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Transition to Seizure: Ictal Discharge Is Preceded by
Exhausted Presynaptic GABA Release in the Hippocampal

CA3 Region
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How the brain transitions into a seizure is poorly understood. Recurrent seizure-like events (SLEs) in low-Mg>" /high-K ™ perfusate were
measured in the CA3 region of the intact mouse hippocampus. The SLE was divided into a “preictal phase,” which abruptly turns into a
higher frequency “ictal” phase. Blockade of GABA , receptors shortened the preictal phase, abolished interictal bursts, and attenuated the
slow preictal depolarization, with no effect on the ictal duration, whereas SLEs were blocked by glutamate receptor blockade. In CA3
pyramidal cells and stratum oriens non-fast-spiking and fast-spiking interneurons, recurrent GABAergic IPSCs predominated interic-
tally and during the early preictal phase, synchronous with extracellularly measured recurrent field potentials (FPs). These IPSCs then
decreased to zero or reversed polarity by the onset of the higher-frequency ictus. However, postsynaptic muscimol-evoked GABA ,
responses remained intact. Simultaneously, EPSCs synchronous with the FPs markedly increased to a maximum at the ictal onset. The
reversal potential of the compound postsynaptic currents (combined simultaneous EPSCs and IPSCs) became markedly depolarized
during the preictal phase, whereas the muscimol-evoked GABA , reversal potential remained unchanged. During the late preictal phase,
interneuronal excitability was high, but IPSCs, evoked by local stimulation, or osmotically by hypertonic sucrose application, were
diminished, disappearing at the ictal onset. We conclude that the interictal and early preictal states are dominated by GABAergic activity,
with the onset of the ictus heralded by exhaustion of presynaptic release of GABA, and unopposed increased glutamatergic responses.

Introduction

One percent of the world’s population is afflicted with epilepsy,
with a socioeconomic impact greater than that of stroke (Baner-
jee and Hauser, 2008). At the individual level, the impact of epi-
lepsy is felt through seizures—terrifying, uncontrollable, and
unpredictable events, when the brain or localized regions of the
brain transition into a pathological synchronous state. Very little
is known about the cellular network mechanisms underlying
these spontaneous transitions and how to prevent them. This
transition period serves as an important target for anticonvulsant
treatments, making it critical to study the underlying neuronal
mechanisms.

Transition to seizure has been studied previously, but its un-
derlying mechanisms are largely unresolved. It has been pro-
posed to be mediated by a positive shift in the reversal potential
of GABA, receptor-mediated currents, resulting in excitatory
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GABAergic input (Lopantsev and Avoli, 1998; Kohling et al.,
2000; Cohen et al., 2002; Dzhala and Staley, 2003; Perez
Velazquez 2003; Khazipov et al., 2004; Fujiwara-Tsukamoto et
al., 2007; Lasztdczi et al., 2009). However, other brain-slice stud-
ies from juvenile rat hippocampus have shown that GABA ac-
tions can be primarily inhibitory/shunting (Rivera et al., 1999;
Tyzio et al., 2007). The mechanism of seizure transition has also
been proposed to be related to the synchronization of a large
neuronal population by inhibitory interneurons (Khalilov et al.,
2005; Gnatkovsky et al., 2008; Beenhakker and Huguenard, 2009;
Lasztoczi et al., 2009). Previously it was shown that the hyperex-
citable state during transition to seizure could be a consequence
of alterations in glutamatergic and/or GABAergic synaptic input
in both animal and human tissues (Cossart et al., 2001; Epsztein
etal., 2006; Trotter et al., 2006; Derchansky et al., 2008; Lasztoczi
etal., 2009; Huberfeld et al., 2011), leading to the hypothesis that
a shifted balance between inhibitory and excitatory synaptic
transmission could be an important factor underlying transition.
It is not known, however, (1) to what extent the transition to
seizure is mediated by a shift in the dynamic balance between
excitation and inhibition, (2) whether this transition is mediated
by a presynaptic or a postsynaptic mechanism or both, or 3)
whether this transition is cell-type dependent.

To answer these questions, we investigated the relative contri-
butions of synchronized GABAergic and glutamatergic inputs
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and their functional roles during ictogenesis using field and whole-
cell current- and voltage-clamp recordings and pharmacological
tools in a low-Mg>*/high-K * recurrent seizure model in the neo-
natal (postnatal days 6—12) intact mouse hippocampus. Our find-
ings indicate that the rhythmic discharges during the interictal and
preictal states are mediated by a shifting balance between excitatory
and inhibitory inputs. During the preictal period, there is a progres-
sive disappearance of inhibitory GABAergic IPSPs and IPSCs, with a
concomitant marked increased glutamatergic EPSPs and EPSCs.
The decrease in inhibition results from exhausted GABA release
from presynaptic terminals. We found that this synaptic mechanism
of transition occurs in CA3 non-fast-spiking (non-FS) and FS in-
terneurons and pyramidal cells.

Materials and Methods

Hippocampal preparation. Whole hippocampi were isolated from C57
male black mice (Charles River Laboratory; aged 6 to 12 postnatal days)
(Derchansky et al., 2004), which were anesthetized with halothane and
decapitated in accordance with the Canadian animal care guidelines.
Each brain was quickly removed, hemisectioned, and immersed for 4-5
min in anice-old oxygenated (95% O,/5% CO,) solution of artificial CSF
(ACSF) containing the following (in mm): 123 NaCl, 2.5 KCl, 1.5 CaCl,,
2 MgSO,, 25 NaHCO;, 1.2 NaH,PO,;, and 15 glucose. The whole intact
hippocampus was then dissected out from each hemisphere and im-
mersed in oxygenated ACSF at room temperature for atleast 1.5 h before
recording.

Experimental environment. The isolated intact hippocampus was placed in
a submerged recording chamber. To precipitate epileptiform activity, the
tissue was perfused with low-Mg>*/high-K * ACSF containing the follow-
ing (in mm): 123 NaCl, 5 KCl, 1.5 CaCl,, 0.25 MgSO,, 25 NaHCO;, 1.2
NaH,PO,, and 15 glucose. The tissue was perfused with oxygenated ACSF
and low-Mg>" /high-K " ACSF at a flow rate of 8 ml/min at 32 = 0.5°C in
ACSF and at 34 = 0.5°C in the low-Mg?* /high-K * perfusate.

