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Background and Purpose: Perampanel is a newly approved anticonvulsant uniquely
targeting AMPA receptors, which mediate the most abundant form of excitatory syn-
aptic transmission in the brain. However, the network mechanism underlying the
anti-epileptic effect of the AMPAergic inhibition remains to be explored.
Experimental Approach: The mechanism of perampanel action was studied with the
basolateral amygdala network containing pyramidal-inhibitory neuronal resonators in
seizure models of 4-aminopyridine (4-AP) and electrical kindling.

Key Results: Application of either 4-AP or electrical kindling to the basolateral amyg-
dala readily induces AMPAergic transmission-dependent reverberating activities
between pyramidal-inhibitory neuronal resonators, which are chiefly characterized
by burst discharges in inhibitory neurons and corresponding recurrent inhibitory
postsynaptic potentials in pyramidal neurons. Perampanel reduces post-kindling
“paroxysmal depolarizing shift” especially in pyramidal neurons and, counterintui-
tively, eliminates burst activities in inhibitory neurons and inhibitory synaptic inputs
onto excitatory pyramidal neurons to result in prevention of epileptiform discharges
and seizure behaviours. Intriguingly, similar effects can be obtained with not only the
AMPA receptor antagonist CNQX but also the GABA, receptor antagonist
bicuculline, which is usually considered as a proconvulsant.

Conclusion and Implications: Ictogenesis depends on the AMPA receptor-dependent
recruitment of pyramidal-inhibitory neuronal network oscillations tuned by dynamic
glutamatergic and GABAergic transmission. The anticonvulsant effect of perampanel
then stems from disruption of the coordinated network activities rather than simply
decreased neuronal excitability or excitatory transmission. Positive or negative mod-
ulation of epileptic network reverberations may be pro-ictogenic or anti-ictogenic,

respectively, constituting a more applicable rationale for the therapy against seizures.
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Abbreviations: AP-5, p-(—)-2-amino-5-phosphonopentanoic acid; BLA, basolateral amygdala; CNQX, 6-cyano-7-nitroquinoxaline-2,3-dione; GYKI-53655, 1-(4-aminophenyl)-3-methylcarbamyl-
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7-sulfonamide; PN, pyramidal neuron.
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What is already known

e Perampanel is a novel anticonvulsant that non-

competitively inhibits AMPA receptors.

What this study adds

e Epileptic seizure stems from network reverberations
tuned by dynamic AMPAergic and GABAergic
transmissions.

e Perampanel and the selective AMPA antagonist CNQX
eliminate network

seizures by interruption of

reverberations.

What is the clinical significance

o Epileptic seizures originate from resonating activities
between excitatory and inhibitory neurons rather than
excitation/inhibition “imbalance”.

e Drugs that promote and disrupt network oscillations may
be potentially

pro-ictogenic and  anti-ictogenic

respectively.

1 | INTRODUCTION

Epilepsy is a heterogeneous neurological disorder defined by
self-repetitive, excessive and synchronized neural network activities
(French, Gernandt, & 1956; McCormick &
Contreras, 2001; Penfield & Jasper, 1954). In the cellular level, it is
characterized by neuronal oscillating burst discharges (McCormick &
Contreras, 2001; Timofeev & Steriade, 2004). In theory, the self-

repetitiveness could stem from the activities of “oscillator” neurons,

Livingston,

which fire spontaneous pacemaking-like discharges or a group of “res-
onator” neurons that are synaptically interconnected and collabora-
tively make a network with “circulating” burst discharges (Buzsaki &
Draguhn, 2004; Eggers, 2007; Llinas, 1988). The primary origin of the
self-repetitiveness is an unresolved but a fundamental issue in the
generation and/or spreading of epileptic seizures.

Glutamate is the most abundant excitatory neurotransmitter in
the mammalian brain and chiefly binds to AMPA, kainate and NMDA
ionotropic receptors. Perampanel is an anticonvulsant with a unique
pharmacological profile, namely, it is a non-competitive antagonist of
AMPA receptors (Hanada et al., 2011; French et al.,, 2012; Krauss
et al., 2012; Potschka & Trinka, 2019). Perampanel has been demon-
strated to inhibit the AMPA receptor-mediated current in single neu-
rons (Barygin, 2016; Ceolin et al, 2012; Chen, Matt, Hell, &

Rogawski, 2014), reduce in vitro epileptiform discharges with extra-
cellular recording in human neocortical slices (Augustin et al., 2018)
and decrease seizure behaviours in experimental models (Citraro
et al., 2017; Hanada et al., 2011; Russmann, Salvamoser, Rettenbeck,
Komori, & Potschka, 2016; Twele, Bankstahl, Klein, Rdmermann, &
Loscher, 2015; Wu, Nagaya, & Hanada, 2014). Although the molecu-
lar action of perampanel on AMPA receptors and the ameliorating
effect of perampanel on seizure discharges or behaviours have been
separately documented and epileptiform discharges can be inhibited
by the other AMPA antagonists (Avoli et al., 1996; Gean, 1990), it
remains elusive how the anti-epileptic effect of perampanel is
achieved by inhibition of AMPAergic transmission at the neural cir-
cuit level. If the occurrence of seizures is simplistically based on
increased excitation or decreased inhibition, for instance, then block
of AMPAergic transmission onto an excitatory neuron and onto an
inhibitory neuron would theoretically lead to an anti-seizure and
pro-seizure effect respectively. In addition, it was reported that
light-triggered excitatory (Krook-Magnuson, Armstrong, Oijala, &
Soltesz, 2013; Tennesen, Sgrensen, Deisseroth, Lundberg, &
Kokaia, 2009; Wagner, Truccolo, Wang, & Nurmikko, 2015) or inhibi-
tory (Krook-Magnuson et al., 2013; Lu et al., 2016; Shiri, Manseau,
Lévesque, Williams, & Avoli, 2016) neuronal activities may induce,
reduce or have no apparent effect on seizure discharges. The dichot-
omous increased-excitation/decreased-inhibition model thus does
not seem to give a reasonable explanation for these phenomena.

The basolateral amygdala contains excitatory (glutamatergic)
pyramidal neurons and inhibitory (GABAergic) interneurons and is one
of the most common epileptogenic foci (French et al., 1956; Penfield &
Jasper, 1954), as well as the most investigated structure for temporal
lobe epilepsy (Mclntyre & Gilby, 2008). Basolateral amygdala pyrami-
dal neurons send divergent output to other pyramidal neurons and
interneurons (Sah, Faber, Lopez de Armentia, & Power, 2003). Inter-
neurons are connected by gap junctions and collectively send strong
inhibitory output to pyramidal neurons (McDonald & Betette, 2001;
Muller, Mascagni, & McDonald, 2005). Interneurons are also more
prone to show burst discharges (Rainnie, 1999; Rainnie, Mania,
Mascagni, & McDonald, 2006), which may in turn pre-condition pyra-
midal neurons for burst discharges in the next moment. The bas-
olateral amygdala therefore constitutes an ideal pyramidal-inhibitory
neuronal resonating network for the study of the epileptiform or
reverberating burst discharges. With in vivo and in vitro seizure models
of 4-aminopyridine (4-AP) and electrical kindling, we found that pyra-
midal neurons recruit follower pyramidal neurons and interneurons
into network oscillations with AMPAergic transmission. The
pyramidal-inhibitory neuronal reverberating activities are chiefly char-
acterized by burst discharges in interneurons that result in inhibitory
postsynaptic potentials (IPSPs) in pyramidal neurons. Perampanel
decreases the duration and height of “paroxysmal depolarizing shift”
(PDS) (Goldensohn & Purpura, 1963) especially in pyramidal neurons
and, most intriguingly and counterintuitively, completely inhibits
recurrent IPSPs in excitatory pyramidal neurons and burst activities in
interneurons to inhibit ictogenesis and seizure behaviours. The initia-

tion and termination of epileptic seizures therefore should involve
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dynamic constructive and destructive aspect of network reverbera-
tions, which are collectively tuned by the ongoing strength of gluta-

matergic and GABAergic transmission in the system.

