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Excitatory Effects of Parvalbumin-Expressing Interneurons
Maintain Hippocampal Epileptiform Activity via
Synchronous Afterdischarges
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Epileptic seizures are characterized by periods of hypersynchronous, hyperexcitability within brain networks. Most seizures involve two
stages: an initial tonic phase, followed by a longer clonic phase that is characterized by rhythmic bouts of synchronized network activity
called afterdischarges (ADs). Here we investigate the cellular and network mechanisms underlying hippocampal ADs in an effort to
understand how they maintain seizure activity. Using in vitro hippocampal slice models from rats and mice, we performed electro-
physiological recordings from CA3 pyramidal neurons to monitor network activity and changes in GABAergic signaling during epilep-
tiform activity. First, we show that the highest synchrony occurs during clonic ADs, consistent with the idea that specific circuit dynamics
underlie this phase of the epileptiform activity. We then show that ADs require intact GABAergic synaptic transmission, which becomes
excitatory as a result of a transient collapse in the chloride (Cl ) reversal potential. The depolarizing effects of GABA are strongest at the
soma of pyramidal neurons, which implicates somatic-targeting interneurons in AD activity. To test this, we used optogenetic techniques
to selectively control the activity of somatic-targeting parvalbumin-expressing (PV ) interneurons. Channelrhodopsin-2-mediated
activation of PV * interneurons during the clonic phase generated excitatory GABAergic responses in pyramidal neurons, which were
sufficient to elicit and entrain synchronous AD activity across the network. Finally, archaerhodopsin-mediated selective silencing of PV ©
interneurons reduced the occurrence of ADs during the clonic phase. Therefore, we propose that activity-dependent Cl ~ accumulation
subverts the actions of PV * interneurons to perpetuate rather than terminate pathological network hyperexcitability during the clonic

phase of seizures.

Key words: chloride; epilepsy; GABAA; hippocampus; optogenetics; parvalbumin

Introduction

Epilepsy is a debilitating condition characterized by recurrent
seizures that reflect periods of enhanced excitability and synchro-
nization within brain networks. Most seizures involve two stages:
an initial tonic phase, followed by a longer period of rhythmic
afterdischarges (ADs) known as the clonic phase (McCormick
and Contreras, 2001). Previous studies have focused primarily on
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the initiation of the tonic phase and how a network may generate,
or succumb to, an ictal event (Trevelyan et al., 2006, 2007a,b;
Ziburkus et al., 2006; Zhang et al., 2012; Cammarota et al., 2013).
In comparison, less is known about the cellular and network
mechanisms that maintain the continuing dynamics of the clonic
phase. This phase manifests as ADs during which the network
exhibits almost perfectly synchronous activity, typically in the
form of depolarizing bursts (Trevelyan et al., 2007a; Isomura et
al., 2008; Ilie et al., 2012). Experiments in humans and animal
models support the idea that synchronous network activity in-
creases during a seizure, becoming highest during the clonic
phase (Schindler et al., 2007; Trevelyan et al., 2007a; Kramer et al.,
2012; Schevon et al., 2012; Jiruska et al., 2013). These changes
suggest that specific circuit dynamics underlie clonic ADs, but
the mechanisms underlying the increased synchrony are not
understood.

GABA ;R activation via different GABAergic interneuron sub-
types plays a crucial role in synchronizing network activity (So-
mogyi and Klausberger, 2005). However, in the context of seizure
activity, the effects of GABA R activation may be quite different.
Intense GABA R activity can result in large chloride (Cl ) in-
fluxes (Isomura et al., 2003; Fujiwara-Tsukamoto et al., 2006,



Ellender, Raimondo et al.  Excitatory GABAergic Inputs and Epileptic Afterdischarges

2007), which can result in a collapse in the transmembrane Cl ~
gradient and depolarizing shift in the reversal potential of the
GABA R (Egapaa; Thompson and Gahwiler, 1989; Staley et al.,
1995; Kaila et al., 1997). This depolarizing shift has been sug-
gested to contribute to synchronized activity patterns observed in
epileptiform activity (Michelson and Wong, 1991; Fujiwara-
Tsukamoto et al., 2010). Indeed, GABA 4R activation can be suf-
ficient to induce ADs (Fujiwara-Tsukamoto et al., 2003), and the
activity of subpopulations of interneurons, specifically fast-
spiking interneurons, correlates tightly with ADs (Fujiwara-
Tsukamoto et al., 2006, 2010). However, it is unknown whether
somatic and dendritic compartments exhibit similar depolar-
izing GABA effects during ADs and how this might influence
the contribution of interneurons that target specific subcellu-
lar domains.

Using in vitro models of hippocampal epileptiform activity,
we demonstrate that GABAergic transmission becomes depolar-
izing and excitatory during the clonic phase. The transient depo-
larizing shift in GABAergic signaling is most pronounced at the
soma of hippocampal pyramidal neurons, which means that
somatic-targeting interneurons are well placed to synchronize
excitatory effects across the network. Indeed, selective optoge-
netic activation of somatic-targeting parvalbumin-expressing
(PV™) interneurons is sufficient to trigger and entrain ADs. In
contrast, optogenetically silencing PV * interneurons during the
clonic phase reduces the incidence of ADs. Our results suggest
that, once a seizure is established, GABA released perisomatically
by PV ™ interneurons can perpetuate the seizure through the di-
rect generation of clonic ADs.

Materials and Methods

Animals. Experiments were performed on Wistar rats and PV—Cre mice,
which were bred and housed in accordance with the United Kingdom
Animals (Scientific Procedures) Act (1986) and the Society for Neuro-
science policy on the use of animals in neuroscience research. PV—Cre
mice express Cre recombinase in all PV * neurons and were obtained
from The Jackson Laboratory (http://jaxmice.jax.org/strain/008069.
html) and maintained as a homozygous breeding line.

Viral delivery. Adeno-associated virus serotype 2 (AAV2) carrying fu-
sion genes for channelrhodopsin-2 (ChR2) or archaerhodopsin (Arch)
were injected into the ventral hippocampus of PV-Cre mice between
postnatal days 14 and 21. Typical coordinates from bregma were 2.55
mm lateral, 2.65 mm posterior, and 3.25 mm depth from the surface of
the brain. During the injection, the needle was retracted to a depth of
2.25 mm from the surface of the brain to maximize the spread of virus
throughout the hippocampus. Viral DNA included the double-floxed
sequence for ChR2(H134R)-EYFP driven by the elongation factor 1
promoter or the double-floxed sequence for Arch—GFP driven by the
CAG promoter. AAV2 particles were produced at the University of
North Carolina Gene Therapy Center Vector Core and at the Univer-
sity of Pennsylvania Penn Vector Core. Typical titers were ~10'2
IU/ml, and injection volumes were 300—600 nl. After allowing 4—8
weeks for ChR2 or Arch expression, acute hippocampal slices were
prepared.

Slice preparation. Acute mouse hippocampal slices were prepared from
2- to 4-month-old virus-injected PV—Cre mice. Animals were anesthe-
tized with isoflurane or an intraperitoneal injection of pentobarbital and
then decapitated. Transverse 400 um slices were cut using a vibrating
microtome (Microm HM650V). Slices were prepared in artificial CSF
(aCSF) containing the following (in mm): 65 sucrose, 85 NaCl, 2.5 KCl,
1.25 NaH,PO,, 7 MgCl,, 0.5 CaCl,, 25 NaHCOj3, and 10 glucose, pH
7.2-7.4 [bubbled with carbogen gas (95% O,/5% CO,)]. Slices were
immediately transferred to a storage chamber containing aCSF (in mm):
130 NaCl, 3.5 KCl, 1.2 NaH,PO,, 0.5 MgCl,, 3 CaCl,, 24 NaHCO;, and
10 glucose, pH 7.2-7.4, at 32°C (bubbled with carbogen gas until used for
recording). Organotypic rat hippocampal slice cultures were prepared
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using a method similar to that described by Stoppini et al. (1991). Briefly,
7-d-old male Wistar rats were killed, and the brains were extracted and
placed in cold (4°C) Gey’s balanced salt solution, supplemented with
D-glucose (34.7 mm). The hemispheres were separated, and individual
hippocampi were removed and immediately sectioned into 350-um-
thick slices on a Mcllwain tissue chopper. Slices were rinsed in cold
dissection media, placed onto Millicell-CM membranes, and maintained
in culture media containing 25% EBSS, 50% MEM, 25% heat-inactivated
horse serum, glucose, and B27 (Invitrogen). All drugs were obtained
from Tocris Biosciences and Sigma-Aldrich.