Electrophysiology. Simultaneous extracellular field potential (FP) and
whole-cell patch-clamp recordings in current- and voltage-clamp (VC)
modes were obtained from stratum oriens non-FS and FS interneurons
and pyramidal cells of the hippocampal CA3 region. Neurons were visu-
alized by an infrared differential interference contrast video microscopy
(Olympus BX51 microscope; OLY-150IR camera—video monitor unit).
The extracellular recording electrode (1.5 mm outside diameter; World
Precision Instruments) was filled with 150 mm NaCl, pH 7.4, and had ~2
MQ) resistance. The electrode was placed into the stratum pyramidale
near the patched cells (=150 wm). Whole-cell patch recording electrodes
(3-5 MQ) were filled with solution containing the following (in mm): 135
potassium gluconate, 10 NaCl, 0.0001 CaCl,, 10 NaHEPES, 1 MgCl,, 0.3
NaGTP, and 2 NaATP, pH 7.4. Extracellular field potentials were re-
corded using an Axopatch 200A amplifier (Molecular Devices) in the
current-clamp configuration. Whole-cell recordings were also done us-
ing an Axopatch 200B amplifier (Molecular Devices) in either the
current- or voltage-clamp configuration. Data were collected using a
sampling rate of 10 kHz and were subjected to a low-pass filter of 5 kHz.
Intracellular recordings were performed from visually identified CA3
stratum oriens interneurons and pyramidal cells of intact hippocampi
from the neonatal mice with recurrent seizures. Input resistances of these
recorded neurons remained relatively stable during the experiment. Cells
were discarded if their input resistance decreased by >20%. Data acqui-
sition, storage, and analyses were done using a digital-analog interface
board (Digidata 1200; Molecular Devices) and pClamp software (version
10.2; Molecular Devices). Although voltage clamping these electrotonically
distributed cells raises space clamp issues, the data obtained were consistent
and differences between the interictal and preictal states were clearly
identifiable.

Extracellular recordings were used to define the seizure states. Three
seizure states—interictal, preictal, and ictal—were measured according
to the frequency of the field discharges (interictal, <.2 Hz; preictal, >.2
Hz; ictal, >15 Hz; see Results). For examining the neuronal firing in-
crease during the transition to seizure, we measured the frequency of the

Zhang et al. @ Exhausted Presynaptic GABA Release Precedes the Ictus

intracellular spiking bursts associated with the spontaneous rhythmic field
potentials. The frequencies of the recorded discharges during the interical
and preictal states were calculated from the total number of detected events
over the entire interictal and preictal durations, respectively, using pClamp
software (version 10.2; Molecular Devices). During the ictal state, frequen-
cies were examined over a 10s window after the ictal onset.

During the preictal period, we quantified the area under each depolar-
izing potential including the spikes, measuring from the onset till the
return to baseline of the depolarizing potential (see Fig. 8) using Clampfit
(version 10.2; Molecular Devices). The measured area was normalized
against the value for the first of the last five EPSPs. In the case of the last
two EPSPs measured in pyramidal neurons just before the higher-
frequency ictal state, the return to baseline of the synchronous field po-
tential was used as a reference, since these intracellular responses did not
return to baseline.

The reversal potentials of the spontaneous recurrent intracellular
postsynaptic currents (PSCs) correlating with the rhythmic recurring
interictal and early preictal epileptiform field potentials were estimated
by plotting the amplitude of the recorded currents (averaged from seven
to nine consecutive events) against different voltages clamped from —55
to 0 mV over several seconds (see Fig. 3A). The reversal potential was
then estimated the plotted linear regression line as the point at which this
line intersected with the 0 current axis. Because of the briefness of late
preictal period, the reversal potentials of the spontaneous PSCs correlat-
ing with the epileptiform field potentials were estimated online by man-
ually changing the holding potential of the pyramidal cell until the PSC
deflection changed polarity. The reversal potential of GABA, receptor
activation (Egapaa) Was determined by pressure ejection of muscimol
(500 mm, 10 ms, 10 psi) onto the soma of the recorded cell using a
Picospritzer (General Valve) (see Fig. 3B) and was estimated by plotting
the amplitudes of the muscimol-induced currents recorded intracellu-
larly against different holding potentials (from 0 to —80 mV) in ACSF
during the interictal and preictal states. The recorded current amplitudes
were averaged from three consecutive muscimol-induced responses at
each holding potential and were fitted with a linear regression line. The
voltage potential at which the current switched from inward to outward
was denoted as the reversal potential. The reversal potentials of both early
and late preictal PSCs were measured. However the muscimol-induced
E;apan Was measured over the entire preictal period, due to the technical
difficulty in focally applying muscimol during the short seizure transi-
tion period and the relatively long duration of the muscimol-induced
response. The average value of E; a4 recorded during the preictal state
was further used as the holding potential for isolating and measuring
predominantly glutamatergic currents.

Recorded neurons were also voltage clamped at the reversal potential
of either glutamatergic or GABAergic currents (0 and —60 mV, respec-
tively) (see Figs. 4—6), thereby isolating the inhibitory or excitatory
synaptic currents respectively. The charge transfers underlying the
postsynaptic currents associated with the spontaneous rhythmic field
potentials were estimated for both CA3 pyramidal cells and non-FS and
FS interneurons during the preictal period by quantifying the area under
the curve. The areas under the curve of last nine postsynaptic currents
before the ictal onset (see Figs. 4—6) were also measured during the
preictal period using Clampfit and were normalized against the value for
the first current measured (p-9).

The hippocampal CA3 region was stimulated locally with a bipolar
tungsten electrode (enamel-insulated nichrome wire, 125 wm diameter)
positioned 300-500 wm away from the recorded pyramidal cells in the
pyramidal layer. Extracellular stimulation was done using current pulses
generated by a Grass S88 stimulator (Grass Instruments) delivered
through an isolation unit. The timing of the pulse was manually con-
trolled (~5 to 10 s interstimulus interval) to avoid the bursting activities
during the preictal and ictal states.

For osmotic ejection of presynaptic neurotransmitter, an extracellular
electrode was filled with 0.5 M sucrose solution dissolved in low-Mg?>*/
high-K ™ ACSF and placed in close proximity to the soma of a patched
cell (=20 wm). This extracellular electrode was used both to record field
potentials and for pressure ejection (100 ms, 30 psi) of hypertonic su-
crose solution near the patched cell soma (see Fig. 9). Recorded neurons
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2,3-dione (CNQX) were made by dissolving
these agents in double-distilled H,O for con-
centrations of 25 and 20 mm, respectively.
These were further diluted in ACSF to create
final stock solutions of 10 um CNQX and 60
uM APV. Bicuculline methiodide (BMI) was
dissolved directly in ACSF to create a stock so-
lution of 500 um. Muscimol (10 uMm) in saline,
pH —7.4, was pressure ejected locally near the
soma of the recorded neuron via a Picospritzer.

Data analysis. The statistical test used was one-
way ANOVA followed by Bonferroni’s multiple
comparison test with p < 0.05 considered signif-
icant. Data are reported as the mean * SD. Data
processing, analysis, and graphical representa-
tions were executed with Clampfit version 10.2
(Molecular Devices) and CorelDRAW X4
(Corel) software.

Results

GABA, receptor blockade decreases
preictal but not ictal duration and
attenuates the slow preictal
depolarization; glutamatergic blockade
abolishes seizure-like events

GABAergic neurotransmission is increasingly
understood as being involved in the genera-
tion of physiological and pathological os-
cillations within the brain (Beenhakker
and Huguenard, 2009), while glutama-
tergic discharges appear to dominate during
the transition to seizure in human subicular
brain slices (Huberfeld et al., 2011, Menen-
dez de la Prida and Trevelyan, 2011). We
therefore investigated the contributions of
GABA,, receptor- and glutamate receptor-
mediated neurotransmission to the genera-
tion of seizure-like events (SLEs).