2 | METHODS
2.1 | Animal care and acute brain slice preparation

All experiments were done with the approval of the Chang Gung
University Animal Care and Use Committees (Approval Number:
CGU106-081, CGU107-277, and CGU108-195). Animal studies are
reported in compliance with the ARRIVE guidelines (Percie du Sert
et al., 2020) and with the recommendations made by the British
Journal of Pharmacology (Lilley et al., 2020). All efforts were made
to minimize animal suffering. The animals not included in experi-
ments due to technical reasons (e.g. post-surgical complications,
morbidity, malfunction of implanted cannula or failure of meeting
epileptic criteria) were killed with carbon dioxide. Animals were
raised in a vivarium with controlled 12-h dark/light cycle with
water and food ad libitum. Wistar rats and C57BL/6 mice were
purchased from BioLASCO Taiwan Co. Ltd., Taiwan. For acute
brain slice preparation, the brain was obtained from C57BL/6 mice
of both sexes (aged p17-25) under isoflurane anaesthesia and put
in ice-cold oxygenated (95% 0,/5% CO,) choline cutting solution
(containing [in mM] 87 NaCl, 37.5 choline chloride, 25 NaHCOs,
25 glucose, 2.5 KCl, 1.25 NaH,PO,4, 7 MgCl,, and 0.5 CaCl,). Cor-
onal slices containing basolateral amygdala (270 um in thickness,
Niittykoski, Nissinen, Penttonen, & Pitkanen, 2004) were then
obtained on a vibratome (Leica VT1200S, Germany) and brought to
incubation in the oxygenated choline cutting solution for 20 min at
30°C and then in oxygenated saline (containing [in mM] 125 NacCl,
26 NaHCO3, 25 glucose, 2.5 KCI, 1.25 NaH,PO4, 1 MgCl, and
2 CaCl,) for 15 min at 30°C.

2.2 | Electrophysiological and morphological
identification of basolateral amygdala pyramidal
neurons and interneurons

We first conducted whole-cell current-clamp recordings to electro-
physiologically identify the neurons. Immediately after membrane
breakthrough, a suprathreshold depolarizing step current of suffi-
cient magnitude (Mahanty & Sah, 1998) was injected at membrane
potential of ~60 mV to determine the firing properties and com-
pare this with the literature. Unlike pyramidal, which are larger and
show spike adaptation, interneurons possess smaller diameter and
show little adaptation with depolarization (Mahanty & Sah, 1998;
Sah et al., 2003; Washburn & Moises, 1992). For additional mor-
phological experiments, we filled the recording pipette with red
fluorescent dye sulforhodamine 101 (50 nM, Kang et al., 2010) in
K*-based solution to visualize basolateral amygdala neurons on a

fluorescence microscope. The photos were captured by Canon EOS

D70 digital camera and edited by Image) software (National
Institutes of Health, USA, RRID:SCR_003070). With depolarizing
step current, neurons with a diameter around 10 um and showing
minimal spikes adaptation were identified as interneurons, while
neurons with a diameter greater than 12 um and firing spike with
adaptation were identified as pyramidal neurons.

2.3 | Electrophysiological recordings

The fresh basolateral amygdala slice was put in a recording chamber
with oxygenated saline perfused by a peristaltic pump (Gilson
Medical Electric, USA) at a rate of ~5 ml-min™! and visualized with a
x4 objective, with individual neurons seen with a x60 water immer-
sion objective on an upright microscope (Olympus BX51WI, Japan).
The neurons were patched in whole-cell current-clamp mode at
room temperature with 3- to 6-MQ pipettes filled with K*-based
solution (in mM, 116 KMeSQ,, 6 KCI, 2 NaCl, 20 HEPES, 0.5 EGTA,
4 MgATP, 0.3 NaGTP, 10 NaPOQy, creatine and pH 7.25 adjusted with
KOH). The patch pipettes were made from borosilicate capillaries
(Harvard Apparatus, USA; 1.65-mm outer diameter and 1.28-mm
inner diameter) and by a micropipette puller (DMZ-Zeitz-Puller, Ger-
many). In vivo kindling denotes a process of repeated focal stimula-
tion of a forebrain structure such as the amygdala to induce seizures
in behaving animals (Goddard, Mcintyre, & Leech, 1969; Mcintyre &
Gilby, 2008). In basolateral amygdala slices, focal electrical stimula-
tion that mimics in vivo kindling stimulation was applied to study the
discharge profiles. Modified from the protocols in the literatures
(Fujiwara-Tsukamoto, Isomura, Imanishi, Fukai, & Takada, 2007;
Stasheff, Bragdon, & Wilson, 1985), the “kindling-mimicking in vitro
stimulation” is a 1-s train of electrical stimuli at an intensity of
400 pA with frequency of 60 Hz, with each stimulus set as a mono-
phasic rectangular pulse with 0.4-ms pulse width. The stimulation
was delivered at basolateral amygdala via a stimulus isolator (World
Precision Instruments A356, USA) with two glass electrodes filled
with 0.9% NaCl, one electrode placed into the basolateral amygdala
and the other placed right above basolateral amygdala without
touching the tissue. The post-stimulation epileptiform discharges
usually lasted no more than 1 min, and we always waited for at least
4 min before delivery of the next “kindling-mimicking” stimulation.
“Pair recording” denotes simultaneous recording of a pair of neurons.
Data were collected with a Multiclamp 700B amplifier (MDS Analyti-
cal Technologies, USA), sampled at 20 kHz, filtered at 5 kHz, and dig-
itized at 10-20 kHz with a Digidata-1440 analogue/digital interface
and pCLAMP software (MDS Analytical Technologies, USA, RRID:
SCR_011323); 10 pM of b-(-)-2-amino-5-phosphonopentanoic acid
(AP-5) and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) were used
to ensure sufficient inhibition of NMDA and AMPA receptors
respectively (Johansen, Drejer, Waitjen, & Nielsen, 1993; Lenz
et al., 2016; Lodge et al., 1988; Tateno & Robinson, 2007). The dead
space in recording chamber was limited to 1 ml. The electrophysio-
logical recordings usually would last at least 60 min in decent

conditions.
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2.4 | Materials

All drugs were from Tocris Bioscience (UK) or Sigma-Aldrich (USA),
dissolved in dimethylsulfoxide (Sigma-Aldrich, USA) or distilled water
as stocks, and diluted 1:1,000 into the bath solution for desired con-
centration before conducting the experiments. The final concentration
of dimethylsulfoxide (0.1%) did not have a significant effect on the
experimental results. The anaesthetic tiletamine and zolazepam
(Zoletil®) were purchased from Virbac (France), and isoflurane was
purchased from Aesica Queenborough Ltd. (UK). All chemical salts in
this study were purchased from Sigma-Aldrich (USA).

