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Abstract

Seizures are thought to originate from a failure of inhibition to quell hyperactive neural circuits,
but the nature of this failure remains unknown. Here we combine high-speed two-photon imaging
with electrophysiological recordings to directly evaluate the interaction between populations of
interneurons and principal cells during the onset of seizure-like activity in mouse hippocampal
slices. Both calcium imaging and dual patch clamp recordings reveal that /n vitro seizure-like
events (SLEs) are preceded by pre-ictal bursts of activity in which interneurons predominate.
Corresponding changes in intracellular chloride concentration were observed in pyramidal cells
using the chloride indicator Clomeleon. These changes were measurable at SLE onset and became
very large during the SLE. Pharmacological manipulation of GABAergic transmission, either by
blocking GABA receptors or by hyperpolarizing the GABA reversal potential, converted SLEs
to short interictal-like bursts. Together, our results support a model in which pre-ictal GABAA
receptor-mediated chloride influx shifts Egaga to produce a positive feedback loop that
contributes to the initiation of seizure activity.
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Introduction

The failure of GABAergic inhibition has long been cited as a contributing factor to the
generation of seizures in epilepsy. Pathological changes to inhibitory circuits have been
argued to occur through the death of interneurons (de Lanerolle et al., 1989), change in the
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organization of GABAergic synapses (Marchionni and Maccaferri, 2009; Thind et al.,
2010), or reduction in interneuron excitability (Martin et al., 2010). While epilepsy is clearly
associated with changes in the anatomical organization of GABAergic networks, the
pathophysiological action of GABA in seizure generation remains unclear (Cossart et al.
2005). In particular, it is difficult to determine whether GABA changes are adaptive or
causal solely by examining the anatomical changes that occur in animal models of epilepsy.

Some studies have begun to link dysfunction in GABAergic interneurons to onset of
epileptiform activity. For example, when firing at supraphysiological rates, interneurons can
also be transiently rendered ineffective at inhibiting postsynaptic targets either by entering
depolarization block (Ziburkus et al., 2006) or by causing post-synaptic chloride to
accumulate to depolarizing concentrations, effectively making GABA 5 synapses excitatory
(Staley et al., 1995; Taira et al., 1997; Kohling et al., 2000; Fujiwara-Tsukamoto et al.,
2004; Ben-Ari and Holmes, 2005). The latter mechanism would have the effect of
transforming feedback inhibition into feedback excitation, producing an unstable, positive-
feedback network. Large preictal alterations in the reversal potential of synaptic events
associated with epileptiform spikes have recently been reported. Although the responsible
neurotransmitter was proposed to be glutamate, some interneurons were found to fire prior
to the preictal discharges (Huberfeld et al., 2011). Interestingly, reduced expression of the
outwardly-directed chloride transporter KCC2 have been found in both experimental (de
Guzman et al., 2006) and human epilepsy (Aronica et al., 2007; Shimizu-Okabe et al., 2011,
Huberfeld et al., 2011). Electrophysiological assays of KCC2 transport have demonstrated
reduced KCC2 transport capacity in multiple experimental models (Jin et al., 2005; Pathak
et al., 2007; Lee et al., 2011). These studies support the possibility that the chloride gradient
may be selectively labile in chronic epilepsy, and that chloride accumulation may be a pre-
ictal mechanism of activity-dependent loss of inhibition.

Due to technical challenges in recording from large neural networks with cellular resolution,
studying the physiology of this complex balance between excitation and inhibition in neural
circuits has primarily been constrained to pharmacological manipulation and single-cell or
paired intracellular recordings (Kéhling et al., 2000; Huberfeld et al., 2011). Here, we
combine these classic techniques with recently developed network imaging methods (Lillis
et al., 2008) to measure the interactions between populations of inhibitory cells and principal
cells of the hippocampus and entorhinal cortex. We find that the pre-ictal burst (also called
“pre-ictal spike” or “sentinel spike™) is dominated by epileptiform activity in the population
of somatostatin-positive GABAergic interneurons. Chloride imaging reveals that this
GABAergic hyperactivity leads to a flux of chloride and leaves the population of post-
synaptic pyramidal cells in a highly excitable state just before seizure onset. At seizure
onset, there is a massive increase in intracellular chloride that is sufficient to make GABA
currents excitatory.