Upon perfusing the intact isolated
mouse hippocampus with low-Mg?>"/
high-K* ACSF, spontaneous recurrent
SLEs were recorded in the CA3 region of
the isolated neonatal mouse hippocam-
pus (Fig. 1A). These events declined in
neither amplitude nor duration over the

time course of these experiments, consis-

Figure 1. GABA, receptor antagonism increases SLE frequency but not duration, and glutamate receptor blockade abolishes ~ tent with previous studies by Derchansky
SLEs. A, SLEs are recorded extracellularly from the CA3 pyramidal layer during perfusion of low-Mg®* /high-K * ACSF, withthe et al. (2004, 2008) in the same seizure
addition of 10 m BMI, and then washout of BMI (top trace). Boxed SLEs under each treatment were shown ata fastertime base  model. The recurrent SLEs began after
(bottom traces). The last SLE of each treatment was chosen to ensure a longer perfusion time for the antagonist. B, Quantitative 243 + 5 s of low—MgH/high—K + ACSF

analysis of the preictal, ictal, and interseizure durations were calculated in each condition. Note that BMI greatly reduced the
interseizure interval and the duration of the interical and preictal period, thereby increasing the seizure frequency, with little effect
on the ictal duration. After washout, the interictal duration did not recover completely. *Significant differences in the values
between low-Mg 2" /high-K * ACSF and BMI treatments; **significant differences in the values between low-Mg? " /high-K *
ACSF and washout (n = 5; one-way ANOVA; p < 0.05). €, Field recordings of SLEs were obtained from the pyramidal cell layer

perfusion, with an average duration of
97 * 13s (n = 5). Extracellular recordings
were used to define the various electro-
physiological “states” the preparation

under the perfusion of low-Mg " /high-K ™ ACSF, -APV (60 wum) plus CNQX (10 m), and washout. p-APV and CNQX markedly C(.)L.lld exist in. We realize that these. defi-
diminished the low-Mg 2" /high-K * ACSF-induced SLEs. Boxed fields are enlarged in the lowest traces. After washoutfor 10min, ~ nitions of states are somewhat arbitrary,

the SLEs reappeared (n = 5).

were clamped at 0 mV to examine the sucrose-evoked GABAergic cur-
rent responses and subsequently quantified by calculating the area under
the sucrose-evoked response. Vehicle ejections had no effects for sucrose
or muscimol experiments.

Pharmacology. Stock solutions of phramacologic agents DL-2-amino-
5-phosphonopentanoic acid (APV) and 6-cyano-7-nitroquinoxaline-

but the described changes in the frequency
of the rhythmic potentials were rather ste-
reotypical across slices and within a slice for
repeated SLEs (Figs. 1, 8). The “interictal” state was defined as the
period between the end of the previous ictal state to the next preictal
state with discharges occurring at <0.2 Hz (average frequency,
0.05 * 0.03 Hz). The “preictal” state was defined as the onset of
rhythmic field discharges at a frequency >0.2 Hz (average
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frequency, 0.5 £ 0.15 Hz). The start of
the “ictal” state was identified as an
abrupt transition to higher frequency
discharges of >15 Hz (average fre-
quency, 20 * 3 Hz; n = 51).

Blocking GABAergic neurotransmis-
sion with BMI (10 M) greatly diminished
the spontaneous recurrent extracellular
FPs in the interictal and preictal states, as
recorded from the pyramidal layer in the .
CA3 region, leaving only a few, more Alii
complex potentials just before the ictal
state (Figs. 1A, 2). Furthermore GABA
receptor blockade significantly reduced
the duration of the interictal and preictal
states (Fig. 1A, B). GABA , receptor block-
ade also resulted in increased frequency of
SLEs, but caused minimal changes in the
ictal duration, suggesting that GABAergic
activity plays a minimal role in determin-
ing the ictal duration, but plays a major
role in generating interictal and early preictal
potentials (Uva et al.,, 2009, Huberfeld et al.,
2011). After washout for 10 min, the preictal
bursting largely recovered, but the ictal du-
ration became significantly reduced, and the
interictal duration was still significantly less
than that of the prior control low-Mg>*/
high-K ™ ACSF (Fig. 1 B). These effects may
require longer washout times to return to con-
trol values. Since GABA release may activate
both presynaptic and postsynaptic GABA,
receptors (Ulrich and Bettler, 2007), we
also preliminarily tested the effects of the
GABAj antagonist CGP-55845 (benzyl-
[3-[1-(3,4-dichlorophenyl)ethylamino]-
2-hydroxypropyl]phosphinic acid; 1 um)
on recurrent SLEs in six isolated hip-
pocampi. Similar to the GABA, antagonist
results, the preictal duration decreased by
57.3% (p = 0.022), and the interictal dura-
tion decreased by 68.3% (p = 0.008),
whereas the ictal duration was not signifi-
cantly decreased.

When glutamatergic receptor antago-
nists D-APV (60 uM) and CNQX (10 um)
were added to the perfusate, the high-
frequency ictal bursts were completely
abolished, whereas interictal events per-
sisted (Fig. 1C). Washout of the receptor antagonists was associ-
ated with a return of SLEs. These data suggest that glutamatergic
neurotransmission is an absolute requirement for the generation of
SLEs and not required for interictal events.

While recording simultaneously intracellularly and extracel-
lularly, a slow depolarization of the membrane potential during
the preictal state was observed in both pyramidal cells (11 mV)
and non-FS interneurons (9 mV) (Table 1; Fig. 2 Ai,Bi). This
resulted in a more depolarized resting membrane during the late
preictal period compared to the interictal and early preictal states,
which could in part be due to the depolarization of the Cl ™ re-
versal potential (Khazipov etal., 2004). With the application of 10
M BMI, the presence of this slow depolarization was attenuated
by 5 = 2mV in pyramidal cells (# = 4) and 7 = 2 mV in non-FS
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The slow membrane depolarization during the transition to seizure s partly GABA, mediated. Ai-Bii, Simultaneously
recorded intracellular (current-clamp) and extracellular recordings of the SLEs from a CA3 interneuron and pyramidal cell are
shown under the perfusion of low-Mg 2" /high-K * ACSF (4i, Bi) and with the addition of 10 oM BMI (Aii, Bii). The period of
seizure transition (bar) is shown at a faster time scale (right). Note that BMI application significantly diminished the bursting
activity before ictal onset and the slow depolarization of the membrane potential during the seizure transition. Data were obtained
from a sample of 10 non-FS interneurons and eight pyramidal cells.

interneurons (n = 5), and both types of neurons displayed de-
creased intracellularly measured firing during the interictal and
preictal periods (Fig. 2Aii,Bii). In addition, the baseline noise
during the transition period was also reduced after BMI applica-
tion. Despite these changes, bursting activity persisted before the
ictus, and the ictal duration remained unaffected. Thus, in con-
trast to glutamatergic neurotransmission, which is an absolute
requirement for the transition to an ictus, GABAergic activity of
both GABA, and GABAj appears to restrain the transition to
SLEs, not unlike that which is seen in low-Mg>" seizures in neo-
cortex (Trevelyan et al,, 2006). Furthermore, the absence of
GABAergic neurotransmission appears to hasten the transition
to seizure. To supplement this rather static picture of the involve-
ment of these two neurotransmitter systems in the transition to
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Table 1. CA3 pyramidal cells and non-FS interneuronal resting membrane
potentials, recurrent rhythmic whole-cell postsynaptic current reversal potentials,
and muscimol-induced Eggp,