2.5 | The concentration of perampanel used for slice
recording

In clinical studies of therapeutic drug monitoring for perampanel,
the commonly prescribed dosage range is ~0.05-0.2 mg-kg™%, which
results in serum concentrations of ~1-5 uM (Gidal, Ferry, Majid, &
Hussein, 2013; Patsalos, Gougoulaki, & Sander, 2016). With 95%
protein binding, the highest free therapeutic concentration of per-
ampanel in the CSF is therefore ~250 nM (Hibi et al., 2012). The
binding rate (~1.5 x 10> M"%s™%) and the unbinding rate (~0.6 s™%)
of perampanel are relatively slow (Chen et al., 2014). Therefore, it is
difficult to obtain the local concentration (e.g. in synaptic clefts) of
~250 nM and its effect within a reasonable period of time. This is
probably part of the reason why the estimate of ICso values for
perampanel is quite variable in different studies and ~1-10 uM of
perampanel were used in brain slices in  most cases
(e.g., Barygin, 2016; Ceolin et al, 2012; Chen et al, 2014,
Palovcik & Phillips, 1986; Zwart et al., 2014). We therefore used
5 uM of perampanel for brain slice recording to ensure sufficient
drug penetration and binding to target receptors with the continu-
ous perfusion system. We have, nevertheless, endeavoured to
explore the effect of 250 nM of perampanel in slices and obtained
similar results after stable perfusion for ~30 min (Figure S1). 5 uM
thus is used to ensure sufficient action of the drug within a realistic
period of time to avoid jeopardizing the integrity of the slice with

prolonged recordings.

2.6 | Implantation of microinjection cannula

Under anaesthesia by a mixture of tiletamine and zolazepam
(Zoletil®)/xylazine (Zoletil® 20 to 40 mg-kg™*] and xylazine [5 to
10 mgkg™]. A stereotactic frame (Stoelting Co., USA) was used to
mount the rats with skull exposed following the sterilization
procedures. Then a hole above basolateral amygdala was drilled (AP,
-2.8 mm; ML, 5 mm from bregma; and DV, 8 mm from dura). A
stainless-steel cannula held by plastic rod was then slowly inserted to
the level of basolateral amygdala and the plastic rod was secured with
dental cements and screws fixed on the skull. The scalp wound was

then closed. Analgesia was provided by subcutaneous injection of

bupivacaine (0.25 mg in 50 pl) around the wound. We also provided
secure housing with temperature control by an infrared heat lamp.
Sunflower seeds and soft diets were provided as post-surgical
nutritional supports. The behaviour studies were conducted at least

7 days after surgery.

2.7 | 4-AP seizure model and microinjection
of pharmacological agents for animal
behaviour study

The experiments were performed at a fixed time of the day (after-
noon) in an open-field test arena measuring 45 x 45 x 40 cm and
made of Plexiglas and accompanied with horizontal and vertical
video recording systems. Before the test session, the rat was con-
nected to an inner insertion cannula with a micro-syringe and then a
microinjection pump (Harvard Apparatus) on polyethylene tube.
After microinjection of pharmacological agents (0.5 pl-min™?1), the rat
was transferred to the centre of the open-field arena. The testing
session lasted for 90 min. Two sessions per day were conducted on
the same rat, with the first being 4-AP (2 mM, 2 pl) alone and the
last being 4-AP with either CNQX (200 uM, 2 ul) or perampanel
(80 uM, 2 ul). To assure a complete action of perampanel (Chen
et al., 2014), perampanel was pre-injected 2 h before the experimen-
tal session having perampanel. The maximal injected volume did not
exceed 8 ul-day . The behavioural events are counted according to
the modified Racine's stages (Racine, 1972):- Stage 0, normal behav-
iour; Stage 1, facial clonus and mouth clonus; Stage 2, head nodding;
Stage 3, unilateral forelimb clonus; Stage 4, bilateral forelimb clonus
with rearing; Stage 5, rearing and falling; and Stage 6, wild running
and jumping. As almost all seizure behaviours occurred within the
first 30 min after microinjection, the number of behavioural events
corresponding to specific Racine's stages was documented within
60 min after microinjection. On the day of experiments, when an
animal showed seizures Stage 4 or above following microinjection of
4-AP, it was considered qualified for subsequent experiments with
4-AP plus CNQX or 4-AP plus perampanel on the same day. The rats
would receive at most only two microinjections on 1 day (4-AP, and
4-AP plus either CNQX or perampanel). The experiments of CNQX
and perampanel were never conducted on the same day in the same
rat. The qualified animals would consistently show seizures of at
least Stage 4 upon consecutive microinjection of 4-AP on the same
day. Rats not meeting the qualification criteria were discarded.
Immediately after microinjection of 4-AP, usually all seizure behav-
iours occurred within the first 30 min. We always waited for at least
4 h for full recovery before proceeding to the experimental sessions
of 4-AP plus CNQX or 4-AP plus perampanel. The design of intraday
experiments ensures that only animals showing the strongest seizure
activities are tested for a reliable assessment of seizure amelioration
by drugs. Upon completion of one set of behavioural experiments on
the day, we would let the rats rest for at least 7 days before con-
ducting the next set of experiments. In Figures 1 and 3, out of seven

rats completed the two sets of experiments, namely, 4-AP and 4-AP
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FIGURE 1 AMPA receptor antagonists ameliorate 4-aminopyridine (4-AP)-induced seizure behaviours in free-moving rats. Unilateral
microinjection of 4-AP (2 mM) directly into the basolateral amygdala (BLA) in free-moving rats results in seizure behaviours, which are defined by
the modified Racine's stages (see Section 2). The number of behavioural events corresponding to specific Racine's stages was counted within

60 min immediately after microinjection. Co-injection of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (200 uM, n = 5 rats) or perampanel

(80 uM, n = 5 rats) readily reduces both the occurrence and the severity of seizure behaviours. Rat Numbers 1-3 in the analyses of CNQX and

perampanel are of the same three rats

plus CNQX on 1 day and 4-AP and 4-AP plus perampanel on
another day (so that Rat Nos. 1 to 3 in Figure 1 are of the same
three rats). We have another two rats that completed only 4-AP and
4-AP plus CNQX experiments (Rat Nos. 4 and 5 in Figure 1), and
another two rats completed only 4-AP and 4-AP plus perampanel
(Rat Nos. 6 and 7 in Figure 1). For a better assessment of the reduc-
tion of seizure by CNQX and perampanel, the data with the most
severe seizure activity induced by 4-AP were used for analysis. All
behavioural experiments were performed in daytime from 8:00
a.m. to 8:00 p.m. No statistical analysis was performed for the
behavioural data, which were always compared for different treat-
ments in the same rats (Medina-Ceja, Cordero-Romero, & Morales-
Villagran, 2008).