Materials and Methods

Acute slice preparation

Acute slice protocols were approved by the Boston University Animal Care and Use
Committee. Transverse hippocampal brain slices (400 pm) were prepared as previously
described (Netoff et al., 2005) from juvenile (P10-P20) mice expressing GFP in
somatostatin-positive interneurons under the control of the Gadl (GADG67) promoter (strain
FVB-Tg(GadGFP)45704Swn/J, Jackson Laboratories, Bar Harbor, ME) or from Clomeleon
mice. After a 1hr incubation period, they were transferred to the recording chamber where
they were bathed is artificial cerebrospinal fluid (ACSF, in mM, 126 NaCl, 2.5 KCl, 1.25
NaH,POy4, 2 MgCl,, 26 NaHCO3, 25 dextrose, 2mM CaCly). 50uM 4-aminopyridine was
added to induce epileptiform activity. In some experiments 10uM acetazolamide was added
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inhibit carbonic anhydrase. To elicit seizures in Clomeleon acute slices, which did not
spontaneously seize in 50 uM 4-AP, MgCl, was omitted from the ACSF (in addition to
adding 50 uM 4-AP). All chemicals were obtained from Sigma-Aldrich (St. Louis, MO).
Slices were initially visualized using oblique illumination.

Organotypic slice culture preparation

Organotypic slice culture protocols were approved by the Massachusetts General Hospital
Subcommittee on Research Animal Care. Roller tube type organotypic slice cultures were
prepared as described by (G&hwiler, 1981). Briefly, isolated hippocampi from P6-8 CLM-1
mouse pups were cut into 350-pm slices on a Mcllwain tissue chopper (Mickle Laboratory
Eng. Co., Surrey, United Kingdom). Slices were mounted in clots of chicken plasma
(Cocalico Biologicals, Reamstown, PA) and thrombin (Sigma-Aldrich, St. Louis, MO) on
poly-I-lysine-(Sigma-Aldrich) coated glass coverslips (Electron Microscopy Sciences,
Hatfield, PA) and incubated in roller tubes (Nunc, Roskilde, Denmark) at 5% CO,, 36°C in
750pL Neurobasal-A growth medium with 2% B27, 500uM Glutamax, and 0.03 mg/mL
gentamycin added (all from Invitrogen, Carlsbad, CA). Growth medium was changed every
7 days. Recordings were made in growth media, some with the addition of 10uM GABAzine
(SR 95531).

Staining and imaging

Areas of interest were stained with Indo-1 AM (Invitrogen, Carlsbad, CA) using an adapted
version of multicell bolus loading (Stosiek et al., 2003; but c.f. Garaschuk et al., 2006), in
which a Picospritzer Il (Parker Hannifin, Pine Brook, NJ) is used to inject dye through a
glass pipette directly into the brain tissue. In this modified version of MCBL, a larger-tip
pipette was used (~2MQ when filled with KCl-based dye solution) to inject many sites for a
shorter duration (~5s) than that previously described (1-2min). This resulted in the staining
of a large area, with relatively low background staining. The dye used for these experiments,
Indo-1, is a ratiometric calcium dye, emitting at a shorter wavelength when bound to
calcium. However, the two-photon cross section of calcium-bound Indo-1 is so low that it is
essentially invisible when using excitation light longer than 750nm (Xu et al., 1996). We
take advantage of this by imaging at 820nm (a wavelength that conveniently excites both
GFP and calcium-unbound Indo-1) to get relative calcium measurements with high
sensitivity. Because, in this configuration, fluorescence decreases when a cell is active, all
Indo-1 fluorescence traces shown have been inverted for clarity.