Recording conditions. Hippocampal slices were transferred to a record-
ing chamber and continuously superfused with aCSF bubbled with car-
bogen gas with the same composition as the storage solution (32-35°C
and perfusion speed of 2 ml/min). Neurons within the CA3 pyramidal
cell layer of the hippocampus were visualized under 20X or 60X water-
immersion objectives (Olympus) and targeted for recording. Visualiza-
tion of cells was facilitated with infrared differential interference contrast
or dot contrast microscopy. For the optogenetic experiments, we used
epifluorescence microscopy to select slices that exhibited strong expres-
sion throughout the CA3 region. Arch—GFP experiments were only con-
ducted in slices that exhibited widespread somatic expression in PV ™
interneurons throughout the CA3 region. Whole-cell current-clamp and
voltage-clamp recordings from hippocampal CA3 pyramidal neurons
were performed using glass pipettes, pulled from standard wall borosili-
cate glass capillaries and containing the following: 110 mwm potassium
gluconate, 40 mm HEPES, 2 mm ATP-Mg, 0.3 mm Na-GTP, 4 mm NaCl,
and 4 mg/ml biocytin, pH 7.2-7.3,290-300 mOsm/l osmolarity. Record-
ings were made using Multiclamp 700A, Multiclamp 700B, and Axoc-
lamp 2B amplifiers and acquired using pClamp9 (Molecular Devices) or
WinWCP (University of Strathclyde, Glasgow, UK) software. Gramici-
din perforated-patch recordings (Kyrozis and Reichling, 1995) were per-
formed using glass pipettes containing the following: 135 mm KCl, 4 mm
Na,ATP, 0.3 mm Na;GTP, 2 mm MgCl,, 10 mm HEPES, and 80 pg/ml
gramicidin (Calbiochem), pH 7.38, 290 mOsm/l osmolarity. After ob-
taining a cell-attached patch, the gramicidin perforation process was
evaluated by continuously monitoring the decrease in access resistance.
Recordings were started once the access resistance had stabilized between
20 and 50 M) (mean R, ~35 MQQ), which usually occurred 20—40 min
after gigaseal formation. A series resistance correction of 70% was used.

Stimulation and recording protocols. Hippocampal organotypic slices
have been established as a posttraumatic model of epileptogenesis
(Dyhrfjeld-Johnsen et al., 2010; Berdichevsky et al., 2012). Epileptiform
activity was induced in the organotypic hippocampal slices using four
different models: (1) 0 Mg?* model; (2) 0 Cl~ model; (3) 4-amino-
pyridine (4-AP) model; and (4) spontaneous model. In the 0 Mg>*
model, epileptiform activity was induced by switching the perfusate to
nominally Mg?* -free aCSF (in mm): 120 NaCl, 3 KCl, 1.2 NaH,PO,, 2
CaCl,, 23 NaHCO;, and 11 glucose, pH 7.35-7.40. In the 0 Cl ™ model,
epileptiform activity was induced by switching the perfusate to nomi-
nally Cl ~-free aCSF (in which NaCl, MgCl,, and CaCl, of standard aCSF
were replaced with 120 mm sodium p-gluconate, 1 mm MgSO,, and 3 mm
calcium p-gluconate, respectively). In the 4-AP model, epileptiform ac-
tivity was elicited by adding 50 uMm 4-AP to the standard aCSF (Perreault
and Avoli, 1992). The spontaneous model involved using hippocampal
organotypic slice cultures that had been maintained for >2 weeks in
culture and that are known to generate spontaneous epileptiform activity
in standard aCSF (Dyhrfjeld-Johnsen et al., 2010; Berdichevsky et al.,
2012; Lillis et al., 2012). In a subset of experiments, picrotoxin (100 um)
or gabazine (SR95531 [6-Imino-3-(4-methoxyphenyl)-1(6 H)-pyrida-
zinebutanoic acid hydrobromide], 20 um) was added to block GABA 4 Rs.
To study epileptiform activity in acute slices, aCSF containing 0 mm
MgCl, and 5 mm KCl was superfused at a speed of 6 ml/min (to facilitate
sufficient delivery of oxygen and increase excitability; Hajos et al., 2009),
and epileptiform activity was initiated by delivering a train of electrical
stimuli via a stimulating electrode positioned in CA3 stratum pyramidale
(20 pulses at 100 Hz; Etherington and Frenguelli, 2004).

GABA ,Rs were activated using a Picospritzer (General Valve; 20 psi
for 20 ms) to deliver focal “puffs” of GABA (100 um) via a patch pipette
placed close to either the soma or the dendrites (~150 um from the
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soma). To prevent activation of GABAyRs, the experiments were con-
ducted in the presence of CGP55845 [(25)-3-[(15)-1-(3,4-dichlorophe-
nyl)ethyl]Jamino-2-hydroxypropyl) (phenylmethyl)phosphinic acid] (5
fM). Photoactivation of ChR2 (Zhang et al., 2006) was achieved using
1-ms-duration light pulses via a diode-pumped solid-state laser (473 nm
peak wavelength; Shanghai Laser & Optics Century). The laser was cou-
pled to a 200- or 1000-um-diameter mulitimode optic fiber via a colli-
mating lens (Thorlabs). The tip of the optic fiber was positioned at an
image plane in the microscope in the center of the optical axis and di-
rected into a 20X/1.0 numerical aperture objective lens via a dichroic
mirror. This resulted in a spot of light at the brain slice whose diameter
was 40 or 200 wm, respectively, assuming zero tissue scattering. Photo-
activation of Arch (Chow et al., 2010) was achieved via a wide-field,
ultra-bright green LED (530 nm peak; Luxeon) placed directly under the
slice chamber.

Analysis of intracellular recordings. Data were analyzed offline using
custom-written programs in Igor Pro (Wavemetrics) or MATLAB
(MathWorks). Postsynaptic potentials (PSPs) were defined as upward or
downward deflections of >2 SDs from baseline. ADs were defined as
large-amplitude (>2 SDs above baseline noise) upward deflections of
>200 ms in duration in 0.1 Hz high-pass and 10 Hz low-pass filtered
intracellular recordings. When using focal puffs of GABA, the value of
GABA potentials was defined as the peak GABA-induced membrane
potential deviation (excluding action potentials). When optically activat-
ing ChR2-expressing PV " interneurons, the value of postsynaptic
GABAergic responses was defined as the average induced membrane
potential deviation during a 200 ms period immediately after optical
activation. To measure the E 5 during epileptiform activity, record-
ings were rapidly alternated between current-clamp and voltage-clamp
modes. The current-clamp periods allowed the monitoring of epilepti-
form activity, whereas the periods in voltage clamp (2 s duration) were
used to measure Eg,paa With voltage ramp protocols. Each period in
voltage clamp consisted of two consecutive voltage ramps (500 ms dura-
tion, ramping from —90 to —40 mV). The first ramp was applied under
baseline conditions, and the second ramp was applied during activation
of GABA,Rs by local application of GABA. This made it possible to
construct [-V plots of the holding current generated by the first ramp and
the total current generated by the second ramp (reflecting the holding
current plus the current through the activated GABA,Rs). E; an Was
defined as the voltage at which the holding current and the total current
intersected.

To compare Cl ~ accumulation in different subcellular compartments,
Cl™ loads were elicited by stepping the membrane voltage to different
potentials for 2 s and activating GABA sRs with a GABA “loading” puff
directed at either the soma or the dendrite (100 ms after the start of the
voltage step). Larger depolarizing voltage steps resulted in stronger driv-
ing forces on the GABA,R and therefore larger Cl~ loads, which were
defined as the area under the GABA,R current (expressed in picocou-
lombs), after adjusting for the holding current associated with the voltage
step. Current—voltage curves were then generated by plotting the peak
GABA R current as a function of holding potential, from which resting
the E;apan Was defined as the x-intercept value and the peak GABA,R
conductance ( goapaa) as the slope. To measure the effect of Cl~ loads
on Egpanrasecond “test” puff was then delivered 100 ms after the end of
the voltage step and therefore 2 s after the first GABA puff. To estimate
E apaa from the test puff, we assumed a constant g, across the two
GABA puffs and used the resting E; g and ggapan (calculated as de-
scribed above) to solve the following equation:

GABA R current = g; a4 (holding potential — Eg pa4)-

To assess the degree of synchronous activity, Pearson’s correlation coef-
ficients were calculated from simultaneous current-clamp recordings in
two CA3 pyramidal neurons. Recording epochs were compared during
the period before epileptiform activity, the tonic phase, the AD phase,
and the period after the epileptiform activity. Correlation coefficients
were calculated across 8 s time windows in each case, except for the tonic
phase in acute slice recordings in which the entire phase was used (mean
duration, 2.0 = 0.3 s;n = 17).
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Modeling. To investigate the effects of estimating E sy » from somatic
recordings, a multicompartmental model of a rat CAl hippocampal
pyramidal neuron at postnatal day 14 was constructed in the NEURON
simulation environment (Carnevale and Hines, 2006). The morphology
of the neuron was sourced from NeuroMorpho.Org (Ascoli, 2006) and
based on a reconstruction performed by Scorza et al. (2011) (NeuroMor-
pho.Org identification number NMO_07263). Model parameters were
assigned as follows: (1) membrane capacitance, C,, = 1 wF/cm?; (2) axial
resistance, R, = 150 {}/cm; (3) passive membrane reversal potential, e,
= —70 mV; and (4) passive membrane conductance, g,,; = 61.0 uS/
cm?. This equated to a total input resistance (R;) of 233 M), as measured
by simulated voltage clamp at the soma and that matched the experimen-
tally observed R, recorded under baseline conditions (233.1 = 23.7 M(},
n = 8; see Fig. 3D-F). To simulate a drop in R; during the AD phase, g,,,
was increased to 157.2 uS/cm?, which equated to an R; of 110 M{) and
matched the experimentally observed R; recorded during the putative
AD phase (110.3 = 6.6 M(), n = 8; see Fig. 3D-F). Activation of
GABA,Rs via a GABA puff was simulated by placing 20 GABA,R-
containing synapses within a 10 uwm radius of either the center of the
soma (“simulated somatic GABA”) or within a 10 wm radius of a point
on the apical dendrite, 150 um from the soma (“simulated dendritic
GABA”). The GABA response was simulated by using an alpha function
with a tau of 250 ms, and the cumulative peak conductance of all 20
GABA synapses (whether at the soma or dendrite) was set to 9.09 nS,
reflecting the fact that the experimentally measured peak GABA conduc-
tance when puffing over the soma was 9.09 * 1.35 nS (n = 8; see Fig.
3D-F). No active conductances were included in the model. To recreate
the experimental measurements of E;,paa> @ simulated voltage clamp
was placed at the soma of the modeled neuron, and two consecutive
voltage ramps were then applied: one before and one during the simu-
lated activation of GABA,Rs. The resulting traces were then used to
construct I-V plots, and Eg 54 Was defined in the same way as for the
experimental recordings (see above).