2.8 | Data analysis and statistics

The data and statistical analysis comply with the recommendations
of the British Journal of Pharmacology on experimental design and
analysis in pharmacology (Curtis et al., 2018). Slice recording data
were analysed with pCLAMP 10 (MDS Analytical Technologies),
Excel 2013 (Microsoft) and SigmaPlot 12 (Systat Software Inc.,
RRID:SCR_003210) softwares. The spikes were detected using the
Threshold Search Tool in pCLAMP 10. A burst is defined by the
presence of at least one spike on top of rapidly summating high-
frequency EPSPs (modified from Rainnie, 1999). EPSPs and IPSPs
with amplitude larger than 3 mV were included. Events of excit-
atory waves include events of burst discharges and EPSPs. Analyses
of cPSP (composite postsynaptic potentials) include burst dis-
charges, EPSPs and IPSPs. In Figure 3b, the “oscillatory activity” of
interneuron is defined by having at least two excitatory waves
(burst discharges and EPSPs) in a 5-s time frame that are synchro-
nized with IPSPs in pyramidal neurons. The “silence” of interneuron
refers to time period of at least 5 s without any occurrence of burst

discharge or EPSPs. The “non-oscillatory activity” of interneuron is

defined as a time period in which interneuron shows rhythmic burst
discharges or EPSPs that are not synchronized with postsynaptic
events in pyramidal neurons. The analysis of interspike interval was
based on a 10-s stable recording of pyramidal neuron with baseline
membrane potential more positive than -55 mV. The interspike
intervals separating two spikes with IPSP in between are defined as
the long interspike intervals for calculation of the long interspike
interval. The interspike intervals separating two spikes without IPSP
in between are defined as short interspike intervals for calculation
of the mean short interspike interval. Synchronized events are
defined as two postsynaptic events, one from each neuron in a
paired recording, with the difference in onset less than 50 ms. For
the pre-stimulation and post-stimulation parameters, each analysis
was based on the data averaged from a 45-s continuous stable
recording just before and after the stimuli respectively. The
stimulation-induced plateau height is defined as the difference
between the peak baseline potential and the pre-stimulation base-
line potential. The pre-stimulation baseline potential is calculated as
the average membrane potential in 1-s immediately before stimula-
tion. The stimulation-induced plateau duration is defined as the time
for returning to the pre-stimulation baseline potential after stimula-
tion. Group size is denoted as n, where in slice recording, n number
defines the number of neurons (no more than two neurons per ani-
mal) received the treatments, and in behavioural experiments,
n number denotes the number of rats received the treatments. The
group size in each experiment was not estimated prospectively. The
behavioural data are shown individually for each rat. For brain slice
recording, the neurons may receive 4-AP or kindling-mimicking elec-
trical stimulation in saline as a control, followed by different treat-
ments. In these cases, the control group is presented as an average
of the controls of different treatments for simplicity and thus has a
larger group size. Most analyses of parameters from the same group
of neurons in the same experimental settings have the same group
sizes (analyses of spike frequency, burst and excitatory waves in

interneurons in Figures 2b and 3a, and the analyses of stimulation-
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FIGURE 2 Perampanel completely inhibits 4-aminopyridine (4-AP)-induced recurrent inhibitory postsynaptic potentials (IPSPs) in

pyramidal neurons (PNs) of basolateral amygdala (BLA). (a) Morphological and electrophysiological identification of PNs and interneurons (INs)
in the BLA (see Section 2 for details). The photos show intracellular labelling of a BLA PN (left) and an IN (right) by sulforhodamine 101 in
the recording pipette. The longest diameter of a PN (usually >20 um) would in general exceed that of an IN (~10 um, Asprodini,

Moises, 1992, Rainnie, Shinnick-Gallagher & Washburn, 1993). In response to suprathreshold depolarizing current injection, PNs usually show
low-frequency spikes with adaptation, while INs exhibit high-frequency spikes with little adaptation. (b) Pair recording of a PN and an IN
shows reverberating activities between the two types of neurons induced by 4-AP (10 uM, top rows). In the presence of 4-AP, the PN fires
clusters of spikes that are followed by IN burst discharges (grey arrows). Recurrent IN burst discharges are synchronized with IPSPs in the
PN (red arrows) that apparently interrupt PN spikes (traces in the red box are magnified to show the reverberant and synchronous activities).
n = 26 and 28 PNs for analyses of spike and IPSP frequency, respectively (only those having baseline membrane potential more depolarized
than =60 mV used in the analyses of mean spike frequency). INs: n = 18. Co-application of perampanel (5 uM, n = 6 and 5 for PNs and INs,
respectively) completely inhibits all IPSPs in PNs and burst discharges in INs but preserves PN spikes. In the study of perampanel effect, the
analysis of the interspike interval (ISl) is also performed for the recordings with baseline membrane potential more positive than =55 mV. The
plot of ISls in 10-s recording session of PNs (n = 5) demonstrates two clusters of ISls, namely, a short ISl cluster (green) and a long ISI
cluster (yellow), in the presence of 4-AP. The two larger symbols represent the mean of long ISls and that of short ISls. Co-application of
perampanel abolishes the clustered ISls so that ISls are evenly spread (white). Events of burst discharges and excitatory postsynaptic
potentials (EPSPs) are also summed as events of “excitatory waves”. N'SP > 0.05; "P < 0.05, Kruskal-Wallis test followed by pairwise Mann-
Whitney U test. (c) A PN-PN pair recording shows that application of 4-AP (10 uM, n = 28) produces recurrent and coupled IPSPs in the
two PNs in the current-clamp recording at first and then synchronized IPSPs in a PN (No. 2, staying in current clamp) and inhibitory
postsynaptic currents (IPSCs) in the other PN (No. 1, switched to the voltage-clamp mode and held at =55 mV). Both IPSPs and IPSCs are

abolished by GABA, receptor antagonist bicuculline (10 uM, n = 5). The IPSP frequency in 4-AP is from the same group of PNs in (b).

‘P < 0.05, Mann-Whitney U test

induced plateaus in both interneurons and pyramidal neurons in
Figures 4b and 5c). In Figures 2b, 3a and 4b, the group sizes for
analysis of mean spike frequency of PN are different from analyses
of other parameters because only the pyramidal neurons with base-
line membrane potential more depolarized than -60 mV were
included in the analysis of the mean spike frequency. The group
sizes for analyses of interspike interval are different from those of
other analyses because only pyramidal neurons with baseline mem-
brane potential more depolarized than -55 mV were analysed
(scattered plots in Figures 2b and 3a,b). In Figure 4b, the group size
for burst analysis differs from analyses of spikes and excitatory
waves because only interneurons having burst discharges are
included in the burst analysis. The data collection and evaluation
were inevitably performed in an unblinded fashion because the
experimenters must be aware of the experimental conditions for
proper execution of the experiments. However, the same criteria
were always applied when evaluating the responses of different
drugs in the same experimental settings. All slices and animals were
randomly selected for different experimental sessions before per-
forming the experiments. All statistical comparisons were performed
on data having group size of at least five (n = 5). The group size is
the number of independent values and statistical analysis was done
using these independent values. No approach was performed for
data transformation or reduction of unwanted data variation and
outliers. Non-parametric two-tailed Wilcoxon signed-rank test was
used to evaluate matched data (Figure 3b, synchronized events, and
Figure S1b). In the plots of multiple groups, non-parametric statisti-
cal comparison was evaluated by Kruskal-Wallis test followed by
pairwise Mann-Whitney U test for two independent groups
(Figures 2b, 3a, 4b, and 5c; Kodama et al, 1999; Snyder
et al., 2003; Picard et al., 2019) or by Friedman test followed by

pairwise Wilcoxon signed-rank test for matched data (Figure S1a).
Post hoc tests were only conduced when the Kruskal-Wallis test or
Friedman test is significant (P < 0.05). Statistical tests performed
are reported in figure legends. All data are shown as means + SEM.
All tests are two sided and P values <0.05 are indicative of statisti-

cal significance for all comparisons.

2.9 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-
OGY http://www.guidetopharmacology.org and are permanently
archived in the Concise Guide to PHARMACOLOGY 2019/20
(Alexander et al., 2019).