All images of calcium dynamics were acquired using Targeted Path Scanning (Lillis et al.,
2008). All images were acquired using a 20x 0.95 NA water immersion objective (Olympus,
Tokyo, Japan). The calcium traces for each cell were then filtered using a 15 point median
filter and a 10 point boxcar filter. To average calcium traces taken with different sampling
rates (as is inherent to TPS, mean sampling rate for calcium data shown = 51.8Hz), traces
were upsampled using the Matlab (The Mathworks, Natick, MA) function resample, which
interpolates using a polyphase filter. In 4-AP, SLEs occurred approximately once every 4
minutes. To guarantee that a SLE would be captured, a four-minute scan was initiated 2—3
minutes after the previous SLE. I/E ratios were calculated, for each recording, by dividing
the mean interneuron calcium trace by the mean principal neuron calcium trace.

Clomeleon images were acquired using custom-designed software and the scanhead from a
Radiance 2000MP (BioRad, Hemel Hempstead, UK), equipped with a 20x 0.95 NA water-
immersion objective (Olympus, Tokyo, Japan), and PMTs with appropriate filters for YFP
(545/30) and CFP (450/80). A SpectraPhysics MaiTai laser (Newport, Irvine, CA), set to
860nm, was used for two-photon excitation. Chloride concentrations were obtained by
performing a calibration as previously described (Glykys et al., 2009) using 10uM of the K*/
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H* ionophore nigericin, 100uM of OH™/CI~ antiporter tributyltin chloride, and known
concentrations of extracellular chloride. YFP/CFP ratios for all selected cells were low-pass
filtered at 0.5Hz and, because CFP and YFP bleach at different rates (Kuner and Augustine,
2000), a linear trend was subtracted to remove the effect of differential bleaching. For the
pre-ictal burst-triggered averaging shown in Figure 3, chloride traces were resampled in the
same manner described above for calcium traces. pH changes were measured by staining
organotypic slice cultures with SNARF-1-AM by incubating them for >1hr in 10uM dye.
Because of the spectral overlap between SNARF-1 and Clomeleon, wild type mice were
used for pH imaging experiments. Images were acquired using TPS with an excitation
wavelength of 820nm and PMT emission filters centered at 585 and 640. The ratio of light
emitted at 585 and 640nm was recorded and linearly detrended (to correct for bleaching) and
adjusted to baseline pH using a calibration strategy previously described (Sheldon et al.,
2004).

Electrophysiology

During imaging recordings, either a field potential recording (<1MQ, filled with ACSF or
1M KClI) or a patch-clamp recording (3-6MQ, filled with 130 mM potassium gluconate,
10mM KClI, 10 mM HEPES, 4 mM Mg-ATP, 0.4 mM Tris-GTP, and 50uM Indo-1
pentapotassium salt) was acquired simultaneously from the region being imaged. For dual-
patch clamp recordings, the patch electrodes were targeted to GFP+ and GFP- cells using
two-photon imaging. The seal was formed (and ruptured in the case of whole-cell
recordings), using oblique illumination for visualization. Whole-cell access was evaluated
by monitoring input resistance and imaging the presence of dye in the cell. All
electrophysiological recordings were obtained with a Multiclamp 700B, AxoClamp 2B
(Axon Instruments, Foster City, CA), or Cornerstone EX4-400 (Dagan, Minneapolis, MN).

Statistical Analyses

Results

For comparison of two populations (e.g. principal cells vs. interneurons), a Kruskal-Wallis
analysis was used to test for a significant difference between the two medians. For
comparisons to zero (e.g. number of seizures in Figure 5B), a Wilcoxon signed rank test for
zero median was performed. For tests of linear correlation, a p-value for Pearson’s
correlation was computed using Student’s t-distribution.

Spike-timing jitter was computed by analyzing the variability in principal neuron spike
delay following an interneuron spike for the 10 spikes preceding a pre-ictal burst and the 10
spikes following the pre-ictal burst. Jitter was quantified as the coefficient of variation (CV)
or standard deviation (SD) of interneuron->principal neuron spike delay.