To simulate the effect of compartment size on intracellular Cl ~ con-
centration [Cl ~]; changes, a single-compartment model was generated
in MATLAB (MathWorks). This compartment was modeled as a cylinder
with a length of 50 wm. The volume of the cylinder was altered by adjust-
ingits radius from 1 to 10 wm. Initial [Cl ™ ]; was set to 4.0 mm, equivalent
to an initial E;ygpx of —80mV. Cl ™ loads of between 0 and 400 pC were
applied, and the resulting change in [Cl ]; was determined. No Cl
extrusion mechanisms were included in the model.

Histological analyses. After intracellular recording, the slices were fixed
overnight in 4% paraformaldehyde and 15% saturated picricacidin 0.1 M
phosphate buffer, pH 7.4, at 4°C. For immunofluorescence, the slices
were washed and embedded in 5% agar and resectioned at 50 um on a
vibrating microtome (VT1000S; Leica). All sections were preincubated in
10-20% normal donkey serum (NDS; Vector Laboratories) in PBS for
>1 h at room temperature. Biocytin-filled cells were visualized by incu-
bating sections in 1:10,000 streptavidin-405 conjugate (Invitrogen) in
PBS containing 0.3% Triton X-100 (PBS-Tx) overnight at 4°C. YFP ex-
pression was visualized by incubating sections in 1:1000 chicken anti-
GFP (Aves Labs) in PBS-Tx and 1% NDS overnight at 4°C, followed by
1:500 donkey anti-chicken-488 fluophore (Jackson ImmunoResearch)
in PBS-Tx for 2 h at room temperature. Finally, all sections were
mounted in Vectashield (Vector Laboratories), and images were cap-
tured with an LSM 710 (Zeiss) confocal microscope using ZEN software
(Zeiss) or Leica DM5000B epifluorescence microscope using Openlab
software (PerkinElmer Life and Analytical Sciences). For DAB immuno-
cytochemistry, the slices were processed using standard protocols, and
images of biocytin-filled cells were captured with a Leica DM5000B mi-
croscope. The distance between pairs of DAB-labeled CA3 pyramidal
neurons was measured as the linear distance between the center of their
somata.

Statistics. All data are presented as means * SEMs. Student’s ¢ test were
performed using SPSS 17.0 (IBM SPSS statistics) or GraphPad Prism
version 5.0 (GraphPad Software; *p < 0.05, **p < 0.01, ***p < 0.001).



Ellender, Raimondo et al.  Excitatory GABAergic Inputs and Epileptic Afterdischarges

J. Neurosci., November 12, 2014 - 34(46):15208 15222 + 15211

A B AD phase C
DG
Y)’ t, r=027 t, r=059
cas
CA1
i 2mV 20 mV
L Pyramidal neurons ds s
t, r=0.94 t, r=003
10 mV 5mV
s [1s
el 0 Mg?* AD phase 140 ek
1.0 (g % 10mV g *kk
% 205 5120
0.8 »
9 g 100 &
Q.
0.6 % a
S °© S g0
S 04 © ocr : 3
s e 10 mv S 60
8 02 o g 10's &
Y i & 401 °
5 —_
or % g g 20 _cL
02 ) 0 Mg?* + picrotoxin § é
o 10 mv 0 - -
< © 2 < 0 Mg?* ocCr 0 Mg#
‘Zf%\/ Q‘QE) é&é \’%\/ g + picrotoxin
CONFCAIC I
,\0

Figure1.

Synchronous ADs depend on GABAergic transmission. 4, Diagram of the experimental setup (top), which involved simultaneous whole-cell patch-clamp recordings from two pyramidal

neurons at either end of the CA3 region of an organotypic hippocampal brain slice. Image of a slice (bottom) showing the location of the two CA3 pyramidal neurons targeted for recording. B, Dual
whole-cell current-clamp recordings of an SLE induced by removing Mg 2" from the slice perfusate (0 Mg " seizures). Four epochs representing the pre-SLE period (t,), tonic phase (t,), AD phase
(t;), and post-SLE period (t,) are denoted by dashed rectangles. €, Insets show the four epochs in B, with recordings from the two neurons superimposed to reveal the extent of synchronous activity.
The Pearson’s coefficient (r) was calculated from a direct linear correlation of the two raw traces during each epoch (8 s duration). The values demonstrate that the degree of correlation increased
significantly during the SLE and peaked during the AD phase. D, Population data showing a significant increase in correlated activity between pairs of CA3 pyramidal neurons during the AD phase
compared with the tonic phase of 0 Mg ® " -induced seizures (***p << 0.001, t test). £, Representative current-clamp recordings from CA3 pyramidal neurons during epileptiform activity evoked
underthree different conditions: (1)a0 Mg 2™ SLE (top, black trace); (2) an SLE elicited by removing CI ~ from the aCSF (0Cl ~ SLE; middle, blue trace); and (3) an SLE elicitedin 0Mg ™ -+ picrotoxin
(bottom, green trace). Note that the latter two SLEs lack ADs. F, Models of epileptiform activity that reduce or abolish GABAergic signaling lack ADs (***p << 0.001, t test).

Results

Highly synchronous epileptiform ADs in the hippocampus
depend on GABAergic transmission

Epilepsy is characterized by periods of hypersynchronous, hyper-
excitability within brain networks (Jiruska et al., 2013). To inves-
tigate the cellular basis of hypersynchronous activity during
epileptiform activity in the hippocampus, we performed dual
whole-cell current-clamp recordings from pairs of pyramidal
neurons in the CA3 region of hippocampal organotypic slices and
induced epileptiform activity by removing Mg>" from the slice
perfusate (Anderson et al., 1986; Mody et al., 1987; Gutiérrez et
al., 1999; Avoli et al., 2002; Fig. 1A). In accordance with previous
studies, the resulting epileptiform activity displayed a character-
istic tonic—clonic structure. The tonic phase was characterized by
a strong and sustained depolarization of the membrane potential
(>40 mV), on which occurred high-frequency, low-amplitude
discharges (Fig. 1 B, C,E). This then transitioned into the clonic or

AD phase (Higashima et al., 1996; Trevelyan et al., 2007a; Iso-
mura et al., 2008), which was characterized by a relatively hyper-
polarized membrane potential with overlying high-amplitude
rhythmic bursts (i.e., ADs), each lasting >200 ms. We refer to the
period of activity encompassing both the tonic and AD phase as
the seizure-like event (SLE).

Our dual recordings enabled us to assess the degree of syn-
chronization during epileptiform activity. Using linear correla-
tion as a measure of synchronization (Jiruska et al., 2013), we
compared (1) the pre-seizure period before the SLE had initiated,
(2) the tonic phase of the SLE, (3) the AD phase, and (4) the
post-seizure period after the SLE had ended (Fig. 1 B, C). Consis-
tent with previous work, the correlation and hence synchrony
observed during the tonic and AD phases were markedly in-
creased compared with pre- and post-SLE levels (pre-SLE, r =
0.10 = 0.05; tonic, r = 0.80 = 0.03; AD, r = 0.95 = 0.01; and
post-SLE, r = 0.06 * 0.04; p < 0.001, paired t-tests, n = 18; Fig.



15212 - J. Neurosci., November 12, 2014 - 34(46):15208 —15222

A 0 Mg?*

~
N

M ,

GABA

t l t

NN

05s

Ellender, Raimondo et al. @ Excitatory GABAergic Inputs and Epileptic Afterdischarges

4-AP

Spontaneous

~
~

1 2

ol
“ |ls
o s
\.