Preictal
ACSF Interictal ~ Early Late
Observed resting membrane potential
(mV)
Pyramidal cells (n = 24) —66+4 —64£2 —60*x3 —49+3*
Non-FS interneurons (n = 25) —62+4 —60*+=3 —57*t2 —46+2*
Postsynaptic reversal potentials (mV)
Pyramidal cells (n = 12); recurrent =582 —48E£2F —4) 4
PSCs corresponding to the
extracellular field events
Non-FS interneurons (n = 17); —55+4 —35*x4* —29 + 3*

recurrent PSCs corresponding to
the extracellular field events

Muscimol-induced Egpgya in pyramidal ~ —70 =3 —58 + 4% —60 = 2*

cells (n = 4)
Muscimol-induced Egpgapinnon-FSIN -~ —68 =4 —59 & 4% —58 =+ 3%
cells(n=15)

Resting membrane potentials (in millivolts) of both neuronal types were measured in ACSF and during stages
of low-Mg 2 -induced seizure. Note that the resting membrane potentials during the late preictal state were
significantly more depolarized than the early preictal state. Reversal potentials of the whole-cell postsynaptic
spontaneous rhythmic currents occurring in association with the spontaneous rhythmic field potentials and
muscimol-induced GABA, postsynaptic responses. Note that the reversal potentials in both neuronal types were
significantly more depolarized during the preictal state than interictal state and were significantly different from
each otherin both the early and late preictal stages. Their reversal potentials were not recorded in the ACSF, because
no spontaneous rhythmic potentials were seen in ACSF. Muscimol-induced £¢yga, Was more depolarized in the
interictal and preictal state than in ACSF. However, the changes from interictal to preictal state were insignificant.
The chloride concentration in the whole-cell intracellular recording electrode was 13 mu.

*p < 0.05.

SLEs, we explored the time-dependent changes in the activity of
these neurotransmitter systems from both presynaptic and post-
synaptic perspectives.

Muscimol-induced GABA, currents change significantly
from the control ACSF nonepileptogenic state to the interictal
state but little thereafter

We have observed that both non-FS and FS interneurons and
pyramidal cells received significant overall net increases in the
excitatory drive, manifested by a significantly more depolarized
reversal potential of spontaneous PSCs (Fig. 3; Table 1), which
are a combination of simultaneously occurring EPSCs and IPSCs.
To characterize this apparent increase in excitatory drive, whole-
cell PSCs in phase with the spontaneous rhythmic field potentials
during the seizure transition states (Fig. 3A) were voltage
clamped at various potentials. The reversal potential of these
PSCs was calculated from the plotted I-V curve. The reversal
potentials of the spontaneous PSCs coincident with the recurrent
field potentials became more depolarized during the preictal state
from that seen in the interictal state for both pyramidal cells and
non-FS interneurons. This suggests that the balance moves to-
ward excitation as the CA3 network proceeds to ictal onset (Table
1). Comparing the PSC reversal potentials between both neuro-
nal types revealed that in the preictal phase, the reversal potentials
of the phasic rhythmic PSCs were more depolarized in the
non-FS interneurons than in the pyramidal cells, suggesting that
the excitatory drive to non-FS interneurons is greater than that to
pyramidal cells.

It has as well been suggested that accumulation of intracellular
Cl 7, leading to a more depolarized Cl ~ reversal potential, may
render GABAergic drive excitatory (Khalilov et al., 2005; Ben-Ari
et al., 2007). This depolarization in Cl~ reversal potential may
contribute to the depolarized reversal potential of spontaneous
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PSCs and increased excitatory drive. To determine the contribu-
tion of Cl™ to the reversal potential changes of spontaneous
PSCs, we measured the reversal potential of currents induced by
the GABA, agonist muscimol. The application of muscimol was
performed at various stages of ictogenesis to assess its time-
dependent changes. GABAergic receptor responses in pyramidal
cells (n = 4) and in non-FS interneurons (n = 5) were evoked by
somatic pressure ejection of muscimol, during perfusion with
normal ACSF and during the interictal and preictal states in low-
Mg>*/high-K * conditions (Fig. 3B). E a4 Was calculated from
the amplitude of the muscimol-evoked currents at various hold-
ing voltages, which were large and clearly visible on top of the
spontaneous recurrent postsynaptic currents. The observed re-
versal potentials of the spontaneous postsynaptic currents and
muscimol-induced E,py 4 are summarized in Table 1. The aver-
age value of Eg a4 recorded during the preictal state was further
used as the holding potential for isolating and measuring pre-
dominantly glutamatergic currents. The reversal potentials of
both early and late preictal PSCs were measured, whereas
muscimol-induced Eg x4 Was measured over the entire preictal
period. This was due to the technical difficulty in focally applying
muscimol during the short preictal seizure transition period. The
muscimol-induced Eg a5 in pyramidal cells was —70 = 3 mV in
normal ACSF, and depolarized to —58 = 4 mV during the inter-
ictal state, with little further change within the preictal state
(=60 =2 mV) (Table 1). Similarly, the evoked E; 55 » in non-FS
interneurons depolarized from —68 * 4 mV in normal ACSF to
—59 *= 4 mV during the interictal state, and was —58 * 3 mV
during the preictal state. As per Table 1, during the interictal
period, the resting membrane potentials of pyramidal cells and
non-FS interneurons were —64 and —60 mV, respectively,
whereas in the interictal period the reversal potentials of
muscimol-induced GABA, responses were —58 and —59 mV,
respectively— differences of, on average, 6 and 1 mV, respec-
tively. With or without a significant membrane depolarization, a
significant conductance change could have inhibitory actions.
We did not address this question directly, but that the EPSPs
increase during the preictal phase (Figs. 2, 8), and the postsynap-
tic muscimol-induced GABA, responses remain robust during
this phase, suggests that the postsynaptic conductance was not
largely increased.

Although it has been suggested that the depolarization of the
E;apaa contributes to ictogenesis, we found that the most con-
spicuous change in the Eg 5, Was between the nonepileptogenic
ACSF state to the interictal state, with no further change during
the preictal state. This suggests that the depolarized Eg 55, may
in part contribute to the transition into the interictal state from a
nonepileptic state, but transition to the ictal state may not simply
result from increased excitatory drive through GABAergic neu-
rotransmission. That other factors could contribute to the tran-
sition to the ictal state is suggested by the observation that the
reversal potentials of the spontaneous PSCs coincident with
the recurrent field potentials became more depolarized during
the preictal state from that seen in the interictal state for both
pyramidal cells and non-FS interneurons. When we compared
the reversal potentials of compound PSCs with the muscimol-
induced Egypaa (Table 1), both non-FS interneurons and pyra-
midal cells received significant overall net increases in the
excitatory drive, which was manifested by the significantly more
depolarized reversal potentials of spontaneous PSCs compared to
the unchanged muscimol-induced E;appa during the preictal
state. The reversal potential of the phasic rhythmic PSCs was
more depolarized in the non-FS interneurons than in the pyra-
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Figure 3.