Targeted path scanning of inhibition-excitation interplay at seizure onset

In acute slices of hippocampus/entorhinal cortex, 4-aminopyridine (4-AP) initiates seizures
that originate in the entorhinal cortex (Avoli et al., 1996; Barbarosie and Avoli, 1997),
where interneurons appear (using DIC microscopy) anatomically similar to principal cells.
To distinguish interneurons from putative excitatory cells in this region, we prepared slices
from mice expressing GFP in 15-35% of somatostatin-positive GAD67-expressing cells
(Oliva et al., 2000). Since >92% of neurons in the entorhinal cortex are principal cells
(Kumar and Buckmaster, 2006) and 10-20% of all interneurons in these mice express GFP
(Oliva et al., 2000), we refer to GFP-negative cells as principal neurons. Actual differences
between interneurons and principal neurons might be slightly larger than we measure due to
the presence of some interneurons in the GFP-negative population. We used two-photon,
calcium imaging combined with targeted path scanning (TPS, Figure 1A, Lillis et al., 2008),
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to image epileptiform activity, induced by conditions that leave inhibition intact, in
populations of entorhinal cortical interneurons and principal cells.

Seizure-like events, induced by potassium channel blocker, 4-aminopyridine (4-AP) or
developing spontaneously in organotypic slice cultures of the hippocampus (Dyhrfjeld-
Johnsen et al., 2010), consist of a stereotypical firing pattern (Figure 1B) that begins with a
pre-ictal burst, is followed a few seconds later by powerful ictal tonic firing (Figure 1C),
then transitions to post-ictal clonic discharges before terminating completely. The data
presented here will focus on the preictal burst, which we define as a burst of activity
preceding the tonic phase of the seizure by <10s. Using TPS to scan both GFP+ and GFP-
cells (i.e. interneurons vs. principal cells) produced calcium traces that could be grouped by
cell type and provided sufficient spatial and temporal resolution to analyze the interaction
between inhibition and excitation during ictogenesis (Figure 1D).

Interneurons fire at higher rates than principal cells at ictogenesis

TPS recordings revealed that the ratio of interneuron to principal neuron calcium signal
(mean interneuron / mean principal neuron, for each recording) significantly increased
during pre-ictal bursts (t=0, Figure 1E, n=22 SLEs in slices from 7 animals, each slice with
an average of 21 principal cells and 5 interneurons imaged, p<0.01). To verify that the
proportionally larger calcium transients in interneurons are not a result of differences in
calcium buffering capacity, we performed simultaneous patch clamp recordings from
interneurons and principal cells. We used both whole-cell patch clamp (Figure 2A) and
loose-patch clamp (to avoid dialyzing the cell, Figure 2B) to compare instantaneous firing
rates (calculated at each action potential as the inverse of interspike interval) in interneurons
and principal cells. We found that, indeed, pre-ictal bursts are dominated by interneuron
firing (Figure 2C, 4-AP, n=5 slices from 3 animals, p< 0.05). Prior to the pre-ictal burst,
interneurons fire apparently randomly with respect to principal cells, with a large coefficient
of variation and standard deviation of the intervals between spikes in the two cell types
(CV=15.09+12.75, SD = 8.60+6.35 pre-burst). Interestingly, in recordings with action
potentials in the seconds following the pre-ictal burst, just before ictogenesis, interneuron
and principal cell firing are tightly coupled (CV=0.11+0.04, SD=0.30+0.12 post-burst), with
the interneuron leading the principal cell by 4.9+1.7ms (mean+SEM, n=5, 14 spike pairs,
Figures 2A,B, insets). However, the sparsity of principal cell firing before the pre-ictal burst
make spike jitter difficult to interpret.

To quantify temporal relationships among imaged calcium signals, we performed
windowed, cross-correlation-based network analysis. By finding the time lag at which peak
correlation occured for all pairs of calcium traces, we were able to determine if each imaged
cell was, on average, leading or following activity in the network. We found that, at the time
of the pre-ictal burst, interneurons lead activity in the network (Supplemental Figure 1).