I
i
|-
1
I
l

. i
I

B

Wmmmw

GABA GABA

t l t

2

5mv |_ L L L L
C *kk *kk *kk
| L—— | L—— |
n.s. - n.s. - n.s
< S — S
c 40 E 35 E 30
= 35 T 30 & T 25
= 30 e 25 T 20
c [0} Q I
£ 25 N S 20 B 15
a 20 Q Q
3 15 BB 8
Q - =
s 10 g 1 5>
S 3 5 g o
@ 5 o @
E o0 E oo I E 5t = \\
% -5 = = é.:g _s5 §_10
< -10 -10 -15
o 2 o 2 o )
I ¥ & & N s & NG
Q¥ of & Q¥ o8 & Q¥ of &
w Q © Q v <

Figure 2.

Transient depolarizing shifts in postsynaptic GABAergic signaling are a general feature of epileptiform activity. A, The postsynaptic response to GABA,R activation was investigated in

three in vitro models of epileptiform activity: (1) a 0 Mg model (left); (2) a 4-AP model (middle); and (3) a spontaneous model (right). Gramicidin perforated patch-clamp recordings in
current-clamp mode were made from CA3 pyramidal neurons, and GABA,R-mediated responses were elicited every 10 s by delivering a puff of GABA (100 wum) to the cell soma. When individual
responses to GABA could be clearly identified on the background activity, the effect on the membrane potential was calculated and defined as the GABA-mediated potential (blue circles). Note how
GABA-mediated potentials became depolarizing during all three models of epileptiform activity. B, Representative GABA-mediated potentials corresponding to the dashed boxesin A. In many cases,
the depolarizing effect of the GABA puff was sufficient to generate action potentials. C, Population data demonstrate that GABA,R activation had a pronounced depolarizing effect on the membrane

potential during the AD phase (***p << 0.001, paired  test).

1C,D). Furthermore, the degree of correlated activity was ob-
served to increase as the epileptiform activity progressed, with the
level of correlation reaching its highest levels during the AD phase
and being significantly greater than during the tonic phase (r =
0.95 vs 0.80; p < 0.001, paired samples ¢ test). Therefore, the AD
activity that constitutes the clonic phase represents a particularly
synchronous form of network activity that emerges during epi-
leptiform activity.

GABAergic transmission has been shown to play a central role
in the synchronization of neuronal activity during physiological
and pathological network states (Michelson and Wong, 1991;
Cobb et al., 1995; Klausberger et al., 2003; Aradi and Maccaferri,
2004; Zsiros et al., 2007; Ellender et al., 2010). To test whether
GABAergic transmission plays an important role during the
highly synchronous AD phase, we examined two models in which
GABAergic signaling was disrupted. First, GABA,Rs were
blocked with picrotoxin (100 uMm) during the induction of epi-
leptiform activity with the 0 Mg>* model. Second, epileptiform

activity was induced usinga 0 mM Cl ~ model in which the driving
force for GABA ,Rs is removed by eliminating Cl ~ from the aCSF
(Yamamoto and Kawai, 1967; Chamberlin and Dingledine,
1988). Both of these models resulted in shorter SLEs that almost
entirely lacked ADs (0 Mg>" model, 30.3 = 6.2 ADs per SLE, n =
36; 0 Mg®" model + 100 uM picrotoxin, 0.7 = 0.1 ADs per SLE,
n = 26;0Cl model, 0.4 = 0.2 ADs per SLE, n = 31; p < 0.001,
ttests; Fig. 1 E,F). We next set out to determine how GABAergic activity
might contribute to the generation of highly synchronous ADs.

GABAergic transmission becomes excitatory during the AD
phase of epileptiform activity

Strong activation of GABA,Rs can lead to intracellular CI ™~ ac-
cumulation and a change in the driving force for GABA ,Rs (Sta-
ley and Proctor, 1999). To examine potential changes in
GABAergic transmission during the AD phase of hippocampal
seizure activity, we performed gramicidin perforated patch-
clamp recordings from the soma of CA3 pyramidal neurons dur-
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Epileptiform activity causes a transient depolarizing shift in £,g4, that is most pronounced at the somatic compartment. A, To measure £ g4, during epileptiform activity, gramicidin

perforated patch-clamp recordings were performed and the mode was rapidly switched from current-clamp (CC) to brief periods in voltage clamp (1.5 s duration) every 10's. While in voltage clamp,
two consecutive voltage ramps were applied: (1) the first without GABA application (—GABA); and (2) the second paired with GABA application (+GABA; see Materials and Methods). B, A
representative recording from a CA3 pyramidal neuron (top) in which £¢,g4, Was estimated during the AD phase. To eliminate the effects of ongoing spiking activity on £z, measurements, TTX
(1 um) was applied after SLE onset (horizontal gray bar). Because this blocked ADs, we refer to this as the putative AD phase. £¢ga, values are indicated by the blue circles, and the dashed boxes
highlight periods during the pre-SLE period (t,), putative AD phase (t,), and post-SLE period (t,). /-V/ plots (bottom) were used to define £¢g,4 as the voltage at which the holding current (from the
first ramp; black line) and the total current (from the second ramp and reflecting the holding current plus the current through GABA,Rs; gray line) intersect. Note that (Figure legend continues.)
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ing 0 Mg>*-induced epileptiform activity. This recording
configuration avoids disruption of the [Cl " ]; of the neuron (Ky-
rozis and Reichling, 1995). The membrane potential was mea-
sured in current-clamp mode, and GABA,Rs were activated by
delivering brief puffs of GABA (100 uM) to the soma of the re-
corded neuron every 10 s in the presence of a GABAy receptor
antagonist (CGP55845, 5 uMm). GABA-mediated potentials were
defined as the change in membrane potential after GABA,R
activation (excluding action potentials) relative to resting mem-
brane potential before SLE onset. Before the start of SLEs, GABA-
mediated potentials were hyperpolarizing compared with the
resting membrane potential, with a mean value of —3.9 = 0.6 mV
(n = 11). However, during the AD phase of SLEs, GABA-
mediated potentials became significantly depolarizing (23.8 =
1.6 mV, p < 0.001, paired samples ¢ test, n = 11). Indeed, during
the AD phase, GABA 4R activation could independently generate
action potentials, revealing that E; 5,4 exceeded the action po-
tential threshold (Fig. 2B). This recovered in the post-SLE period
when GABA R potentials returned to pre-SLE levels (—3.5 = 0.6
mV; Fig. 2A-C, left).

A similar SLE-induced depolarizing shift in GABAergic trans-
mission was observed in two additional in vitro models of seizure
activity: (1) the 4-AP model in which the voltage-gated K * chan-
nel antagonist 4-AP (50 um) was added to the bath solution (Per-
reault and Avoli, 1992); and (2) the spontaneous model in which
hippocampal organotypic slices are maintained in culture until
they spontaneously generate epileptiform activity in standard

<«

(Figure legend continued.) E¢pgan Was at hyperpolarized values in the pre-SLE period, switched
to depolarizing values during the putative AD phase, before eventually recovering post-SLE. C,
Population data showing that £yg,, is significantly more depolarized during the putative AD
phase than during the pre-SLE or post-SLE periods (***p << 0.001, paired ¢ test). D, Using a
similar recording configuration, SLE-induced depolarizing shiftsin £, Were compared along
the somatodendritic axis of CA3 pyramidal neurons by locally applying GABA to either the
dendritic (red) or somatic (blue) compartment. E, /-V/ plots in which dendritic (top) and somatic
(bottom) E¢apan Was measured during the pre-SLE period (left), putative AD phase (middle),
and post-SLE period (right). Note that, during the putative AD phase, both somaticand dendritic
Ecagan Nad become depolarizing but that the E¢ g, , shift was greater at the soma. £, Population
data showing that SLE-induced depolarizing shifts in £, are more pronounced at the soma.
Somatic £;gas tends to be more negative than dendritic £z, in the pre- and post-seizure
periods, but this relationship is inverted during the putative AD phase (*p << 0.05 and **p <
0.01, paired t test). G, A multicompartmental model of a rat hippocampal pyramidal neuron
with GABA,Rs at the soma (blue circles) and dendrite (red circles) was generated in the NEURON
simulation environment and used to assess the effect of estimating dendritic £¢,g,, from so-
matic recordings. H, To parallel the experimental recordings, £, Was calculated from volt-
age ramp protocols delivered to the soma of the model neuron before and during the simulated
activation of GABA,Rs. The simulated GABA conductance was delivered to the soma (left), to the
dendrite under baseline conditions (middle; R, = 233 m(2), or to the dendrite when the R, was
reduced to match that observed during the AD phase (right; R, = 110 m(2). In the example
shown, £¢gaa Was set to —45 mV throughout the somatic and dendritic compartments. The
traces (bottom) show the membrane potential and current recorded from the soma of the
model neuron (black traces) and the membrane potential actually achieved in the compartment
where the simulated GABA conductance was delivered (colored traces). Note that, for somatic
GABA, the membrane potential shows no space clamp error (left; blue trace overlaps black
trace). In contrast, avoltage ramp in the soma is not able to fully clamp the dendrite (middle; red
trace), and this is accentuated when the R; is reduced (right; green trace). The effects on esti-
mates of £;pa4 are illustrated in the corresponding /-V plots (top). In each case, the intersec-
tion of the gray and black lines indicates the £;,ga, estimated from the soma, whereas the
intersection of the colored traces shows the actual £,g,, in the relevant compartment (i.e.,
after accounting for space clamp). Note that, for the somatic GABA (left), the estimate of F¢ygxa
overlaps with the actual £;ygy,. In contrast, estimates of dendritic £¢ga, from the soma are
more depolarized than the actual £y, (middle), and this is accentuated when R; decreases
(right). 1, For depolarized £ g, values, estimates of dendritic £;,5,,, made from the soma are
more depolarized than the actual dendritic £.
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aCSF (Dyhrfjeld-Johnsen et al., 2010; Berdichevsky et al., 2012;
Lillisetal.,2012). For the 4-AP model, GABA R potentials shifted
from —1.0 = 2.1 mV in the pre-SLE period to 28.5 * 0.7 mV during
the AD phase (p < 0.001, n = 5). Meanwhile, for spontaneously
generated SLEs, GABA,R potentials shifted from —5.0 = 0.9 mV
during the pre-SLE period to 18.0 = 1.7 mV (p < 0.001, n = 15)
during the AD phase (Fig. 2A—C, middle and right). This demon-
strates that pronounced depolarizing shifts in GABA,R potentials
are a general feature of the AD phase during epileptiform activity.