Measurement of the reversal potentials of the rhythmic whole-cell postsynaptic currents and muscimol-induced
Eqagaa currents in CA3 pyramidal cells. Ai, Simultaneous extracellular and voltage-clamped intracellular traces were recorded
during the preictal period in a CA3 pyramidal neuron. 4ii, Intracellular and extracellular recordings are shown in a faster
time base, with the lowest field trace showing field potentials coincident with the whole cell measured postsynaptic
currents at —55 mV. Aiii, The currents during the preictal state were plotted versus the holding potentials. Data (means)
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midal cells, both in the early and late pre-
ictal phases (Table 1), suggesting that the
excitatory drive to non-FS interneurons is
greater than to pyramidal cells. As we have
shown that the Cl~ reversal potential
changes little toward the ictus, the more
depolarized compound PSP appears to be
due to increased simultaneous glutama-
tergic drive and could be due to decreased
presynaptic GABAergic release along with
increased presynaptic glutamatergic re-
lease and/or altered neurotransmitter re-
ceptor sensitivity, in addition to the
possibility of added voltage-gated sodium
or calcium currents.

GABAergic currents expire and
glutamatergic currents peak at the
transition from preictal to ictal activity
As the net contribution to the increased PSP
drive from pyramidal and non-FS interneu-
rons is likely to determine the dynamics of
the transition from the preictal to ictal states,
we investigated the relative contributions of
GABAergic and glutamatergic PSPs during
the preictal period. Voltage-clamp record-
ings were performed on both non-FS and
FS interneurons and pyramidal cells. Re-
cording currents at the EPSC reversal po-
tential (0 mV) and IPSC reversal potential
(=60 mV) permitted the isolation of
GABAergic (outward) and glutamatergic
(inward) currents, respectively, as shown
for all neuronal types (Figs. 4-6). Isolated
inward glutamatergic currents in non-FS
and FS interneurons increased as the net-
work proceeded to ictal onset, persisting
throughout the ictal state (Figs. 44, 5A).
When these neurons were voltage clamped
at 0 mV, the outward GABAergic currents
predominated in the early preictal phase,
but disappeared before the ictus (Figs. 4B,
5B). To quantify these observations, we

<«

were measured from seven to nine consecutive events corre-
sponding to the synchronous field potential at each voltage
and were fitted with a linear regression line. Bi, Muscimol-
induced responses were recorded intracellularly at different
holding potentials in ACSF. Bii, Voltage (V) -clamped intracel-
lular traces were recorded at various voltages during the inter-
ictal (middle) and preictal (bottom) periods in low-Mg®*/
high-K ™ ACSF perfusate. Biii, The amplitudes of the
muscimol-induced currents are plotted versus the holding po-
tentials. Data (mean) were measured from three consecutive
muscimol-induced responses at each holding potential and
were fitted with linear regression lines. The reversal potentials
of muscimol-induced £;gy, in CA3 pyramidal cells were cal-
culated in ACSF for the interictal and preictal periods induced
by low-Mg®* /high-K ** ACSF. Note that the reversal potential
became more depolarized as the neuronal network proceeded
to the ictal onset, but little change was found between the
interictal and preictal states (Table 1). Muscimol application
occurred where indicated by asterisks (500 mm, 10 ms, 10 psi).
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Changes in the glutamatergic and GABAergic postsynaptic currents associated with the spontaneous rhythmic field potentials of CA3 non-FS interneurons during the preictal period.

Low-Mg2* /high-K * -induced SLEs are recorded simultaneously from a voltage-clamped CA3 non-FS interneuron (top traces) and the CA3 stratum oriens field (bottom traces). The electrodes are

<100 wwm apart. Ai-Bii, The glutamatergic and GABAergic currents were recorded by clamping the neuron at

—60 mV (Ai, Aii) and 0 mV (B, Bii) respectively. Aii, Bii, The preictal activity seen

in Ai and Biis shown at a faster time base, and the preictal bursts were numbered for quantitative analysis. The high-frequency ictal onsets are indicated by the open arrows. The charge transfers
were measured for eight preictal bursts synchronized with the recurrent epileptiform field events (p-8 to p-1) and were normalized against the burst at p-9. €, D, Normalized charge transfers
associated with different preictal discharges were plotted for both glutamatergic postsynaptic currents (€) and GABAergic postsynaptic currents (D; n = 15). Note that the EPSCs gradually but
markedly increased (to almost 10 times control) from p-4 to p-1 and became the dominant currents during the ictus. On the other hand, IPSCs gradually decreased during the late preictal period.
However, the decrease is insignificant, except for at p-1, where inward current was observed in this example. *p << 0.05 (one-way ANOVA).

measured the changes in the charge transfers of glutamatergic
and GABAergic postsynaptic currents associated with the
spontaneous rhythmic field potentials of CA3 interneurons
during the preictal period. The charge transfers were mea-
sured for the last eight preictal bursts synchronized with the
population spikes (p-8 to p-1), just before seizure onset, and
were normalized against the burst at p-9 (Figs. 4C,D, 5C,D). In
non-FS interneurons, the IPSCs were enhanced during the

early preictal phase, but decreased during the late preictal pe-
riod (Figs. 4D). At the last burst before seizure onset, the
polarity of the GABAergic current changed from outward to
inward. In FS interneurons, the IPSCs decreased, reversed
their polarity at p-5, and continued to increase to almost four-
fold at p-1. These reversed currents suggest the activation of
currents with a reversal potential significantly more depolar-
ized than 0 mV, such as calcium currents and/or sodium cur-
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high-K * ACSF-induced SLEs were simultaneously recorded from a voltage-clamped CA3 FS interneuron (top traces) and the CA3 stratum oriens field potential <100 wm apart (bottom traces).
Ai-Bii, The glutamatergic and GABAergic currents were recorded in isolation by voltage clamping the neuron at —60 mV (Ai, Aii) and 0 mV (Bi, Bii), respectively. The preictal activity seenin Aiand
Biis shown on a faster time base, (i, Bii) and the preictal bursts are numbered for quantitative analysis. The ictal onsets noted in the field recordings are indicated by arrows. The charge transfers
were measured for eight preictal bursts synchronized with the field events (p-8 to p-1) and were normalized against the burst at p-9. €, D, Normalized charge transfers associated with different
preictal discharges are plotted for both glutamatergic postsynaptic currents (€) and GABAergic postsynaptic currents (D; n = 7). Note that the EPSCs markedly increased from p-4 to p-1 to almost
20 times control and became the dominant currents during the ictus. The IPSCs progressively decreased, reversing their polarity at p-5, and then these currents markedly increased in amplitude to

p-1.*p < 0.05 (one-way ANOVA).

rents, electrotonically remote dendritic EPSCs, or gap
junction-mediated excitatory potentials from adjacent cells.
On the other hand, the charge transfers of excitatory glutama-
tergic postsynaptic currents were not significantly increased
until the last four preictal discharges in non-FS interneurons,
wherein they markedly increased to almost 10 times control
(Fig. 4C), or the last five preictal discharges in FS interneurons
that displayed an increase of almost 20-fold. Note the marked
variability in the preictal GABAergic and glutamatergic poten-
tials as the system approaches the ictal phase as per the SDs
shown in Figures 4, C and D, and 5, C and D.