GABAergic depolarization contributes to SLE generation

If intense epochs of interneuron firing resulted in chloride influx sufficient to overwhelm the
chloride transporter KCC2, then the resultant chloride accumulation should be evident by
chloride imaging (Dallwig et al., 1999). We directly tested the hypothesis that chloride
accumulates in neurons during SLEs using samples prepared from clomeleon mice
(CLM-1), which express a chloride-sensitive ratiometric CFP-YFP construct in a subset of
principal neurons and interneurons under control of the Thy1 promoter (Kuner and
Augustine, 2000; Berglund et al., 2006). CLM-1 mice are constructed on a C57 background,
a strain that is resistant to 4-AP-induced seizures (Kosobud and Crabbe, 1990). To record
chloride transients associated with inhibition-intact epileptiform activity, we used
chronically epileptic CLM-1 hippocampal organotypic slice cultures, which spontaneously
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(without the addition of drugs) produce tonic-clonic seizures similar to those observed in 4-
AP-treated acute slices from GIN mice (McBain et al., 1989; Berdichevsky et al., 2009;
Dyhrfjeld-Johnsen et al., 2010) and verified results using acute slices from CLM-1 mice
treated with 4-AP and zero-Mg2*. Under control conditions, organotypic slice cultures
exhibited a mixture of interictal-like and seizure-like activity (13/65 events were longer than
20s, Figure 3A,4C), while in 10uM GABAzine, 184/185 events were less than 5s in
duration, with a maximum duration of 5.8s (n=4 slice cultures from two mice, Figure 3B,
4D). Interestingly beginning at the pre-ictal burst, and dramatically accelerating at seizure
onset, SLEs (events >20s) produced a sharp decrease in YFP/CFP ratio, corresponding to an
increase in chloride of 22.95+0.73mM (mean+SEM, n=4 slice cultures, 13 SLEs, Figure 3A,
4A). For pre-ictal bursts preceding the SLE by >1s, it was possible to isolate a pre-ictal
burst-induced chloride transient of 6.27+1.23mM (mean+SEM, Figure 3E, n=8 SLEs in 3
slice cultures). Although the magnitude of this relative change in chloride is uncorrelated to
SLE onset time (n=8, p=0.31), we hypothesize that the pre-ictal burst-evoked chloride
transients effectively decrease inhibition, leaving the network in a state of elevated
excitability. We suspect that the timing of SLE onset may depend on the timing of activity,
subsequent to the pre-ictal burst, in both principal neurons and interneurons.

Short duration events (<20s) in control conditions or in GABAzine produced chloride
increases of 4.87+0.38 (mean+SEM, n=4 slice cultures, 52 events) and 2.97+0.07mM (mean
+SEM, n=4 slice cultures, 185 events) respectively (Figure 4A,B). To verify that these
results were not specific to chronically epileptic organotypic slice cultures, Clomeleon
results were confirmed in acute slices treated with both 4-AP and low-magnesium ACSF. In
these recordings, ictal chloride transients recorded from the entorhinal cortex were
10.22+2.33mM (mean=SEM, n=5 SLEs in 2 slices from 2 animals). As in organotypic slice
cultures, SLEs were blocked with the addition of 10uM GABAzine (Figure 3C,D).

To test whether observed changes in Clomeleon ratio could be explained by SLE-induced
changes in pH, we imaged pyramidal cells during seizure activity in SNARF-1-AM-stained
hippocampal slice cultures (Figure 5, largest recorded pH transient shown). During seizures,
intracellular pH increased by an average of 0.080 + 0.025 (mean+SEM, n=3 slices from two
mice), corresponding to a ~4.8mM dlecrease in apparent chloride (Kuner and Augustine,
2000). Thus, the intracellular ictal chloride transients might actually be around 20% larger
than those shown in Figures 3—4.