3 | RESULTS

3.1 | Perampanel and specific AMPA antagonist
CNQX have a similar effect on seizure behaviours
induced by topical application of 4-AP into basolateral
amygdala

Application of proconvulsant 4-AP into the basolateral amygdala is a
well-established experimental seizure model of limbic epilepsy for
decades (Avoli, Louvel, Pumain, & Koéhling, 2005; Benini, D'Antuono,
Pralong, & Avoli, 2003). Microinjection of 4-AP into the unilateral bas-
olateral amygdala of a free-moving rat induces vivid seizure behav-
iours of different severities (Figure 1). Consistent with a selective

action of perampanel on AMPA receptors (Barygin, 2016; Ceolin


http://www.guidetopharmacology.org
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FIGURE 3 4-Aminopyridine (4-AP)-induced network oscillation requires AMPAergic and GABAergic synaptic transmission. (a) AMPA
antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) but not NMDA receptor antagonist AP-5 blocks 4-AP-induced oscillatory activities in
pair recording of a pyramidal neuron (PN) and an interneuron (IN) (see red and grey arrows for reverberant and synchronous activities). 4-AP-
triggered spikes, burst discharges, and excitatory postsynaptic potentials (EPSPs) in INs are abolished by CNQX (10 uM, n = 6) but not AP-5

(10 uM, n = 7). In PNs, CNQX (10 uM) completely inhibits the recurrent inhibitory postsynaptic potentials (IPSPs) (n = 9) but preserves spikes
induced by 4-AP (n = 7, only those having baseline membrane potential more depolarized than -60 mV used in the analyses of mean spike
frequency), while AP-5 (10 uM, n = 6) has little effect on the recurrent IPSPs and mean spike frequency. Plots of interspike interval (ISl) in 10-s
recording session of PNs (n = 5) show 4-AP-induced two clusters of ISls (yellow and green for long and short ISls, respectively) eliminated by co-
application of CNQX (10 uM, n = 5, white; only those having baseline membrane potential more depolarized than =55 mV were included in ISI
analyses). The two larger symbols represent the mean of long ISls and that of short ISIs. N>P > 0.05; "P < 0.05, Kruskal-Wallis test followed by
pairwise Mann-Whitney U test. Except for the analysis of ISI, the analyses of 4-AP groups are of the same PNs (n = 26-28) and INs (n = 18) in
Figure 2. (b) GABA, receptor antagonist bicuculline reduces 4-AP-induced reverberating activities. A representative PN-IN pair recording shows
recurrent and synchronous burst discharges in INs and IPSPs and clustered spikes in PNs induced by 4-AP (grey and red arrows). We then define
the “oscillatory activity” of INs by having excitatory waves (burst discharges or EPSPs) synchronized with IPSPs in PNs. With co-application of

bicuculline (10 uM), the IN would either show no spikes and no bursts (with the paired PN also firing no spikes, i.e. the “silence”) or exhibit
discharges (with the paired PN also firing spikes that are not regulated by the IPSP, i.e. the “non-oscillatory activity”). The proportion of time
staying in different discharge modes is indicated at the top of the representative recordings. Analyses of continuous recording (200 s) of IN
activities from the same PN-IN pairs (n = 5 pairs) reveal that co-application of bicuculline completely eliminates the initial 4-AP-induced
persistent oscillatory activity (~97.5 + 2% of the time) and results in either silence (~49.7 + 8% of the time) or non-oscillatory activity (~50.3% of
the time) of INs (the pie charts). Co-application of bicuculline eliminates all synchronous events in PN-IN network (n = 5 PN-IN pairs) but
preserves the mean spike frequency of PN. The analyses of the PN mean spike frequency in the 4-AP group are of the same PNs (n = 26) in
Figure 2, and in the 4-AP plus bicuculline (n = 5) are from traces of PNs when the paired INs show non-oscillatory activity. Plots of interspike
interval (ISl) in 10-s recording session of PNs (n = 5) show 4-AP-induced two clusters of ISls (yellow and green for long and short ISls,
respectively) eliminated by co-application of bicuculline (10 puM, n = 5, white). ">P > 0.05; "P < 0.05, Wilcoxon signed-rank test for synchronized

events, and Mann-Whitney U test for the mean spike frequency

et al, 2012; Chen et al., 2014), co-injection of either the selective
AMPA antagonist CNQX (five rats, numbered 1-5) or perampanel
(five rats, numbered 1-3, 6, and 7) into the basolateral amygdala
effectively reduces both the occurrence and severity of seizures
induced by topical 4-AP (Figure 1 and Videos S1 and S2 for the repre-
sentative animal behaviours ~10 min after microinjection of drugs into
the basolateral amygdala in two consecutive sessions, with the first
being 4-AP alone and the second being 4-AP plus perampanel or
CNQX in the same rat [see Section 2 for details]. The first three rats
in perampanel and CNQX experiments are of the same three rats). In
other words, there is a very similar focal action of perampanel as well
as CNQX on seizure behaviours initiated from the unilateral bas-
olateral amygdala. The behavioural effect of topical 4-AP and per-
ampanel/CNQX suggests that inhibition of AMPAergic transmission
could hinder neuronal recruitment in a local network and thus pre-

clude the progress into a larger-scale temporospatial oscillation.

3.2 | Perampanel attenuates recurrent discharges in
interneurons and thus IPSPs in pyramidal neurons
induced by 4-AP

We then examined the cellular and network mechanisms underlying
the action of perampanel in the basolateral amygdala circuitry. Gluta-
matergic pyramidal neurons and GABAergic interneurons in bas-
identified
electrophysiological and morphological characteristics (Figure 2a;
Washburn & Moises, 1992; Mahanty & Sah, 1998; Sah et al., 2003).

Simultaneous recordings from a pyramidal neuron and an interneuron

olateral amygdala slices are according to their

demonstrate that application of 4-AP induces repetitive burst

discharges in interneurons and corresponding IPSPs followed by
spikes in pyramidal neurons (Figure 2b). The 4-AP-induced rhythmic
IPSPs in pyramidal neurons result in rhythmic suppression followed by
rebound increase of spikes in pyramidal neurons. The burst discharges
in interneurons are tightly synchronized with IPSPs in pyramidal neu-
rons, and thus there are alternating activities between interneurons
and pyramidal neurons. Perampanel completely abolishes 4-AP-
triggered burst discharges in interneurons. In contrast, perampanel
tends to preserve spontaneous spikes and does not significantly alter
the mean spike frequency in pyramidal neurons, although it
completely inhibits all IPSPs in pyramidal neurons induced by
4-AP. We performed further analysis for the interspike intervals of
pyramidal neurons in the presence of 4-AP and found that the 4-AP-
induced rhythmic IPSPs separate the interspike intervals into two
clusters (see the interspike interval analysis in Figure 2b). The shorter
interspike intervals come from spikes “between two consecutive
IPSPs” (during inter-IPSP interval) and the longer interspike intervals
come from the two consecutive spikes with one IPSP “in between”
(so that interspike interval is longer because of the IPSP). Application
of perampanel abolishes clustering of interspike intervals induced by
4-AP. The oscillatory alternating activities between interneurons and
pyramidal neurons with 4-AP therefore are markedly reduced or even
eliminated by perampanel (Figure 2b; also see Figure S1a). With paired
recordings from two pyramidal neurons (Figure 2c), we further dem-
onstrated that 4-AP induces rhythmic and highly synchronous
bicuculline (a GABA,A receptor antagonist)-sensitive IPSPs/inhibitory
postsynaptic currents (IPSCs) in different pyramidal neurons. The
same interneurons thus may project to different pyramidal neurons,
whose activities would then be synchronized by the (burst) discharges

of the interneurons.