Similar to the interneurons, relative contributions of the
field-synchronized glutamatergic and GABAergic inputs onto
pyramidal cells were measured during the preictal period.
There was a gradual increase in the glutamatergic postsynaptic
currents during the preictal state (Fig. 6A,C). The outward
(GABAergic) currents predominated during the early preictal
phase, but were greatly reduced approaching the ictal phase
(Fig. 6 B,D). The increase in the charge transfer of the EPSCs
was not significant in the early preictal period (p-8 to p-4)
(Fig. 6C), but in the late preictal period (p-3 to p-1) markedly
increased to almost five times control values, about half of the
increase seen in the non-FS interneurons. Similarly there was
marked variability in the preictal GABAergic and glutamater-
gic potentials as the system approaches the ictal phase as per
the SDs of Figure 6, C and D.

Evoked IPSCs decline and disappear, similar to

spontaneous IPSCs

The spontaneous large field-synchronous IPSCs that we observe
may result from a different release mechanism than those evoked
by invading action potentials. We therefore examined voltage-
clamped evoked IPSCs to see if they were as affected as spontane-
ous IPSCs during the various state transitions in pyramidal
neurons. Similar to the large spontaneous PSPs synchronous
with the FPs, locally evoked PSCs were enhanced after low-
Mg>"/high-K ¥ perfusion compared to those obtained in ACSF
(Fig. 7B). We are assuming that these PSPs mainly reflect inhib-
itory currents since we are voltage clamping at 0 mV, the reversal
potential for the EPSCs. During the preictal period, stimulation
triggered intracellular responses similar to the spontaneous pre-
ictal events, suggesting they may share similar synaptically driven
mechanisms. With the commencement of the ictal period,
evoked IPSCs, like their spontaneous counterparts (Fig. 7B,C),
abruptly diminish or stop, removing the shunting and hyperpo-
larizing actions of GABAergic activity, thereby contributing to
the excitability within the ictal event. There was some recovery
of the evoked and spontaneous IPSCs several seconds after the
ictus. These findings were seen consistently in five other prepa-
rations in recordings from pyramidal neurons. This local stimu-
lation is nonspecific, but could be preferentially stimulating FS
interneurones, since their cell bodies are mainly in the cell body
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Figure 6.  Changes in the glutamatergic and GABAergic postsynaptic currents associated with the spontaneous rhythmic field potentials of CA3 pyramidal cells during the preictal period.
Low-Mg** /high-K *-induced SLFs were recorded simultaneously from the CA3 pyramidal layer (field, bottom traces) and a CA3 pyramidal cell (top traces), which were <<100 um apart. Ai-Bii,
The glutamatergic and GABAergic driven currents were recorded by voltage clamping the neuron at — 60 mV (Ai, Aii) and 0 mV (Bi, Bii), respectively. The preictal activity seen in Ai and Biis shown
at a fast time base and the preictal bursts are numbered for quantitative analysis (Ai, Bii). The ictal onsets are indicated by arrows. The charge transfers were measured for eight preictal bursts
synchronized with the field events (p-8 to p-1) and were normalized against the burst at p-9. ¢, D, Normalized charge transfer associated with different preictal discharges are plotted for both
glutamatergic postsynaptic currents (€) and GABAergic postsynaptic currents (D; n = 10). Note that the EPSCs gradually but markedly increased (to almost 5 times control) from p-4 to p-1and also
became the dominant currents during the ictus (n = 10). The IPSC gradually decreased to zero from p-5 to p-1. *p << 0.05 (one-way ANOVA).

layer (Freund and Buzsaki, 1996), although other cell types and  tion of non-FS and FS interneurons to determine whether a

elements (dendrites and axons) could also be stimulated. decrease in interneuronal excitation could cause the decrease and

disappearance of GABAergic currents. Whole-cell current-clamp
Postsynaptic GABAergic receptors are functionally intact and extracellular recordings obtained from the CA3 region (Fig.
during the transition to seizure and throughout the SLE 8 B-D) during the preictal state showed large (20-40 mV) and

Our data support a shift in the balance toward enhanced gluta-  long-lasting (50-250 ms) depolarizing potentials of probable
matergic drive and reduced GABAergic drive during the preictal ~ synaptic origin, which triggered a train of action potentials at
state leading up to the ictal state. To address whether the decrease  their peak. Excitability was quantitated by measuring the area
in GABAergic transmission during the preictal state and the SLE ~ under the curve of these depolarizing potentials, which likely
was a presynaptic or postsynaptic phenomenon, postsynaptic ~ represents the cumulative effect of underlying PSPs, possible cal-
GABA , receptors were activated during the SLE by applied mus-  cium currents, and the spikes. The PSPs increased in size for the
cimol. Voltage-clamp recordings at 0 mV demonstrate that post-  last five preictal bursts in pyramidal cells and non-FS interneu-
synaptic muscimol-induced GABA, receptor responses are  rons, and maintained their increased size and high firing rate in
preserved throughout the interictal, preictal and ictal states (Fig.  the FS interneurons (Fig. 8 E). In addition, the firing patterns of
8A). These large outward currents are the result of the activated  all neuronal types became more complex appearing during the
postsynaptic GABAergic drive, suggesting that postsynaptic  transition to ictus, and qualitatively, spiking did not decrease in
GABA, receptors are functional, and the IPSCs they generate  frequency (Fig. 8 B, C,E) (Khosravani et al., 2005).

disappear toward the ictus as a result of presynaptic phenomena. These data (Figs. 4, 5C, 8 B,C) demonstrate that interneu-

rons receive maintained if not enhanced excitatory drive dur-
Decreased GABAergic neurotransmission is not a result of ing the transition to seizure, suggesting that a decrease in
decreased interneuronal excitation presynaptic firing of action potentials in both non-FS and FS
A decrease in GABAergic release may result from decreased in-  interneurons is likely not a cause of the preictal decrease in

terneuronal activity. We therefore examined the preictal excita- ~ GABAergic neurotransmission.
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Locally evoked IPSCs initially increased and then diminished at the ictal onset. 4, A representative trace of low-Mg 2™ /high-K *-induced SLEs recorded simultaneously from a (A3

pyramidal cell voltage-clamped at 0 mV and the CA3 pyramidal layer extracellularly. B, , Fast sweeps show locally evoked (B) and spontaneous (€) IPSCs, observed in ACSFin the interictal, preictal,
and ictal states of the SLE. Note that both evoked and spontaneous IPSCs were initially increased compared to ACSF and then diminished to zero at the onset of the ictus, recovering several seconds

after the ictus.