We hypothesized that the massive barrage of GABA, activation during the pre-ictal burst
causes chloride to overwhelm KCC2 chloride transport capacity and accumulate to
depolarizing concentrations, leaving the network in a hyper-excitable state. Chloride
accumulation requires a sustained driving force for chloride entry, and thus only occurs
when GABA currents cannot drive the membrane potential to the chloride equilibrium
potential. This can occur as a consequence of depolarizing bicarbonate efflux through the
GABA, ionophore (Bormann et al., 1987; Staley and Proctor, 1999), or as a consequence of
concurrent activation of strongly depolarizing ligand and voltage-gated cationic
conductances (Figure 1D; Doyon et al., 2011). Although it is not possible to block cationic
conductances without fundamentally altering ictogenesis, the bicarbonate efflux is
maintained by hydration of CO2, and so can be selectively diminished by inhibiting
carbonic anhydrase (Staley et al., 1995). We therefore tested the effect of blocking the
intracellular production of bicarbonate ions with the carbonic anhydrase inhibitor
acetazolamide (ACTZ). As predicted, ACTZ statistically eliminated SLEs in 4-AP (n=8
slices from 5 animals, Figure 6). Thus, both enhancement of GABAergic inhibition via a
non-chloride pathway (ACTZ) and blockade of GABAergic inhibition (GABAzine)
eliminate seizures. Together these results support the hypothesis that activity-dependent
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chloride accumulation and consequent shift in GABA reversal potential contribute to a
preictal decrease in inhibition.

Discussion

Epilepsy is often described in the context of an excitatory shift in the complex balance of
inhibition and excitation in the brain, which can be caused by excessive neuronal sprouting
(Cavazos et al., 1991; Sutula and Dudek, 2007), interneuron death (Magldczky and Freund,
2005), ion channel mutations (Reid et al., 2009), pathological plasticity of synapses (Ben-
Avri, 2008), or other causes. However, even an epileptic brain functions normally most of the
time. The mechanisms underlying the sudden massive increase in neural activity during
seizures remain elusive. In this paper, we provide evidence that ictal activity in GABAergic
interneurons cause sufficient neuronal chloride accumulation that subsequent GABAergic
activity will be depolarizing. In this mode, increased interneuron firing leads to increased
principal cell activity, which in turn leads to more interneuron firing. This effective switch
of interneurons from negative to positive feedback circuit elements contributed to seizure
generation in both acute (4-AP) and chronic (organotypic) models of ictogenesis. This
mechanism of transient positive feedback compliments previously described mechanisms
such as extracellular K* accumulation (Fisher et al., 1976; Heinemann et al., 1977), and in
fact because extracellular K+ accumulation alters the transport capacity of KCC2 (Staley
and Proctor, 1999; Bihi et al., 2005) these two mechanisms of ictogenesis are likely to be
complementary.

The question remains as to what drives interneuron firing during the pre-ictal burst. Recent
evidence suggests that somatostatin-positive interneurons fire more readily than regular-
spiking pyramidal cells or fast-spiking interneurons in response to activating stimuli such as
extracellular current, low-Mg2*/Ca?* ACSF, mGIuR agonists, and cholinergic agonists
(Fanselow et al., 2008). Furthermore, somatostatin-positive interneurons have been shown to
be coupled extensively via gap-junctions (Gibson et al., 1999; Fanselow et al., 2008; Amitai
et al., 2002), which increases synchrony between coupled neurons (Fanselow et al., 2008).
Our data are consistent with the hypothesis that interneurons such as the somatostatin-
positive subtype activate most readily in response to the 4-AP-induced increase in
excitability (Lopantsev and Avoli, 1998; Barbarosie et al., 2002). This activation could
propagate throughout the gap-junction coupled network of interneurons to generate a
synchronous event across the population of interneurons, corresponding to the interneuron-
dominated pre-ictal burst observed in Figures 1-2. Alternatively, entorhinal cortical
interneurons could be synchronized by long-range-projecting interneurons from the
hippocampus (Melzer et al., 2012), a phenomenon recently shown to occur during pre-ictal
activity in hippocamposeptal cells (Quilichini et al., 2012). Either method of
synchronization would lead to a coordinated activation of post-synaptic GABA, receptors,
which could explain the pre-ictal chloride accumulation observed in Figure 3.

