 2005;46:1914-1925.
Fujiwara-Tsukamoto Y, Isomura Y, Takada M. Comparable GABAer-
gic mechanisms of hippocampal seizurelike activity in posttetanic and
low-Mg2 + conditions. J Neurophysiol 2006;95:2013-2019.

Bragin A, Engel JJR, Wilson CL, et al. Hippocampal and entorhinal
cortex high-frequency oscillations (100-500 Hz) in human epileptic
brain and in kainic acid-treated rats with chronic seizures. Epilepsia
1999;40:127-137.

Bragin A, Claeys P, Vonck K, et al. Analysis of initial slow waves
(ISWs) at the seizure onset in patients with drug resistant temporal lobe
epilepsy. Epilepsia 2007;48:1883—1894.

Wendling F, Hernandez A, Bellanger JJ, et al. Interictal to ictal
transition in human temporal lobe epilepsy: insights from a compu-
tational model of intracerebral EEG. J Clin Neurophysiol
2005;22:343-356.

Wendling F, Bartolomei F, Bellanger JJ, et al. Epileptic fast activity
can be explained by a model of impaired GABAergic dendritic inhibi-
tion. Eur J Neurosci 2002 May;15:1499—-1508.

Barolet AW, Morris ME. Changes in extracellular K™ evoked by
GABA, THIP and baclofen in the guinea-pig hippocampal slice. Exp
Brain Res 1991;84:591-598.

Fertziger AP, Ranck JB Jr. Potassium accumulation in interstitial space
during epileptiform seizures. Exp Neurol 1970;26:571-585.
Heinemann U, Konnerth A, Pumain R, et al. Extracellular calcium and
potassium concentration changes in chronic epileptic brain tissue. Adv
Neurol 1986;44:641-661.

Yaari Y, Konnerth A, Heinemann U. Nonsynaptic epileptogenesis in
the mammalian hippocampus in vitro. II. Role of extracellular potas-
sium. J Neurophysiol 1986;56:424-438.

Avoli M, Barbarosie M, Liicke A, et al. Synchronous GABA-mediated
potentials and epileptiform discharges in the rat limbic system in vitro.
J Neurosci 1996;16:3912-3924.

D’Antuono M, Louvel J, Koehling R, et al. GABAA receptor-depen-
dent synchronization leads to ictogenesis in the human dysplastic cor-
tex. Brain 2004;127:1626-1640.

45

46.

47.

48.

49.

50.

51.

53.

54.

58.

59.

60.

61.

62.

. Uusisaari M, Smirnov S, Voipio J, et al. Spontaneous epileptiform
activity mediated by GABA(A) receptors and gap junctions in the rat
hippocampal slice following long-term exposure to GABA(B) antago-
nists. Neuropharmacology 2002;43:563-572.

Kaila K, Ruusuvuori E, Seja P, et al. GABA actions and ionic plasticity

in epilepsy. Curr Opin Neurobiol 2014;26:34—41.

Viitanen T, Ruusuvuori E, Kaila K, et al. The K-Cl cotransporter

KCC2 promotes GABAergic excitation in the mature rat hippocampus.

J Physiol 2010;588:1527-1540.

Zuckermann EC. Glaser GH Hippocampal epileptic activity induced

by localized ventricular perfusion with high-potassium cerebrospinal

fluid. Exp Neurol 1968;20:87—110.

Trombin F, Gnatkovsky V, de Curtis M. Changes in action potential

features during focal seizure discharges in the entorhinal cortex of the

in vitro isolated guinea pig brain. J Neurophysiol 2011;106:1411—

1423.

Bartos M, Vida I, Jonas P. Synaptic mechanisms of synchronized

gamma oscillations in inhibitory interneuron networks. Nat Rev Neu-

rosci 2007;8:45-56.

Shiri Z, Manseau F, Lévesque M, et al. Interneuron activity leads to

initiation of low-voltage fast-onset seizures. Ann Neurol 2015;77:541—

546.

. Yekhlef L, Breschi GL, Lagostena L, et al. Selective activation of par-

valbumin- or somatostatin-expressing interneurons triggers epileptic

seizure-like activity in mouse medial entorhinal cortex. J Neurophysiol
2015;113:1616-1630.

Ellender TJ, Raimondo JV, Irkle A, et al. Excitatory effects of parval-

bumin-expressing interneurons maintain hippocampal epileptiform

activity via synchronous afterdischarges. J Neurosci 2014;34:15208—

15222.

Krook-Magnuson E, Armstrong C, Oijala M, et al. On-demand optoge-

netic control of spontaneous seizures in temporal lobe epilepsy. Nat

Commun 2013;4:1376.

. Ledri M, Madsen MG, Nikitidou L, et al. Global optogenetic activa-
tion of inhibitory interneurons during epileptiform activity. J Neurosci
2014;34:3364-3377.

. Trevelyan AJ, Sussillo D, Watson BO, et al. Modular propagation of
epileptiform activity: evidence for an inhibitory veto in neocortex. J
Neurosci 2006;26:12447-12455.

. Cammarota M, Losi G, Chiavegato A, et al. Fast spiking interneuron

control of seizure propagation in a cortical slice model of focal epi-

lepsy. J Physiol 2013;591:807-822.

Dzhala VI, Staley KJ. Excitatory actions of endogenously released

GABA contribute to initiation of ictal epileptiform activity in the

developing hippocampus. J Neurosci 2003;23:1840—-1846.

Lillis KP, Kramer MA, Mertz J, et al. Pyramidal cells accumulate chlo-

ride at seizure onset. Neurobiol Dis 2012;47:358-366.

Pavlov I, Kaila K, Kullmann DM, et al. Cortical inhibition, pH and cell

excitability in epilepsy: what are optimal targets for antiepileptic inter-

ventions? J Physiol 2013;591:765-774.

Dodgson SJ, Shank RP, Maryanoff BE. Topiramate as an inhibitor of

carbonic anhydrase isoenzymes. Epilepsia 2000;41(Suppl. 1):S35—

S39.

Hamidi S, Avoli M. KCC2 function modulates in vitro ictogenesis.

Neurobiol Dis 2015;79:51-58.

Epilepsia, 57(5):679-687,2016
doi: 10.1111/epi.13370