Presynaptic impairment of GABAergic synapses during the
transition to seizure

Since the preceding findings indicate that the postsynaptic
GABAergic receptors are functional both preictally and during
theictus, the decrease in GABAergic current during the transition
to seizure may due to impaired presynaptic release. A number of
factors can lead to a decrease in presynaptic release including
decreased interneuronal activity resulting in fewer action poten-
tials invading the nerve terminals as discussed above, impaired
Ca** entry, modulation of release of GABA by activation of pre-
synaptic GABAy receptors (Peet and McLennan, 1986) or pre-
synaptic glutamate receptors (Stafford et al., 2010), and
exhaustion of GABA vesicles (Shin et al., 2011). A technique for
releasing neurotransmitter has been described using sucrose ap-
plication (Rosenmund and Stevens, 1996) that releases the same
pool of vesicles available for Ca**-dependent release by a Ca*™-
independent mechanism. Thus, if GABA vesicles accumulate due
to impaired release by any mechanism, application of sucrose
should generate outward currents in cells that are held at 0 mV.
However, if there are no vesicles to release, then application of
sucrose should result in the diminution and cessation of outward
current. To explore this, we voltage clamped non-FS interneu-
rons at 0 mV, while the field electrode was also used to focally
apply 0.5 M sucrose (dissolved in low-Mg>*/high-K* ACSF),
using pressure ejection (100 ms, 30 psi) to the cell soma (<20 wm
away) while the tissue was perfused with low-Mg>*/high-K™*
ACSF (Fig. 9A). During the preictal state, evoked GABAergic
hyperpolarizing responses decreased as the network approached
the ictal event (Fig. 9B). These hyperpolarizing responses ceased
abruptly upon ictal onset. These results suggest that presynaptic
osmotic-dependent GABA release is exhausted at ictal onset,
whereas clearly at this point glutamatergic activity is peaking
(Figs. 4—6).

Discussion

The decline and ultimate disappearance of GABAergic IPSP/Cs
during the preictal state was accompanied by (1) intact postsyn-
aptic responses to the GABA, agonist muscimol, (2) heightened
interneuronal excitation, and (3) a similar time course in the
decline of sucrose-evoked outward currents. Overall our findings
suggest that presynaptic depletion of GABA is the mechanism by
which the system transition toward an ictal event, with the ex-
haustion of presynaptic GABA release heralding the ictal onset.
Glutamatergic excitation increases unchecked during the late
preictal phase, sustaining the ictus once GABAergic neurotrans-
mission fails.

Changes in the balance of inhibition and excitation

Others have also noted increased GABAergic drive during the
interictal and early preictal periods. In the entorhinal cortex in
vitro, fast activity at seizure onset correlated with pronounced
firing in interneurons and inhibition of principal neurons, fol-
lowed, within several seconds, by firing of principal neurons
which correlated with the appearance of extracellular hypersyn-
chronous bursting discharges (Gnatkovsky et al., 2008; de Curtis
and Gnatkovsky, 2009). An intense inhibitory barrage precedes
the transition to ictal events in mouse neocortex (Trevelyan et al.,
2006) and in hippocampal slices (Lasztoczi et al., 2009), where
CA1 interneuronal firing is enhanced preictally (Ziburkus et al.,
2006). However, evoked paroxysmal epileptiform CA1 afterdis-
charges (Perez Velazquez and Carlen, 1999; Kohling et al., 2000;
Fujiwara-Tsukamoto et al., 2007) are greatly attenuated by
GABA, antagonists, suggesting a different preictal cascade for
evoked SLEs, compared to spontaneous SLEs noted in low-
Mg>"/high-K * ACSF. The preparation, age (6—12 d), change in
temperature with the low-Mg>"/high-K* ACSF, and strain
(C57/B) could influence the results.
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Figure8. Postsynaptic GABAergic receptors are functional intact, and interneuronal excitation is high during the transition to seizure. A, Muscimol (asterisks, 500 mm, 10 ms, 10 psi) was pressure
ejected near the soma of the voltage (V)-clamped CA3 non-FS interneuron, V-clamped at 0 mV (n = 6). Note the robust muscimol-evoked postsynaptic inhibitory responses throughout the
transition to seizure and during the ictus, suggesting that the postsynaptic GABA, receptor responses remain intact. B—D, Current-clamp recordings of recurrent seizure-like events are recorded from
non-FSinterneurons (n = 27; B), FS interneurons (n = 10; €), and pyramidal cells (n = 25; D) concomitantly with the associated field activity. The cellular action potential bursting activity during
the preictal state of all neuronal types is shown in a faster time base (boxes, bottom traces). Note that dominant phasic depolarizations during the interictal and preictal states of all neuronal types
were associated with bursts of neuronal spiking. During the preictal state, FS-interneurons and non-FS interneurons had much higher frequencies of intracellularly recorded spike bursting activity
than the pyramidal cells. E, The area of the intracellularly recorded EPSPs with their spike bursts were measured in pyramidal cells (n = 27) and non-FS (n = 10) and FS interneurons (n = 25; p-5
to p-1), and were normalized against p-5. Note that the burst areas of pyramidal cells and non-FS interneurons significantly increased at p-2 and p-1, whereas FS-interneurons did not show a
significant increase in the burst area from p-5to p-1. *p << 0.05 (one-way ANOVA).
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Despite these findings, our data sup-
port the idea that enhanced GABAergic
neurotransmission is unlikely the mecha-
nism for seizure transition in this seizure
model. We observed that blockade of
GABA, receptors significantly dimin-
ished interictal duration and the number
of preictal discharges but did not abolish

SLEs. Huberfeld et al. (2011) showed in Field
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human subicular slices that the GABA
receptor antagonists suppressed interictal
discharges, but not larger and more com-

plex preictal discharges, which were gluta-
matergic. These data reflect our findings A
with bicuculline, blocking all but a few
more complex, immediately preictal dis-
charges (Figs. 1, 2), and the preponder-

ence of glutamatergic activity in the late
preictal phase (Figs. 4—6). Others have
shown similarly that blockade of GABA
currents results in increased frequency of

SLEs and no change in their duration
(Marchionni et al., 2007; Derchansky et B
al., 2008; Lasztoczi et al., 2009). Thus, the .
system, in the absence of GABA , receptor

activity, is capable of self-sustained SLEs,

and GABA, activation delays rather than

catalyzes the transition to SLE. GABAj re-

ceptor blockade has both presynaptic and

postsynaptic effects requiring much more

experimentation to further understand its

effects on seizure transition. In some hu-

man epilepsies (Cohen et al., 2002; Deisz

et al, 2011) and in younger animals

(Khazipov et al., 2004), GABAergic neu-

rotransmission may become excitatory,

contributing to the transition to seizure.