The presence of GABA-mediated depolarizing potentials has been shown previously in the
4-AP model of seizure (Avoli et al., 1996). In those studies, depolarizing field potentials
persisted even when blocking the NMDA and AMPA glutamate receptors, but they were
prevented by GABA, antagonist bicuculline methiodide and p-opiod agonist DAGO, which
hyperpolarizes interneurons, reducing GABA release (Lupica and Dunwiddie, 1991). The
GABA-mediated potentials were largest at the onset of ictal-like events, suggesting a
potential role in ictogenesis. The large GABA conductance induces an activity-dependent
neuronal chloride accumulation and a consequent depolarizing shift in the GABAA reversal
potential. The chloride accumulation is most pronounced in structures with large numbers of
receptors per unit volume, e.g. dendrites, and less pronounced at the soma (Staley and
Proctor, 1999; Isomura et al., 2003; Doyon et al., 2011). An open question has been whether
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somatic chloride accumulation is sufficient to induce GABA-mediated excitation, or
whether this effect would be limited to dendrites, and, perhaps due to CIC-2 chloride
regulation (Foldy et al., 2010), shunted at the soma by depolarizing but still inhibitory
GABAergic conductances. Using the Nernst equation, we calculated the somatic chloride
accumulations observed here to correspond to 26£3mV (mean+SEM) shifts in Egaga (t0
levels positive to action potential threshold). This shift in Egaga at the soma supports the
idea that ictal activity causes GABA to become frankly excitatory.

We provide direct evidence of the interneuron-dominated pre-ictal burst, presumably
responsible for GABA-mediated potentials. Our data suggest that GABA-mediated activity
at ictogenesis floods postsynaptic targets with chloride, resulting in an ineffective inhibitory
network that contributes to the generation of a seizure. These data are consistent with recent
findings of preictal spikes that elicit synaptic activity with dramatically shifted reversal
potentials in pyramidal neurons in both intact mouse hippocampal preparations (Zhang et
al., 2012) and resected human epileptic brain tissue (Huberfeld et al., 2007, 2011). Our data
contribute to the study of complex pre-ictal network phenomena by providing a large
simultaneous sampling of calcium or chloride concentrations in interneurons and principal
cells. These data and the robust effect of carbonic anhydrase blockade favor GABAergic
over glutamatergic activity as the mechanism underlying the sharp pre-ictal shift in the
reversal potential of postsynaptic potentials in pyramidal cells. Future studies employing
additional interneuron labeling, voltage-dependent fluorophores, and additional models of
epilepsy will further clarify the critical mechanisms of preictal loss of inhibition.

Studying the role of GABAergic inhibition in epilepsy is complicated by both the wide
distribution of intracellular chloride concentrations (Glykys et al., 2009) and the highly
variable expression of KCC2 (Huberfeld et al., 2007). This variability makes it difficult to
predict what the net effect of blocking GABA synapses will be. In organotypic slices cut
from different planes (but otherwise similarly prepared), GABA blockade has been shown to
have opposite effects on network excitability (McBain et al., 1989, Figures 3-4). In
recordings from human tissue, IPSP reversal potentials varied from hyperpolarizing to
depolarizing depending on KCC2 expression (Huberfeld et al., 2007). Likely, the overall
role of GABA in the network depends on the distribution of intracellular chloride, chloride
transporter expression, and interneuron connectivity. Our data elucidate another degree of
freedom for GABA in which the net effect of GABA may be inhibitory at rest, but becomes
transiently excitatory during ictogenesis. We hypothesize that epilepsy can develop in part
from pathologies that make chloride gradients at GABA synapses labile such as enhanced
functional inhibition. These include increased GABA synapse activity, (Buckmaster and
Dudek, 1997), reduced expression of KCC2 and consequent reduced chloride efflux, (Jin et
al., 2005; de Guzman et al., 2006; Pathak et al., 2007), and increased GABA synaptic
density (Bausch, 2005; Thind et al., 2010) with increased postsynaptic chloride influx.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Targeted Path Scanning of interneuronsand principle cells