Epileptiform activity causes transient depolarizing shifts in
E;apaa that are most pronounced within the somatic
compartment of pyramidal neurons

To confirm that the depolarizing GABAergic potentials observed
during the AD phase were attributable to a transient collapse in
the driving force for the GABA 4R, we used gramicidin recordings
to perform measurements of Eg,,, during epileptiform activ-
ity. The recording configuration was rapidly switched between
current-clamp mode and brief periods in voltage-clamp mode,
during which a voltage ramp protocol was used to generate a
rapid estimate of Eg a4 (Fig. 3A). Because large membrane poten-
tial changes interfered with the estimate of E g4, measurements
were made immediately after the tonic phase or in SLEs in which the
ADswere abolished by fast superfusion of tetrodotoxin (TTX; 1 um).
Therefore, we refer to our E;,z, measurements as relating to the
putative AD phase. As shown in Figure 3, B and C, epileptiform
activity produced a pronounced shift in Egygaa 0f 28.8 + 3.1 mV
(p <0.001; n = 8) during the putative AD phase. Within 60—80 s
after SLE offset, E;opaa had recovered to baseline levels (p = 0.3
compared with pre-SLE levels, f test). Because intracellular Cl ~ is the
major determinant of Eg a4, the observed depolarizing shift in
Eapan is consistent with an SLE-induced accumulation of intracel-
lular Cl~ that is evident during the AD phase.

Hippocampal pyramidal neurons receive GABAergic synaptic
input across their somatodendritic axis (Klausberger and Somo-
gvi, 2008). To determine whether SLE-induced shifts in GABA R
signaling might differ between subcellular compartments, we
performed gramicidin perforated patch-clamp experiments in
which we selectively activated either somatic or dendritic
GABA ,Rs. By rapidly switching from current-clamp to voltage-
clamp mode and by puffing GABA at two independent locations
on the postsynaptic neuron, Eg,paa could be calculated at both
somatic and dendritic locations (~150 wm from the soma; Fig.
3D,E). The SLE-induced depolarizing shift in E; 5, Was more
pronounced in the somatic compartment than in the dendritic
compartment of CA3 hippocampal pyramidal neurons. Al-
though both compartments experienced a depolarizing shift in
Eiapaa (Fig. 3E), the shift in Egypaa during the putative AD
phase was 7.1 = 1.6 mV greater at the soma than at the dendrites
(p <0.01; n = 8; Fig. 3F). This somatodendritic difference can-
not be accounted for by space-clamp effects associated with so-
matic voltage-clamp recordings. Computer simulations using a
multicompartmental model of a rat hippocampal pyramidal neu-
ron (Fig. 3G; see Materials and Methods) demonstrated that, for
measurements made from the soma, depolarized dendritic
Eapan Values tend to be overestimated in terms of the degree of
depolarizing shift and that this effect increases when the R; of a
neuron drops, as occurs during the putative AD phase (Fig. 3 H, I;
see Materials and Methods). Therefore, our observed somato-
dendritic difference in E;pa, shifts is best explained by either
increased activity of soma-targeting GABAergic inputs during
SLEs or biophysical differences in compartment susceptibility to
Cl™ loads.
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Figure4. Because of their larger volume, the somatic compartments of neurons are more resistant to (I ~ accumulation than dendritic compartments. 4, Gramicidin voltage-clamp recordings
from hippocampal CA3 pyramidal neurons in which GABA,Rs were activated by puffing 100 um GABA to either the dendritic compartment (red) or somatic compartment (blue). Different sized CI —
loads were elicited by depolarizing the membrane potential (for 2 s in increasing 2.5 mV depolarizing steps) and simultaneously activating GABA,Rs (100 ms after the start of the step). Larger
depolarizing voltage steps resulted in stronger driving forces on the GABA,,R and therefore larger CI ~ loads. At 100 ms after the end of the voltage step (and therefore 2 s after the loading GABA puff),
a second test GABA puff was delivered to estimate whether £, had changed. B, When the puffer pipette was positioned over the dendritic compartment, increasing amounts of CI ~ loaded by
the first puff affected the size and direction of GABA,R currents to the test puff. C, This effect was not as evident when similar I ~ loads were generated at the somatic compartment. D, Population
data from organotypic hippocampal slices showed that the dendritic compartment of hippocampal pyramidal neurons is more susceptible toa Cl ~ load than the somatic compartment. E, A similar
relationship between the dendritic and somatic compartments was evident in acute slices. F, A single-compartment model was used to simulate the effect of compartment volume on CI
accumulation. The compartment was modeled as a cylinder with a length of 50 um and radius varying from 1to 10 um. Smaller-volume compartments (warmer colors) resulted in larger increases

in [Cl "], fora given I~ load.

Compared with the soma, dendrites are intrinsically more
prone to C1 ™~ accumulation and a collapse in Eg 45,

To investigate whether subcellular compartments of a neuron
differ in their ability to deal with an exogenous Cl~ load, we
performed gramicidin perforated patch-clamp recordings from
hippocampal pyramidal cells while GABA was locally applied by
puffer pipette either to the soma or the dendrites (Fig. 4A). An
initial loading GABA puff was followed by a subsequent test
GABA puff (both 20 ms). The amount of Cl ™ entering the cell
during the loading puff could be varied by changing the mem-
brane potential at which the GABA puff was applied. More pos-
itive membrane potentials, by being farther from resting E;opaas
served to increase the driving force for Cl~ across activated
GABA ,Rs. The test GABA puff was always applied at the same
membrane potential and allowed E;yp4, and hence [Cl ™ ]; to be
calculated (see Materials and Methods). Although Cl™ influx
elicited by puffing over the dendrites had an obvious effect on the
size and direction of the current evoked by the test puff (Fig. 4B),
a much reduced effect was seen when Cl~ was loaded over the
soma (Fig. 4C). Population data confirmed this difference (Fig.
4D, E). The slope of the linear fit between Cl ~ load and change in
[Cl7]; was significantly steeper for GABA,R currents elicited
over the dendrites (37.84 = 4.38 mm/nC) as opposed to the soma
(5.85 = 0.89 mm/nC; p < 0.0001, ¢ test; Fig. 4D) in organotypic
hippocampal slices. Similarly in acute slices, the slope of the lin-

ear fit between Cl~ load and change in [Cl " ]; was significantly
steeper for the dendritic compartment (72.20 = 10.46 mM/nC)
compared with the somatic compartment (16.02 * 1.040 mm/
nGC; p < 0.0001, ¢ test; Fig. 4E). These data are consistent with
the idea that the volume of the subcellular compartment affects
the rate of Cl ~ accumulation. To confirm this, we simulated the
effect of Cl™ loads on [Cl ]; changes using a single-
compartment cylindrical model of different volumes. For a given
Cl™ load, a smaller volume compartment resulted in larger in-
creases in [Cl | (Fig. 4F).

These observations support the conclusion that the dendritic
compartment is generally more susceptible to Cl ~ loads than the
somatic compartment. Therefore, the larger depolarizing shift in
Eanan Observed at the soma during epileptiform activity cannot
be accounted for by biophysical differences between these two
compartments. Rather, it is consistent with previous evidence
that somatic-targeting GABAergic inputs are relatively more ac-
tive during epileptiform activity than their dendritic-targeting
counterparts (Fujiwara-Tsukamoto et al., 2010).