https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2312
https://www.guidetopharmacology.org/GRAC/FamilyIntroductionForward?familyId=72
https://www.guidetopharmacology.org/GRAC/FamilyIntroductionForward?familyId=72
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FIGURE 4 Perampanel reduces electrical stimulation-induced paroxysmal depolarizing shift and activities in pyramidal neurons (PNs) and
interneurons (INs) of basolateral amygdala (BLA). In the representative recording (a) of an IN (top) and a PN (bottom), delivery of kindling-
mimicking stimulation causes large depolarization plateaus (orange and red boxes for IN and PN, respectively). The plateau is followed by an
increase in spikes, burst discharges, and/or excitatory waves in all INs (n = 18 for analyses of burst discharges and n = 21 for analyses of spikes
and excitatory waves) and also an increase in spikes and/or composite postynaptic potentials or “cPSP” (which include burst discharges,
excitatory postsynaptic potentials [EPSPs], and inhibitory postsynaptic potentials [IPSPs]) in some PNs (n = 13; see analyses in b). See Section 2
for details. Application of perampanel (5 uM) reduces both the height and duration of the post-stimulation depolarization plateau in PNs (see
magnified overlaying traces in the red box, n = 8) and the duration of the plateau in INs (see magnified overlaying traces in the orange box, n = 6).
Note that all post-stimulation activities in both INs (n = 6) and PNs (n = 5 and 8 for the mean spike frequency and cPSP frequency, respectively,
only those having pre-stimulation baseline membrane potential more depolarized than -60 mV used in the analyses of mean spike frequency) are
abolished by perampanel. NP > 0.05; P < 0.05, Kruskal-Wallis test followed by pairwise Mann-Whitney U test for post-stimulation activities
and Mann-Whitney U test for post-stimulation plateau
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FIGURE 5 Legend on next page.
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FIGURE 5

Electrical stimulation-induced pyramidal neuron (PN)-interneuron (IN) reverberating activities require AMPAergic transmission.

(a) Representative recordings show that application of AMPA antagonist 6-cyano-7-nitroguinoxaline-2,3-dione (CNQX) (10 uM, bottom traces)
rather than NMDA antagonist AP-5 (10 uM, top traces) effectively abolishes the kindling-mimicking stimulation-induced recurrent burst
discharges in INs. Orange box: magnified overlaying traces showing that AP-5 does not significantly reduce the post-stimulation plateau height.
(b) A pair recording of an IN and a PN shows that delivery of kindling-mimicking stimulation induces large depolarizing plateaus in both neurons,
followed by repetitive IN burst discharges, which are synchronized with the repetitive excitatory postsynaptic potentials (EPSPs) and then
inhibitory postsynaptic potentials (IPSPs) in the PN (indicated by red dashed arrows in partially magnified traces, blue and teal boxes). Application
of CNQX (10 puM) reduces the post-stimulation plateau and completely inhibits all other post-stimulation activities. Orange and red boxes:
magnified overlaying traces showing the effect of CNQX on the post-stimulation plateau in IN and PN, respectively. In PNs, CNQX dramatically
reduces both the height and duration of post-stimulation plateau (the red box). In INs, CNQX shortens the post-stimulation plateau duration (the
orange box). (c) Quantitative analyses for the effect of AP-5 (n = 10) and CNQX (n = 5 for INs and n = 8 for PNs) on the post-stimulation events in
INs (top row) and PNs (bottom row). V5P > 0.05; "P < 0.05, Kruskal-Wallis test followed by pairwise Mann-Whitney U test for INs and Mann-
Whitney U test for PNs. The analyses in control (saline) were from the same group of PNs (n = 13) and INs (n = 18-21) in Figure 4

3.3 | CNQX but not AP-5 attenuates recurrent
discharges in interneurons in a way very similar to
perampanel

Figure 3 characterizes the contributions of different glutamatergic
drives from pyramidal neurons to interneurons. The AMPA receptor
antagonist CNQX but not the NMDA receptor antagonist AP-5 well
mimics the actions of perampanel in Figure 2 and completely elimi-
nates 4-AP-induced burst discharges in interneurons (Figure 3a). A
closer look reveals that CNQX but not AP-5 completely inhibits 4-AP-
induced IPSPs but does not significantly alter the mean spike
frequency in pyramidal neurons (Figure 3a). AMPA antagonists (per-
ampanel and CNQX, Figures 2b and 3a) consistently wipe out the
activities of interneurons, indicating that glutamatergic input is crucial
for the generation of (burst) discharges in interneurons. On the other
hand, the mean spike frequency in pyramidal neurons is not altered
(although the intervening IPSPs provided by interneurons is abolished)
by AMPA antagonists, suggesting that pyramidal neurons exhibit
activities even without glutamatergic input. Despite unaltered mean
spike frequency, application of CNQX, again, abolishes clustering of
interspike intervals induced by 4-AP. It is counterintuitive that a
proconvulsant (e.g. 4-AP) would promote, but an anticonvulsant
(e.g. perampanel and CNQX) would abolish repetitive inhibitory syn-
aptic inputs (IPSPs) in excitatory pyramidal neurons. It is plausible that
the proconvulsant or anticonvulsant effect should not be simplistically
ascribed to the altered excitability in the network (e.g. increased excit-
ability by the K* channel inhibitor 4-AP or decreased excitability by
the AMPA antagonists perampanel or CNQX). Our findings indicate
that the primary effect of 4-AP on pyramidal neurons is most likely an
increase in rhythmic GABAergic input provided by the enhanced
rhythmic burst discharges of interneurons. The apparently paradoxical
inhibition of IPSPs by AMPA antagonists (perampanel and CNQX)
would further suggest that the increased IPSPs in pyramidal neurons
are consequences of glutamate-dependent burst discharges in inter-
neurons triggered by 4-AP. In other words, it seems that glutamatergic
input is especially important for the genesis of burst discharges in
interneurons (and subsequent IPSPs in pyramidal neurons) in the bas-
olateral amygdala network. Perampanel inhibition of AMPAergic

transmission would reduce burst discharges in interneurons and then

the reverberating oscillations between interneurons and pyramidal
neurons and thus an anti-epileptic effect. Consistent with the view of
reverberating interneuron-pyramidal neuron discharges but not
increased excitation/decreased inhibition for ictogenesis, addition of
another common proconvulsant, the GABA, antagonist bicuculline
(Curtis, Duggan, Felix, & Johnston, 1970; Fisher, 1989), abolishes
rather than exacerbates 4-AP-induced oscillatory activities between
interneurons and pyramidal neurons (Figure 3b). In the presence of
both 4-AP and bicuculline, the simultaneous block of K* and CI™ chan-
nels may result in more chances of depolarization block of all mem-
brane activities. Therefore, interneuron and pyramidal neuron pair
recordings show either silence of both interneuron and pyramidal
neuron (due to depolarization block) or activities in the pyramidal neu-
ron not regulated by the IPSP (Figure 3b). In the latter case, IPSPs and
consequently the rhythmic or oscillating discharges in interneurons
and pyramidal neurons are abolished, but the mean spike frequency in
pyramidal neurons is not significantly altered by bicuculline, similar to
the case with AMPR antagonists (Figures 2b and 3a). These findings
suggest that the discharge patterns may be more crucial than the
spike counts. Thus, bicuculline disrupts 4-AP-induced oscillatory activ-
ities between interneurons and pyramidal neurons, resulting in either
silence of both interneurons and pyramidal neurons or apparently
uncoordinated activities in interneurons and pyramidal neurons, con-
sistent with inhibition rather than induction of epileptiform discharges
reported in the literature (Briickner, Stenkamp, Meierkord, &
Heinemann, 2000).