A) Using two-photon TPS, a laser path (yellow dotted line) is selected that includes cells
stained with Indo-1 only (principal cells, green) and cells that express GFP and are stained
with Indo-1 (interneurons, pink). B) 50 uM 4-AP ACSF produces SLEs that have a
characteristic pattern (mean calcium: black, LFP: blue) beginning with a pre-ictal burst,
followed by the tonic phase of the SLE, and finishing with clonic discharges. C) The delay
between the pre-ictal burst and the onset of the tonic phase of the SLE varied within a range
of 0-5s. D) A sample of 7 interneuron (red) and 7 principal cell (blue) calcium traces from a
single pre-ictal burst (at t=0) in a single slice suggests that calcium transients are larger in
interneurons. E) Indeed pooling calcium data across all recorded pre-ictal bursts (n=22
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SLEs, 533 principal cells, 115 interneurons) reveals a significant shift in the balance of

interneuron vs. principal cell calcium concentration (p<0.01, green asterisks indicate time
points at which I-E ratio is significantly different from baseline).
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Figure 2. Interneuronsfire at higher ratesthan principal cells at ictogenesis

Using both whole-cell and loose-patch clamp recordings (A and B, respectively), we
observed (insets) uncorrelated interneuron (red) and principal cell (blue) firing before SLE
onset and precise I-before-E firing immediately following the interneuron dominated pre-
ictal burst (PB). C) Instantaneous spike rates calculated at the time of the pre-ictal burst (t=0
is time of pre-ictal burst onset, shaded regions include mean + SEM) further validate that the
elevated interneuron calcium levels observed in Figure 1 are a result of an increase in
interneuron firing rate.
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Figure 3. Intracellular chlorideiselevated during ictogenesis
A) At SLE onset there was a sharp decrease in clomeleon ratio (YFP/CFP), corresponding to
an increase in intracellular chloride. B) Blocking GABAa with 10uM GABAzine eliminated
SLEs and the corresponding high-amplitude chloride transients, leaving interictal-like
discharges at a rate of ~0.1Hz. C,D) Acute slices treated with 4-AP and zero-Mg?+ ACSF
produced similar results to those observed in A,B, indicating that the effect is not specific to
chronically epileptic tissue. E) Aligning chloride measurements at the time of the pre-ictal
bursts reveals a pre-ictal burst-evoked increase in intracellular chloride. The mean chloride
concentration at the time of SLE onset (indicated by * for each of the 8 SLEs) was
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6.27+1.23mM above baseline. A,B, and insets share a scale bar. C and D also share a
scalebar.
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Figure 4. GABA becomes depolarizing during seizure, is necessary for ictogenesis

A) During SLE, chloride increased by 22.95+0.73mM, corresponding to a calculated
26+£3mV depolarization of the GABA, receptor reversal potential. B) GABAp blockade
eliminated SLEs, leaving burst-evoked chloride peaks of 2.97+0.07mM. C) Under control
conditions, organotypic slices produced bouts of electrical activity of short duration,
corresponding to interictal bursting and of long duration, corresponding to SLESs, while D)
GABAzine eliminated prolonged SLEs, leaving behind only short duration events. Log-
spaced bins (but not axes) were used for these histograms to highlight the mixture of many
short-duration events and occasional long-duration events.
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Figureb. Ictal pH changes

Organotypic slices prepared from wild-type mice were stained with the ratiometric pH
indicator SNARF-1 AM. Spontaneous SLEs were apparent (red bar) in a synchronously
recorded field potential (green). Both the polarity (alkali ictal transient) and low amplitude
(0.080 + 0.025, mean+SEM, n=3 slices) of observed pH changes (blue) were insufficient to
account for changes observed in intracellular chloride using Clomeleon.
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Figure 6. Bicarbonate current contributesto ictogenesis

A) In 4-AP-treated acute slices from GIN mice, pharmacologically hyperpolarizing the
GABA reversal potential by blocking intracellular bicarbonate production with
acetazolamide (ACTZ) eliminates SLEs, leaving only interictal bursts. Upon washout of
ACTZ, SLEs return. B) ACTZ reversibly eliminates SLEs in 4-AP (n = 11, ** indicate that
the number of SLEs is significantly different from zero, p<0.05).
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