GABAergic inputs from PV * interneurons become excitatory
during epileptiform activity and can elicit ADs in pyramidal
neurons

The large depolarizing shift in Eg g, Observed at the soma of
pyramidal neurons suggests that somatic-targeting GABAergic



15216 + J. Neurosci., November 12, 2014 - 34(46):15208 -15222 Ellender, Raimondo et al. @ Excitatory GABAergic Inputs and Epileptic Afterdischarges

A Electrical stimulation Laser activation of ChR2
I

Biocytin

10 mV
qq;;&\ ChR2-expressing PV" interneurons 2L
150—Mm L Pyramidal neurons ChR2 activation ChR?2 activation
D Lo Ly L Ls
M ’ — SLE
* *
\imv
5s
N
N
L1 |-2 I-4 L5
e L * ,\J\\N " \io"évms
E —O— SLE F (s G
1.01
. 0.6} |—|*
E . 0.4} —0.8f —x
5 > 00 T 209
5 % [T T T R N T M B 2
= 8 o8, ChR2 activation -8 0-4f
(0] o [o%
% a 0.6} 2
*g <D( : < 0.2}
5L o2 0.0l = I_TI_I
< 2 < “I & 2 & Lo
Q@?V @Q\\Q,@ & ool W\WH“M (1] { \} “I{\ ‘I | H} I @00;@*\ o\%@‘;%\%@@
7/ 7/
¢ No ChR2 activation Q’iq,@ <€ Q,QQ

Figure5. GABAergicinputsfrom PV ™ interneurons become excitatory during epileptiform activity and can elicit ADs in pyramidal neurons. A, The experimental setup consisted of a hippocampal
slice containing PV * interneurons expressing ChR2—YFP. Individual CA3 pyramidal neurons were patched and epileptiform activity was initiated via a stimulating electrode placed in the pyramidal
cell layer. B, Recordings from the ChR2-YFP cells confirmed that they exhibit the characteristic /-V/ relationship and spiking activity of PV ™ fast spiking interneurons (top right) and that optical
activation with blue laser pulses (473 nm, 1 ms duration) elicited action potentials in these cells (bottom left). €, Activating PV * ChR2-expressing interneurons elicited an IPSP in nearby CA3
pyramidal neurons (bottom left), which was blocked by application of a GABA,R antagonist (SR95531, 200 nm). Here the CA3 pyramidal neuron was filled with biocytin during recording and revealed
post hoc using streptavidin-405 (red). Note the restricted localization of YFP  fibers (green) in the pyramidal cell layer, as delineated by Niss! staining (blue). D, Representative recording (top) from
a (A3 pyramidal neuron in which electrical stimulation led to the initiation of an SLE (black trace) and a control trial in which the stimulation intensity was reduced below the threshold for eliciting
an SLE (gray trace). Every 105, PV * ChR2-expressing interneurons were optically activated, and example postsynaptic responses (bottom) are shown for different time points (L,—Ls). Note the
change in the postsynaptic response after activation of the PV ™ interneurons from a hyperpolarizing response in the pre-SLE period, to depolarizing and excitatory responses during the AD phase,
and back to hyperpolarizing in the post-SLE period. £, The mean postsynaptic response after optical activation of PV * interneurons was depolarizing during the AD phase (Figure legend continues.)
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interneurons would be well placed to coordinate excitatory
activity during the AD phase. To investigate this, we used an
optogenetic approach to isolate and selectively activate PV "
interneurons during different phases of epileptiform activity. PV
is expressed by a large proportion of somatic-targeting interneu-
rons in the hippocampus, including basket cells and axo-axonic
cells (Klausberger et al., 2003; Somogyi and Klausberger, 2005).
To express ChR2-YFP in PV * interneurons, we used injections
of AAV?2 containing the double-floxed sequence for the light ac-
tivatable channel ChR2-YFP in the ventral hippocampus of PV—
Cre mice (Fig. 5A). After a survival time of 4—8 weeks, which
enabled sufficient expression of ChR2-YFP in the somata and
axonal arbors of the PV * interneurons, transverse hippocampal
slices were prepared. Fluorescence illumination revealed a dense
network of YFP-positive fibers localized to stratum pyramidale
and consistent with a perisomatic axonal projection pattern (Fig.
5C). We found that short, 1 ms blue laser (470 nm) light pulses
delivered to stratum pyramidale of the slice generated single ac-
tion potentials in fast-spiking YFP * neurons (Fig. 5B). Con-
versely, whole-cell current-clamp recordings from postsynaptic
CA3 pyramidal neurons showed pronounced IPSPs after blue
laser light pulses (1 ms, 470 nm), which were mediated by
GABA ,Rs because they could be blocked by bath application of
the GABA R antagonist SR95531 (200 nm; n = 3; Fig. 5C).

To investigate how the postsynaptic effects of PV * interneu-
rons change during epileptiform activity, we elicited SLEs and
optically activated PV ™ interneurons in stratum pyramidale (Fig.
5A,D). SLEs were facilitated in acute slices by superfusion with
aCSF containing 0 mm Mg>" and 5 mm K at a rate of 6 ml/min
(Anderson et al., 1986; Mody et al., 1987; Gutiérrez et al., 1999).
The onset of SLEs was controlled by delivering a brief train of
electrical stimuli (20 pulses at 100 Hz) via a stimulating electrode
positioned in CA3 stratum pyramidale (Etherington and Fren-
guelli, 2004). Once the correct stimulation intensity was identi-
fied, SLEs could be elicited every 10 min. Whole-cell patch-clamp
recordings from CA3 pyramidal neurons (Fig. 5D) confirmed
that the epileptiform activity exhibited an initial tonic compo-
nent (characterized by a pronounced depolarization of the mem-
brane potential), which again transitioned into a clonic phase
characterized by a relatively hyperpolarized membrane potential
with rhythmic high-amplitude bursts (ADs) that were hypersyn-
chronous across the CA3 region (Fig. 6D). Optical activation of
PV " interneurons (with 1 ms laser pulses every 10 s for the du-
ration of the recording) enabled us to investigate the postsynaptic
effects of PV ™ interneurons before, during, and after epilepti-
form activity. PV " interneuron-mediated PSPs were hyperpolar-
izing in the pre-SLE period but became robustly depolarizing
during the AD phase (pre-SLE, —1.73 = 0.35 mV; AD phase,
12.08 = 1.00 mV; p < 0.01, paired samples ¢ test; # = 26) and then
returned to hyperpolarizing after the SLE (post-SLE, —1.63 =
0.42 mV; p < 0.01, paired samples ¢ test; n = 26; Fig. 5D, E). In
control trials in which the stimulation intensity was below the

<«

(Figure legend continued.) but hyperpolarizing during the pre- and post-SLE periods (**p <
0.01, ttest). F, Activation of PV ™ interneurons evokes ADs during the AD phase. Histogram (200
ms bin width) shows the AD probability recorded when PV ™ interneurons were optically acti-
vated (top; blue bars) and when there was no laser activation of ChR2 (bottom). G, Optical
activation of PV ™ interneurons entrains ADs and recruits endogenous AD mechanisms. Activa-
tion of PV ™ interneurons every 10's caused an immediate fivefold increase in the probability of
an AD (0-200 ms after activation; **p << 0.0, t test), which was then followed by an imme-
diate decrease in the probability of an AD (200 —400 ms after ChR2 activation; *p < 0.05, ¢
test).
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threshold for eliciting epileptiform activity, PV * interneuron-
mediated PSPs remained hyperpolarizing throughout (—2.16 =
0.24, —1.82 * 0.20, and —1.87 = 0.24 mV; corresponding to the
pre-SLE period, AD phase, and post-SLE period, respectively;
n = 23; Fig. 5D, E). Finally, in a subset of slices in which sponta-
neous epileptiform activity occurred without electrical stimula-
tion, the PV ™ interneuron-mediated PSPs again became
depolarizing during the AD phase (pre-SLE, —0.5 = 0.1 mV; AD
phase, 10.1 = 0.6 mV; and post-SLE, —0.2 * 0.04 mV; p < 0.01,
paired samples t test; n = 5).

Not only did we observe that PV ™ interneuron-mediated
PSPs became depolarizing during the epileptiform activity but
also that ChR2 activation could induce ADs in the majority of
cases (Fig. 5D). An analysis of the ADs revealed that optically
activating PV * interneurons did not increase the mean AD fre-
quency during SLEs (no ChR2 activation, 0.77 = 0.08 Hz com-
pared with ChR2 activation, 0.80 * 0.05 Hz; p > 0.05,
independent-samples ¢ test; # = 10 and n = 33). However, PV "
interneuron activation generated a robust entrainment in the
timing of ADs (Fig. 5F). Overall, the probability of an AD occur-
ring was five times higher in the 200 ms immediately after PV *
interneuron activation (mean probability of 0.49 + 0.05 X 10 %
0-200 ms after ChR2 activation) than in the 200 ms preceding
ChR2 activation (mean probability of 0.11 * 0.05 X 10~ % p <
0.01, paired-samples t test; n = 26; Fig. 5G). Furthermore, con-
sistent with the idea that optically evoked ADs recruited the same
network mechanisms as endogenous ADs, the probability of an
AD occurring dropped to 0.05 = 0.03 X 10~? in the period
200-400 ms after ChR2 activation, which was significantly lower
than the probability before ChR2 activation (p < 0.05, paired-
samples t test; n = 26; Fig. 5G).

In summary, selective activation of PV * interneurons gener-
ated IPSPs before the epileptiform activity, but these became
strongly depolarizing by the clonic AD phase of the epileptiform
activity. Moreover, the depolarization mediated by the PV * in-
terneurons was sufficient to elicit and entrain clonic ADs in the
hippocampal network.