3.4 | Perampanel reduces post-stimulation plateau
depolarization and after discharges in both pyramidal
neurons and interneurons

The telencephalic structures, especially the amygdala, are particularly
susceptible to kindling (Mclntyre & Gilby, 2008), which turns normal
brain epileptic by focal repetitive electrical stimulation without intro-
ducing apparent structural or chemical derangements to the circuits
(Goddard et al., 1969). We explored the discharge profiles of bas-
olateral amygdala neurons in acute brain slices following focal electri-

cal stimulation that mimics in vivo kindling (Figure 4; see Section 2 for
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stimulation protocols). Immediately after delivery of the kindling-
mimicking stimuli in vitro, long-lasting membrane depolarization
(presented as “post-stimulation plateau” below for simplicity) could be
observed in both interneurons and pyramidal neurons (Figure 4a). The
post-stimulation plateau is reminiscent of the paroxysmal depolarizing
shift commonly seen in the earliest part of epileptiform discharges,
characterizing ictal onset in experimental seizures (Goldensohn &
Purpura, 1963; Matsumoto & Marsan, 1964). Perampanel markedly
inhibits the post-stimulation plateau in pyramidal neurons and, to a
lesser extent, also in interneurons. On the other hand, burst dis-
charges (i.e., grouped spikes on top of a depolarization plateau) are
markedly increased especially in interneurons in response to in vitro
kindling-mimicking stimulations (Figure 4a,b). The markedly increased
burst and spike discharges or excitatory waves (a sum of burst dis-
charges and EPSPs) in interneurons after kindling-mimicking stimuli
are inhibited by perampanel. There are also increased spikes and
EPSPs or even burst discharges in pyramidal neurons after stimulation.
Perampanel likewise abolishes most stimulation-induced activities in
pyramidal neurons. Lower concentration of perampanel also provides
similar findings with a slower action (Figure S1b). These findings sug-
gest that glutamatergic synaptic input may play a major role in the
generation of paroxysmal depolarizing shift and perampanel may pro-
hibit seizures by inhibition of depolarization shift and subsequent
excitatory waves.

3.5 | CNQX but not AP-5 recapitulates the effect of
perampanel on plateau depolarization and after
discharges

Similar to perampanel, the AMPA antagonist CNQX completely
inhibits stimulation-induced burst discharges and firing activities in
interneurons, whereas the NMDA antagonist AP5 has only a mild
effect (Figure 5a). Paired recordings of a pyramidal neuron and an
interneuron demonstrate that kindling-mimicking stimulation induces
not only post-stimulation plateau depolarization followed by
increased activities in interneurons and pyramidal neurons but also
alternate reverberating activities between interneurons and pyramidal
neurons (Figure 5b). Once again, interneurons show a stronger
propensity of generation of burst discharges in response to kindling-
mimicking stimulation.  Stimulation-induced interneuron burst
discharges are synchronized with stimulation-induced EPSPs in
pyramidal neurons in the early phase, and then synchronized with
stimulation-induced IPSPs in pyramidal neurons in the late phase
(Figure 5b), reminiscent of 4-AP-induced persistent alternating activi-
ties of interneurons and pyramidal neurons (Figures 2 and 3). These
findings suggest that the AMPAergic drive provided by pyramidal neu-
rons substantially contributes to the post-stimulation plateau depolar-
ization as well as early-phase burst discharges in interneurons and
EPSPs in pyramidal neurons. In the late phase, the synchronized burst
discharges presumably spread to involve more interneurons. Larger
IPSPs would therefore be triggered in pyramidal neurons, enabling

more rebound pyramidal neuronal activities and thus apparently
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alternating activities between interneurons and pyramidal neurons.
Consistently, application of CNQX completely abolishes all of the
aforementioned stimulation-induced activities (burst discharges,
EPSPs, and IPSPs) in both interneurons and pyramidal neurons
(Figure 5b,c), repeating the effect of perampanel in Figure 4. It is espe-
cially of note that the actions of perampanel and CNQX are so similar
in many important aspects. For example, the inhibitory effect on the
stimulation-induced depolarization shift tends to be more complete in
pyramidal neurons than interneurons, with a residual plateau in inter-
neurons but not in pyramidal neurons for both compounds. These
findings not only indicate differential contributions of AMPA and
NMDAergic transmissions in the process of electrical kindling-
mimicking stimulation but also demonstrate very similar actions of
perampanel and CNQX on stimulation-induced cellular activities, lend-
ing a strong support that the anticonvulsant effect of perampanel
could be reasonably ascribed to the inhibition of AMPAergic

transmission.

4 | DISCUSSION

4.1 | Epileptic seizures are not simplistic
consequences of imbalance between excitation and
inhibition in a network

Epileptic discharges are in common considered as abnormally
decreased inhibition and/or increased excitation in a telencephalic
network such as the basolateral amygdala. Accordingly, it seems con-
ceivable that inhibition of excitatory glutamatergic transmission by
perampanel shall have an anticonvulsant effect. However, there are
clinical and pharmaco-therapeutic controversies over the roles of
pyramidal neurons and interneurons in epileptogenesis and seizure
spreading (Engel, 1996; Weiss et al., 2019). For example, both human
and animal studies demonstrated that seizure begins with increased
interneuron firing and strong inhibitory postsynaptic events in pyrami-
dal neurons (Elahian et al., 2018; Fujiwara-Tsukamoto et al., 2010;
Librizzi et al, 2017; Truccolo et al, 2011; Ziburkus, Cressman,
Barreto, & Schiff, 2006), whereas other reports showed that seizure
discharges occur first in pyramidal neurons (Avoli, Psarropoulou,
Tancredi, & Fueta, 1993; Borck & Jefferys, 1999). Also, interneuron
activities have been shown to be decreased (Misra, Long, Sperling,
Sharan, & Moxon, 2018) or increased (Liou et al., 2018) during seizure
spreading. In addition, optogenetic stimulation of just pyramidal
neurons could induce (Osawa et al., 2013; Wagner et al., 2015) or
suppress (Chiang, Ladas, Gonzalez-Reyes, & Durand, 2014) seizures,
whereas photoinhibition of pyramidal neurons consistently reduces
seizures (Krook-Magnuson et al., 2013; Tgnnesen et al., 2009; Wykes
et al., 2012). Optogenetic stimulation of just interneurons may induce
(Sessolo et al., 2015; Shiri et al., 2016) or reduce (Krook-Magnuson
et al., 2013; Sessolo et al., 2015) seizures, while optical inhibition of
interneurons would tend to reduce seizures (Krook-Magnuson, Szabo,
Armstrong, Oijala, & Soltesz, 2014; Lu et al., 2016) or have no effect
(Krook-Magnuson et al., 2014; Lu et al., 2016) on seizures. Moreover,
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bicuculline is a widely used proconvulsant in vitro and in vivo (Curtis
et al., 1970; Fisher, 1989), but similar concentrations of bicuculline in
similar brain areas have been reported to reduce seizure activities in
many in vitro and in vivo studies (Fujiwara-Tsukamoto et al., 2007;
Higashima, Kinoshita, Yamaguchi, & Koshino, 1996; Stasheff, Mott, &
Wilson, 1993; Turski et al., 1989; Weng & Rosenberg, 1992). Also,
although perampanel could ameliorate seizures, worsening of seizures
could happen and epileptic seizures are common in the patients of
anti-AMPA receptor encephalitis (Bien & Holtkamp, 2017; Bird
et al., 2015; De Liso et al., 2016). The occurrence of seizures thus
should not be envisaged simplistically by increased excitation (e.g.
inreased pyramidal neuron activities) or decreased inhibition (e.g.
decreased interneuron activities). To reconcile these apparently con-
tradictory findings, we have demonstrated that pyramidal neurons
and interneurons may have to coordinate their activities to initiate
and maintain the reverberating epileptic oscillations. In this regard,
interruption of the coordinating activities between pyramidal neurons
and interneurons, rather than simplistic inhibition of excitatory pyra-
midal neurons and/or excitation of inhibitory interneurons, in a net-
work could be the key to reduce or terminate seizures. Inhibition of
both burst activities in interneurons and consequently IPSPs in pyra-
midal neurons by AMPA receptor antagonists such as perampanel or
even inhibition of GABAergic transmission directly by GABA receptor
antagonists, that are generally considered as pro-convulsants, could
therefore decrease or prevent epileptic oscillations (Figures 2-4). In
this regard, it is of note that perampanel markedly reduces the plateau
depolarization immediately after kindling-like stimulation in both
interneurons and pyramidal neurons (Figure 4). The plateau depolari-
zation is in fact the earliest form of epileptic discharges in many differ-
ent seizures (De Curtis & Avanzini, 2001; Dreier et al., 2012; Staley,
Hellier, & Dudek, 2005). The different reduction of the post-
stimulation plateau in pyramidal neurons and in interneurons by per-
ampanel would further imply that more glutamatergic inputs converge
on interneurons than on pyramidal neurons for the post-stimulation
plateau depolarization (Sah et al., 2003; Spampanato, Polepalli, &
Sah, 2011). In any case, reduction of the plateau depolarization in
both pyramidal neurons and interneurons would signal a decrease in
convergent drive upon the initiation of network reverberations, once
again implicating the mechanistic significance of disruption of coordi-
nating network activities underlying the anticonvulsant effect of