Intense activation of postsynaptic GABA ,

receptors results in accumulation of intra-
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cellular Cl ~, which depolarizes the rever-

sal potential for Cl~, rendering GABA 140 120
neurotransmission ineffective at balanc-
ing excitatory drive and possibly causal in  Figure9.

generating excitation with depolarizing
IPSPs (Staley et al., 1995; Ben-Ari et al,,
2007). In neonatal mice, Cl~ accumula-
tion does occur in a use-dependent man-
ner, resulting in increased likelihood of an
SLE (Dzhala et al., 2010). We have shown
that there is a large depolarization in the
GABA, reversal potential between the
control ACSF and the interictal state, and no further change pre-
ictally. However, these measurements are technically difficult
during the rather brief preictal period. The slow preictal depolar-
ization (Fig. 2) has been attributed to the accumulation of extra-
cellular potassium due to intense neuronal activity, which would
also increase intracellular Cl~ (Kaila et al., 1997; Gnatkovsky et
al., 2008), but we also showed that this slow depolarization was
partly abolished by blockade of GABA , receptors. In mouse neo-
cortex, intense periods of interneuronal activity effectively “veto”
pyramidal cell firing, which, when GABAergic activity ceases,
gives way to intense excitatory activity during SLEs induced by
zero Mg? " perfusate (Trevelyan et al., 2006). We also found that

-100 -80 -60 -40 -20 0
Time (sec)

Reduced GABAergic responses to focal sucrose ejections. Sucrose (0.5 m) was focally applied near the recorded neuron
(<<20 um). A, The sucrose-evoked GABAergic responses are isolated by voltage clamping the neurons at 0 mV. During the preictal
phase (left and middle boxed traces), focal sucrose application causes a transient postsynaptic GABAergic IPSC, which disappears
during the ictus (right boxed traces). B, Normalized charge transfers associated with postsynaptic vesicle release induced by
sucrose injections in each cell during the preictal state were plotted for GABAergic currents. Responses to the sucrose injections at
a given time before ictal onset are shown. Note that the IPSCs gradually decreased as the ictus approached. Time at zero seconds
represents the GABAergic response to the first sucrose injection after the ictal onset. All cells measured were non-FS interneurons
(n = 5). The linear regression obtained had R = 0.969, with p = 0.028.

within the CA3 region of the intact hippocampus, inhibitory re-
straint begins to wane preictally, as has been demonstrated in in vitro
recordings from human subicular slices (Huberfeld et al., 2011).

Mechanisms of failed preictal inhibition

However, the question remains, why does inhibition fail? A num-
ber of factors are possible, including (1) decreased interneuronal
activity, (2) failure of Ca** release mechanisms at the GABAergic
nerve terminal, (3) inhibition of GABA release by various recep-
tor systems including presynaptic GABAy and glutamate recep-
tors, and (4) presynaptic exhaustion of GABA vesicles. It seems
unlikely that decreased interneuronal spiking activity is causative
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in this decline in inhibition, as at least in non-FS and FS interneu-
rons excitatory drive was maintained if not progressively in-
creased throughout the preictal and ictal periods. However, there
are many different types of interneurons, and we recorded from
only a small subset of them (Freund and Buzsaki, 1996).

The concept of exhaustion of neurotransmitter release in the
context of epileptiform bursting was first shown by Staley et al.
(1998) using an elevated extracellular K™ perfusate. CA3 pyra-
midal cell population burst duration was limited by depletion of
the releasable glutamate pool at these recurrent synapses, even
when the afterhyperpolarization, GABA,, and GABAy conduc-
tances were simultaneously blocked. Both impaired Ca’"-
dependent release of GABA vesicles and activation of receptors
that inhibit GABA release can result in accumulation of GABA
vesicles. Application of hypertonic solutions, like sucrose, re-
leases the same pool of vesicles that are destined to be released by
Ca**-dependent mechanisms (Rosenmund and Stevens, 1996).
If there was accumulation of GABA vesicles by any mechanism,
we would expect that sucrose application would result in outward
currents, even when inhibitory neurotransmission was not evi-
dent. However, hyperosmotic sucrose application clearly elicited
outward current in the early preictal state, which decreased and
then ceased as the system approached the higher-frequency ictal
state (Fig. 9). This effect paralleled the decline in spontaneous
and evoked outward currents in pyramidal cells and interneurons
voltage clamped at 0 mV. These results suggest that GABA-
mediated responses predominate during the early preictal phase,
and the exhaustion of GABA release coincides with the ictus.
Hence, one major factor determining the “balance” of excitation
and inhibition during the transition into the high-frequency
“ictal” state could be the relative ability of excitatory and inhibi-
tory presynaptic terminals to release neurotransmitter, which
will be affected by the ambient concentrations of extracellular
potassium and calcium (Rausche et al., 1988; Seigneur and
Timofeev, 2011), neurmodulatory effects of presynaptic recep-
tors (GABA and glutamate) (Peet and McLennan, 1986; Stafford
et al., 2010), calcium buffering, and availability of vesicle pools
(Rosenmund and Stevens, 1996; Staley et al., 1998).

Local circuitry responsible for the transition to seizure in

CA3 region

Ictogenesis has been proposed to arise from the synchronous
activation of clusters of highly interconnected pyramidal cells
that overpower feedback inhibition (Bragin et al., 2004; Le Van
Quyen et al., 2008). This study focuses on the CA3 region, a
critical region for the initiation of hippocampal SLEs in several
seizure models (Dzhala and Staley, 2003; Derchansky et al., 2006,
2008). Neurons in the CA3 region have enhanced cellular excit-
ability and synaptic connectivity because of their recurrent cir-
cuitry (Wittner and Miles, 2007). We propose that in the
transition period of the low-Mg>*/high-K ™ seizure model, in-
terictal events are largely dependent on the GABAergic responses.
During the preictal state, an enhanced population excitatory
drive is mediated by recurrent EPSPs and spontaneous discharges
of the pyramidal cells (Cohen and Miles, 2000). At the same time,
interneurons discharge cohesively and rhythmically because of
their reciprocal inhibition and gap junctional intercommunica-
tion (Wu et al., 2002; Zhang et al., 2004), thereby synchronizing
the pyramidal neurons (Cobb et al., 1995). Near the end of the
preictal state, GABAergic inputs decrease significantly due to
transiently exhausted presynaptic GABA release, giving way to
high-frequency ictal discharges that are dependent on glutamate
and possibly voltage-gated calcium and/or calcium currents, and
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are unopposed by GABAergic transmission responses at the
transition.

The manifestations of transition to seizure were similar com-
paring CA3 non-FS and FS interneurons and pyramidal cells.
However, during the preictal phase, the reversal potential of the
phasic rhythmic PSCs was more depolarized, and the relative
increase in the charge transfers underlying the synchronous post-
synaptic GABAergic and glutamatergic currents was significantly
larger in the interneurons (especially the FS interneurons) than in
the pyramidal cells, which could be explained by excitatory drive
preferentially stimulating GABAergic inhibitory interneurons
more than pyramidal cells (Fricker and Miles, 2000).

In conclusion, presynaptic GABA release activating GABA ,
receptors is predominant at the time of transition from the inter-
ictal to the preictal phase, and then markedly diminishes, disap-
pearing at the onset of the ictus, with preservation of postsynaptic
GABA, responses. Conversely, presynaptic glutamate release is
minimal at the onset of the preictal phase, rising markedly to
predominate and persist into the ictal phase. These findings sug-
gest that modulating presynaptic GABA vesicle production and
release could be a new target for seizure prevention and control.
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