PV ™ interneurons recruit and synchronize excitation across
distant pyramidal neurons during the AD phase

Clonic ADs are large-amplitude events that recruit synchronous
network activity across the tissue (Trevelyan et al., 2007a; Jiruska
etal., 2013). To investigate the extent to which PV " interneurons
can recruit synchronous network activity during the AD phase,
we performed dual whole-cell patch-clamp recordings from a
“local” and a “distal” pyramidal neuron in the CA3 region (Fig.
6A, B). In the majority of cases, subsequent histological analysis
enabled us to confirm the distance between the somata of the
recorded neurons as 474 = 25 um (n = 5 pairs). First, and con-
sistent with our observations in organotypic hippocampal slices
(Fig. 1), our dual recordings in acute slices revealed that syn-
chrony (as measured using linear correlation; see Materials and
Methods) between pyramidal neurons increased during epilepti-
form activity (pre-SLE, r = 0.16 = 0.04; tonic, r = 0.71 = 0.05;
AD,r=0.94 = 0.01; and post-SLE, r = 0.13 = 0.05; n» = 17 SLEs)
and reached its maximum during the AD phase (tonic vs AD
phase; p < 0.01, paired-samples ¢ test; n = 17 SLEs; Fig. 6C,D).
The high correlation value recorded during the AD phase was
associated with an increase in the speed with which activity prop-
agated through the network. Whereas the delay in the onset of the
tonic phase recorded from the two neurons was calculated as
51.6 * 15.8 ms, the onset of ADs exhibited a delay of only 3.96 =
0.95 ms (n = 6 pairs). Such an increase in propagation speed
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Figure 6. PV ¥ interneuron activation can recruit and synchronize excitation across the CA3 region during the AD phase. A, In hippocampal slices containing PV * interneurons expressing
ChR2-YFP, simultaneous recordings were made from two spatially separated pyramidal neurons at opposite ends of the CA3 region. Localized activation of PV * ChR2-expressing interneurons was
only performed close to one of the pyramidal neurons, the local pyramidal neuron (black), by delivering spatially targeted blue laser pulses (40 wm spot size; see Materials and Methods). The
pyramidal neuron that was distant to the region of ChR2 activation was referred to as the distal neuron (red). Epileptiform activity was initiated via a stimulating electrode placed equidistant
between the pyramidal neurons. B, Two representative neurons that were filled with biocytin during recording and subsequently reacted with DAB. C, Membrane potential traces (middle) recorded
simultaneously from a local (black) and a distal (red) CA3 pyramidal neuron. Four different epochs (t,~t,) are denoted by dashed rectangles and were used to calculate the degree of correlated
activity over the course of the SLE. Correlation coefficients were calculated across 8 s time windows, except for the tonic phase in which the entire phase was used (mean duration, 2.0 = 0.3s;n =
17).The corresponding expanded traces and Pearson’s correlation coefficients are shown (top insets). The highest correlated activity occurred during the AD phase (t;) (**p << 0.01, t test). Also
indicated are three time points (L,~Ls, blue) at which PV * interneurons close to the local neuron were optically activated and for which the corresponding expanded traces are shown (bottom
insets). Note that the distal neuron did not show a response to PV * interneuron activation in the pre-SLE (L,) or post-SLE (L;) periods. However, activating the same PV " interneurons during the
AD phase (L,) elicited an AD in both the local and distal pyramidal neurons. D, Population data showing that the highest level of correlated activity between pairs of distant CA3 pyramidal neurons
occurred during the AD phase (**p < 0.01, t test). E, Activation of PV ™ interneurons during the AD phase recruits excitatory effects across the CA3 region. During the pre-SLE period, pyramidal
neurons that are distal to the activated PV * interneurons did not show any postsynaptic response. However, activating the same PV * interneurons during the AD phase caused ADs that were
evident in both the local and distal pyramidal neurons (**p << 0.01, ¢ test).

would be expected to contribute to the higher levels of correlated
activity during the AD phase and supports the conclusion that
specific circuit dynamics underlie this phase of epileptiform
activity.

Next, we assessed whether local activation of a subset of PV *
interneurons could recruit a “full” AD across the CA3 region.
PV * interneurons close to the local pyramidal neuron were acti-
vated using a small spot of blue laser light (~40 um diameter; see

Materials and Methods), which under pre-SLE conditions
evoked an IPSP in the local pyramidal neuron but no response in
the distal pyramidal neuron (Fig. 6C,E). However, the same op-
tical activation had different effects when delivered during SLEs.
During the AD phase, optical activation of PV * interneurons
close to the local pyramidal neuron now generated robust AD
responses in both local pyramidal neurons and distal pyramidal
neurons (AD phase local, 7.68 = 1.80 mV; and AD phase distal,
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The frequency of ADs is reduced by optically silencing PV * interneurons. A, The experimental setup consisted of a hippocampal slice in which PV * interneurons throughout the CA3

region expressed Arch—GFP. Individual CA3 pyramidal neurons were targeted for whole-cell current-clamp recordings and epileptiform activity was induced via a stimulating electrode in the
pyramidal cell layer. Arch was activated across the entire CA3 region using a wide-field green LED (530 nm). B, Recordings from the Arch-expressing neurons confirmed that they exhibit the
characteristic /~V/ relationship and spiking activity of PV * fast spiking interneurons (top right) and that activating Arch resulted in a sustained hyperpolarization of the membrane potential (bottom
left). €, Inhibition with Arch was specificto PV * interneurons. Recordings from pyramidal neurons (confirmed from firing pattern; top right) showed no response during Arch activation under resting
conditions (bottom left). D, Representative recording of two consecutive SLEs from a CA3 pyramidal neuron. In the control SLE (gray trace), there was no Arch activation. In the other SLE (green trace),
PV " interneurons were selectively inhibited during the AD phase by activating Arch (highlighted green region). This resulted in a marked reduction in the incidence of ADs. E, Population data
showing a significant reduction in AD frequency during optical inhibition of PV * interneurons (**p << 0.01, t test).

9.12 = 2.28 mV; n = 7; Fig. 6C,E). Thus, PV ™" interneurons
exhibited an extended sphere of influence during the AD phase
that mediated synchronous excitation across pyramidal neurons.
Importantly, when we compared endogenous ADs with those
that were evoked via optical activation of local PV * interneurons,
we found that the ADs were very similar in terms of their spatio-
temporal properties. The delay in AD onset and degree of syn-
chronization between the local and distal pyramidal neurons was
not different for endogenous ADs (time delay, 3.96 = 0.95 ms;
Pearson’s correlation, » = 0.92 = 0.04) and optically evoked ADs
(time delay, 3.10 = 0.82 ms; Pearson’s correlation, r = 0.92 *=
0.03; p > 0.05 in both cases, independent-samples ¢ test; n = 6).
Together, these results reveal that PV ™ interneurons are well
placed to synchronize ADs across large assemblies of pyramidal
neurons in the CA3 region.

Inhibiting PV * interneurons during epileptiform activity
reduces AD incidence

The fact that selectively activating PV * interneurons can entrain
ADs, which appear to recruit the same network mechanisms as
endogenous ADs, suggests that the excitatory postsynaptic effects
of PV " interneurons are a critical component of ADs. To test this
directly, we set out to silence PV " interneurons during the AD
phase and thereby assess whether PV ™ interneurons are neces-
sary for maintaining ADs. Injections of AAV2 containing the

double-floxed sequence for the light activatable H™ pump Arch
were made into the ventral hippocampus of PV-Cre mice to
express Arch-GFP in PV * interneurons. This enabled a selective
hyperpolarization of PV * interneurons by up to 20 mV (mean of
—8.9 = 43 mV; n = 4; Fig. 7B,C) in acute hippocampal brain
slices prepared 4 —8 weeks later. To test the contribution of PV *
interneurons during the AD phase, we selected slices that exhib-
ited strong somatic expression of Arch—-GFP throughout the CA3
region and activated Arch across this area of the slice with a
wide-field green light-emitting diode (530 nm; see Materials and
Methods; Fig. 7A). SLEs were initiated and monitored as de-
scribed previously, and a within-slice design was used to compare
SLEs in which the activity of PV " interneurons was left undis-
turbed or in which PV * interneurons were inhibited for a period
of 10 s during the AD phase (Fig. 7A, D). The order in which SLEs
were paired with optical activation of Arch was randomized. Op-
tical silencing of PV " interneurons during the AD phase caused a
significant decrease in the frequency of ADs (Fig. 7D,E). AD
frequency without Arch activation was 0.55 = 0.12 Hz, whereas
AD frequency during Arch activation dropped to 0.27 * 0.10 Hz
(p <0.01, paired Student’s f test; n = 8; Fig. 7E). Together, these
results are consistent with the conclusion that the excitatory ef-
fects of PV " interneurons serve to maintain epileptiform activity
by recruiting synchronous ADs.
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Discussion

Here we have used in vitro hippocampal slice models of epilepti-
form activity to investigate the mechanisms that contribute to
hypersynchronous ADs during the clonic phase of seizures. Our
data show that the generation of ADs in the CA3 region requires
GABAergic transmission that becomes excitatory as a result of a
transient collapse in E;ypas- The resulting depolarizing shift in
GABAergic signaling is most pronounced at the somatic region of
pyramidal neurons, and release of GABA from perisomatic-
targeting PV * interneurons during the clonic phase can entrain
ADs that recruit pyramidal neurons across the network. Mean-
while, selective inhibition of PV * interneurons during the clonic
phase has the inverse effect and causes a reduction in the fre-
quency of ADs. Together, these results demonstrate that, once
epileptiform activity is established, PV * interneurons are able to
maintain epileptiform activity dynamics through direct depolar-
izing effects on their postsynaptic targets.