perampanel.

4.2 | Perampanel works as modifier of reverberating
discharges from the perspective of neural circuitry

Perampanel is a new-generation and widely prescribed anticonvul-
sant and is well known for its non-competitive antagonist action at
AMPA receptors (Hanada et al., 2011; Potschka & Trinka, 2019).
Epilepsy is characterized by excessive central neuronal discharges
and thus most likely excessive glutamate release. For instance,
human ictal transition and spread have been reported to rely criti-

cally on population burst discharges and synchronous glutamatergic

signalling (Huberfeld et al., 2011). A competitive AMPA receptor
antagonist such as CNQX would become less effective with more
release of the natural agonist glutamate. In contrast, a non-
competitive antagonist such as perampanel presumably would have
a more consistent effect with excessive glutamate release during
seizures. Indeed, the anti-seizure effect of a non-competitive
AMPA antagonist 1-(4-aminophenyl)-3-methylcarbamyl-4-methyl-3,
4-dihydro-7,8-methylenedioxy-5H-2,3-benzodiazepine hydrochloride
(GYKI-53655), which shares the binding site of perampanel
(Hanada et al, 2011), was found to be superior to that of the
AMPA 2,3-dioxo-6-nitro-1,2,3,4-tetra-
hydrobenzo[f]quinoxaline-7-sulfonamide (NBQX) in experimental

competitive antagonist
seizure models (Yamaguchi, Donevan, & Rogawski, 1993). On the
other hand, the binding affinity of perampanel could be much
lower than that of CNQX (Chen et al., 2014; Honoré, Drejer, Niel-
sen, & Nielsen, 1989; Johansen et al., 1993). An anticonvulsant
ideally should have a selective inhibitory effect on seizure but
spare normal neural function. AMPA receptor-mediated glutamate
transmission is ubiquitous in the mammalian brain. The low affinity
therefore could be mandatory for an AMPA receptor antagonist
such as perampanel to be a usable medication against seizures in
clinical practice. In this study, we had two distinct seizure models
for investigation of the action of AMPA receptor antagonists. In
the 4-AP model, there is presumably a diffuse increase in gluta-
mate and GABA release, as well as cellular excitability (lowered
threshold for firing an action potential with delayed repolarization).
On the other hand, electrical kindling is characterized by focal
accentuation of neurotransmission, followed by local extension and
distant spreading in order. The two models shall therefore have
wide-scope coverage of the very much heterogeneous epi-
leptogenesis and ictogenesis. It is interesting that perampanel and
CNQX show very similar actions in behavioural and electrophysiologi-
cal assessments and from network to cellular actions in the two
experimental models. Most importantly, perampanel and CNQX both
abolish the burst discharges in interneurons and corresponding IPSPs
and post-inhibitory rebound spikes in pyramidal neurons (Figures 2
and 3) and markedly reduce the post-stimulation depolarization shift
as well as after discharges (Figures 4 and 5). These are all potentially
key actions relevant to the anticonvulsant effect. The overlapping
anticonvulsant actions of perampanel in two different seizure models
and the similar anti-epileptic effects of perampanel and CNQX may
broaden the clinical implication of the AMPAergic inhibition in seizure
networks. Perampanel is a broad-spectrum anticonvulsant and has
been reported effective against many different types of seizures,
including focal seizures, generalized tonic-clonic seizures, status
epilepticus or seizures of heterogeneous aetiologies such as tumour-
induced seizures and epileptic syndromes including Lennox-Gastaut
and Dravet syndromes in children and adolescents (Bir6 et al., 2015;
De Liso et al., 2016; French et al., 2012; French et al., 2015; Krauss
et al., 2012; Redecker, Wittstock, Benecke, & Rosche, 2015; Vecht
et al., 2017). We have seen that seizure-related burst discharges hap-
pen much more frequently in interneurons than pyramidal neurons.

Also, the generation of burst discharges in interneurons is critically
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dependent on AMPAergic transmission. The anticonvulsant effect of
perampanel may at least partly rely on preventing the initiation of
burst discharges in interneurons or its downstream postsynaptic
effect on network reverberating discharges. For instance,
channelopathy-induced interneuronopathy has been implicated to
play a pathogenic role (e.g. altered excitability and firing pattern of
inhibitory neurons, Liautard et al., 2013; Tai, Abe, Westenbroek,
Scheuer, & Catterall, 2014; Spillane, Kullmann, & Hanna, 2016) in
Dravet syndrome, where perampanel could counter the seizure-
related abnormal firing in interneurons by AMPAergic transmission
inhibition. In any case, instead of a simplistic view of decrease in
excitability because of glutamatergic inhibition, perampanel inhibits
seizures by ablation of the reverberating discharge patterns between
interneurons and pyramidal neurons. In other words, the alternate
synchronized activities in interneurons and pyramidal neurons are
critically dependent on the pyramidal neuron-to-interneuron
AMPAergic neurotransmission, which is inhibited by perampanel. It is
interesting that the notorious proconvulsant bicuculline could
also reduce the alternating and epileptic discharges in the pyramidal
neuron-interneuron networks by eliminating the necessary
GABAergic drive in pyramidal neurons from interneurons (Briickner
et al, 2000; Stasheff et al, 1993). Because perampanel does not
work simplistically as “reduction in excitability” and has an anticonvul-
sant effect chiefly on interneurons, it could be ineffective against sei-
zures characterized by excessive activities of pyramidal neurons,
which does not require or rely too much on the conditioning by IPSPs
and the post-IPSP rebound discharges. Perampanel could even exac-
erbate seizures in certain clinical settings or at certain doses (Hsu
et al., 2013). Such a “net” proconvulsant effect presumably could be
envisaged if a general increase in pyramidal neuron activities happens
(because of the ablation of IPSPs) and outweighs the modulation

action on circuitry reverberations.
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