States of hypersynchrony have been induced classically by en-
abling recurrently connected excitatory neurons to synchronize
their activity via removal of feedforward and feedback synaptic
inhibition (Miles and Wong, 1983, 1987). We find that the hy-
persynchronous clonic AD phase is dependent on GABA,R-
mediated transmission, because blocking GABA,R activity
markedly reduces the occurrence of ADs. This is consistent with
the observation that ADs after tetanic stimulation of CA1 “min-
islices” can be blocked by application of the GABA 4R antagonist
bicuculline (Fujiwara-Tsukamoto et al., 2003; Isomura et al.,
2003) and reports that AD-like activity can be generated in the
absence of glutamatergic transmission (Fujiwara-Tsukamoto et
al., 2010). Our results extend these previous observations and are
consistent with GABA and interneuronal networks playing a key
role in the clonic AD phase of epileptic seizures.

The fact that GABA,R signaling becomes excitatory during
the AD phase of four different in vitro models of hippocampal
epileptiform activity strongly suggests that this is a general feature
of epileptiform activity. Using gramicidin perforated patch-
clamp recordings, we confirmed that this was attributable to a
epileptiform-associated depolarizing shift in Egypaa, Which is
likely to result from the loading of Cl~ through GABA,Rs
(Fujiwara-Tsukamoto et al., 2007; Isomura et al., 2008; Ilie et
al., 2012, Raimondo et al., 2013), although modulation of
potassium~—chloride-cotransporter proteins may also contribute
(DeFazio et al., 2000; Viitanen et al., 2010). Indeed, the intense
activation of GABA,Rs and concurrent membrane depolariza-
tion that occurs during seizures provides the ideal conditions for
rapid intracellular C1 ~ accumulation (Raimondo etal., 2012). By
probing GABA R responses in both the dendritic and somatic
compartments of pyramidal neurons, we found that, although
both compartments undergo a depolarizing shift in Eg a4, the
effect is most pronounced at the soma and cannot be accounted
for by space-clamp effects associated with somatic voltage-clamp
recordings. In agreement with previous observations (Staley and
Proctor, 1999), we show that the smaller-volume dendritic
compartment is more susceptible to changes in intracellular Cl ~
concentration. Furthermore, one might expect enhanced Cl ™~
accumulation within dendrites because they are the predominant
site of depolarizing glutamatergic drive, and the relative ampli-
tude of GABAergic PSPs to dendrites can increase when recurrent
inhibitory circuits are repeatedly activated (Pouille and Scanzi-
ani, 2004). In addition, perisomatic synapses formed by PV "
interneurons are regulated by voltage-dependent Cl~ channels
that serve to reduce intracellular C1~ accumulation (Foldy et al.,
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2010). Therefore, our observations suggest that GABA ,Rs at the
soma must be considerably more active than dendritic GABA,Rs
during the early phase of SLE activity. This is supported by evi-
dence that somatic-targeting, fast-spiking interneurons are most
strongly recruited around SLE onset (Timofeev et al., 2002; Zi-
burkus et al., 2006; Gnatkovsky et al., 2008; Fujiwara-Tsukamoto
et al., 2010; Cammarota et al., 2013).

Optogenetic techniques enabled us to dissect how epile-
ptiform-associated changes in Egypaa influence the effect of
somatic-targeting interneurons on pyramidal neuron activity.
We selectively activated or inhibited PV * interneurons, which
comprise a large proportion of perisomatic-targeting interneu-
rons, including basket cells and axo-axonic cells (Somogyi and
Klausberger, 2005). As expected, ChR2-mediated optical activa-
tion of PV * interneurons before an SLE led to hyperpolarizing
postsynaptic GABA,R responses in CA3 pyramidal neurons.
However, during SLEs, the postsynaptic GABA 4R responses rap-
idly became depolarizing, consistent with an activity-dependent
depolarizing shift in E;yz4a- On this background of excitatory
GABAergic signaling, activation of PV * interneurons during the
clonic phase was sufficient to directly initiate and entrain clonic
ADs in pyramidal neurons of the CA3 region, such that the high-
est probability of AD generation occurred immediately after
PV ¥ interneuron activation. Additional evidence that somatic-
targeting interneurons are well placed to synchronize network
excitation came from the fact that activating only a subset of PV *
interneurons during the clonic phase was able to drive synchro-
nous excitation across distal regions of the network. This spatial
feature of the excitatory actions of PV ™ interneurons suggests
that the recruitment of an AD involves excitation through poly-
synaptic circuits or additional mechanisms, such as altered gap-
junction synchronization during the clonic phase (Rouach et al.,
2003; Beaumont and Maccaferri, 2011). Given the timing of AD
propagation that we observed, it is possible that both of these
mechanisms could contribute (Koéhling et al., 2001). Impor-
tantly, the fact that the spatiotemporal properties of optically
evoked ADs were indistinguishable from those of endogenous
ADs suggests that they use the same underlying mechanisms and
support the conclusion that somatic-targeting interneurons
switch from restraining to perpetuating seizure activity. Finally,
as a confirmation that PV " interneurons are involved in main-
taining ADs, we demonstrated that widespread optical inhibition
of PV ™ interneurons during the clonic phase significantly re-
duces AD frequency.

Previous work has focused on the onset of the tonic phase of
seizures and how a network may generate, or succumb to, an ictal
event. The onset of the tonic phase has been characterized as a
transient breakdown of inhibitory synaptic mechanisms, which
are normally recruited to “restrain” network excitability (Trev-
elyan etal., 2006, 2007b; Cammarota et al., 2013). Strong recruit-
ment of GABAergic interneurons can lead to a temporary loss of
this inhibitory restraint, via mechanisms such as a transient de-
crease in GABA release (Zhang et al., 2012), a reduction in post-
synaptic GABA R inhibition (Lillis et al., 2012), or as a result of
GABAergic interneurons entering a temporary state of depolar-
izing block (Ziburkus et al., 2006; Cammarota et al., 2013). Con-
sistent with these ideas, it has been shown that interneurons are
strongly recruited before the onset of an ictal event (Timofeev et
al., 2002; Ziburkus et al., 2006; Fujiwara-Tsukamoto et al., 2010;
Cammarota et al., 2013) and that modulating the activity of in-
terneurons can disrupt the onset or propagation of seizure activ-
ity (Krook-Magnuson et al., 2013; Ledri et al., 2014). Our results
extend these previous findings and support the view that dy-
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namic network and ionic mechanisms underlie the different
phases of seizure activity (Krishnan and Bazhenov, 2011). This
has implications for efforts to disrupt epileptic seizure activity
and the design of intervention strategies that could respond to the
dynamic nature of seizing circuits. The benefits of manipulating
interneuron populations may differ depending on the timing of
the manipulation relative to the seizure phase and seizure type, as
well as the duration of the manipulation and the intrinsic prop-
erties of specific cell types that are targeted (Ziburkus et al., 20065
Cammarota et al., 2013). Our results also provide support for
research into anticonvulsant therapies that aim to enhance the
Cl ™ extrusion capacity of neurons (Gagnon et al., 2013), partic-
ularly in the context of status epilepticus in which the transient
collapse in Eg paa and transmembrane Cl— gradient is likely to
be pronounced.

The ability of perisomatic-targeting interneurons to entrain
hippocampal network activity through an inhibitory action of
GABA has been well reported (Michelson and Wong, 1991; Cobb
etal., 1995; Aradi and Maccaferri, 2004; Mann et al., 2005; Zsiros
etal., 2007; Ellender et al., 2010). Early in development, when GABA
is predominantly depolarizing (Ben-Ari, 2002), perisomatic-
targeting interneurons have been suggested to initiate hippocam-
pal network activity through a direct depolarizing effect (Bonifazi
etal., 2009; Picardo et al., 2011). We now show that perisomatic-
targeting interneurons can also have a direct excitatory and syn-
chronizing effect in mature tissue, most likely by working in
concert with an excitatory glutamatergic drive (de la Prida et al.,
2006). Interestingly, multiple studies have shown an increase in
structural and functional somatic inhibition in chronic epileptic
conditions (Cossart et al., 2001; Wittner et al., 2001, 2005), which
is likely to reflect a “protective response.” However, such changes
may represent a double-edged sword: although they may help
reduce the initial likelihood of an epileptic event being generated,
once GABAergic signaling is subverted and begins to exhibit ex-
citatory effects, somatic-targeting GABAergic inputs may exacer-
bate ongoing seizure activity to an even greater extent.
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