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ARTICLE INFO ABSTRACT

Keywords: KCNQ2-encoded Kv7.2 subunits play a critical role in balancing neuronal excitability. Mutations in KCNQZ2 are
KCNQ2 responsible for highly-heterogenous epileptic and neurodevelopmental phenotypes ranging from self-limited
Epilepsy familial neonatal epilepsy (SeLFNE) to severe developmental and epileptic encephalopathy (DEE). Pathogenic

Mouse model

i KCNQ?2 variants cluster at the voltage sensor domain (VSD), the pore domain, and the C-terminal tail. Although
HN37 (pynegabine)

several knock-in mice harboring Kcng2 pore variants have been developed, no mouse line carrying Kcng2
voltage-sensor mutations has been described. KCNQ2-R207W is an epilepsy-causing mutation located in the VSD,
mainly affecting voltage-dependent channel gating. To study the physiological consequence of Kcng2 VSD
dysfunction, we generated a Kcng2-R207W mouse line and analyzed the pathological and pharmacological
phenotypes of mutant mice. As a result, both homozygous (Kcng2™/®W) and heterozygous (Kcng2®"V/*) mice
were viable. While Kcng2RW/RW mice displayed a short lifespan, growth retardation, and spontaneous seizures,
Keng2®™/+ mice survived and developed normally, although only a fraction (9/64; 14%) of them showed
behavioral- and ECoG-confirmed spontaneous seizures. Kcng2®"/* mice displayed increased susceptibility to
evoked seizures, which was dramatically ameliorated by treatment with the novel KCNQ opener pynegabine
(HN37). Our results show that the Kcng2-R207W mouse line, the first harboring a Kcng2 voltage-sensor muta-
tion, exhibits a unique epileptic phenotype with both spontaneous seizures and increased susceptibility to evoked
seizures. In Kcng2-R207W mice, the potent KCNQ opener HN37, currently in clinical phase I, shows strong
anticonvulsant activity, suggesting it may represent a valuable option for the severe phenotypes of KCNQ2-
related epilepsy.

1. Introduction et al., 2004; Uchida et al., 2017). Human genetic variants in the KCNQ2
gene cause epilepsy (Miceli et al., 2010); in fact, the KCNQ2 gene was

KCNQ2 subunits, the main molecular components of the M channel, first identified and cloned in families affected with self-limited familial
play diverse roles in regulating neuronal excitability, including spike neonatal epilepsy (SeLFNE, OMIM #121200) (Biervert et al., 1998;
frequency adaption (Brown and Adams, 1980), afterhyperpolarization Singh et al., 1998), an autosomal dominant disease characterized by
(Martire et al., 2004), and modulation of transmitter release (Martire frequent seizures occurring in the first few days of life spontaneously

Abbreviations: KCNQ2, Potassium Voltage-Gated Channel Subfamily Q Member 2; SeLFNE, Self-limited familial neonatal epilepsy; DEE7, Developmental and
epileptic encephalopathy 7; LOF, Loss-of-function; VSD, Voltage-sensor domain; ECoG, Electrocorticography; GTCS, Generalized tonic-clonic seizures; SUDEP,
Sudden unexpected death in epilepsy; ASM, Anti-seizure medication.
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disappearing after a few weeks or months, with generally normal neu-
ropsychological development. In addition, a wide spectrum of more
severe epileptic phenotypes have been recognized as results of patho-
genic variants in KCNQ2, including developmental and epileptic en-
cephalopathy (DEE7, OMIM #613720), a disease characterized by early-
onset refractory seizures, neuroradiological alterations, and develop-
mental delay (Miceli et al., 2010; Weckhuysen et al., 2012). Mutations in
KCNQ2 are the most frequent cause of neonatal-onset genetically-
determined epilepsies(Symonds et al., 2019).

In order to study the pathogenetic mechanisms and potential thera-
peutic strategies of KCNQ2-related epilepsy, several mouse models of
KCNQ2 dysfunction have been developed. The first is the Kcng2-
knockout mice generated by homologous recombination; while homo-
zygous pups died in the first postnatal day from pulmonary atelectasis,
heterozygous mice showed increased susceptibility to seizure in spite of
their normal morphology and behavior (Watanabe et al., 2000). Unlike
Kcng2-knockout mice, mice with a conditional dominant-negative
human KCNQ2-G279S transgene exhibited spontaneous seizures,
memory impairment, and neuropathological changes, but the genotype
of these transgenic mice was different from that of patients, who typi-
cally carry the disease-causing mutations in heterozygosity (Peters et al.,
2005). To overcome this limitation, knock-in mice carrying the Kcng2
loss-of-function (LOF) mutations A306T or Y284C were developed
(Singh et al., 2008; Tomonoh et al., 2014). The two mouse models,
Kcng2-A306T and Kcng2-Y284C, expressed somewhat similar pheno-
types, with homozygous mice of both lines displaying spontaneous sei-
zures and heterozygous mice showing increased susceptibility to
induced seizures but no spontaneous seizure activity (Otto et al., 2009;
Singh et al., 2008; Tomonoh et al., 2014). More recently, a mouse model
(Kcng2-T274M) knock-in for one of the most recurrent disease-causing
variants in humans has been reported; notably, heterozygous Kcng2-
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T274M animals, maintained in the 129Sv genetic background, displayed
spontaneous seizures (Milh et al., 2020). Collectively, all knock-in
mouse models above carry mutations in the pore-forming region of
the KCNQ2 subunit (Fig. 1A), while no reports are available of mice
models harboring Kcng2 mutations in the S4 voltage sensor, a critical
region for channel function and a mutational hotspot in KCNQ2-related
epilepsies.

R207W is a pathogenic mutation that abolishes the third of six pos-
itive charges in the S4 transmembrane segment of the voltage-sensor
domain (VSD) of the KCNQ2 subunit; the mutation is responsible for a
wide spectrum of epileptic phenotypes, including SeLFNE, DEE7, and
myokymia (Blumkin et al., 2012; Dedek et al., 2001; Dhamija et al.,
2017; Soldovieri et al., 2014). KCNQ2 subunits carrying the substitution
of the positively charged arginine at position 207 with a bulky hydro-
phobic residue exert dominant-negative loss-of-function effects when
expressed in vitro by shifting the voltage dependence of channel acti-
vation to a more positive voltage and slowing channel activation, which
could be rescued by KCNQ opener (Xiong et al., 2007; Xiong et al.,
2008); similar, although less dramatic, gating consequences occurred
when the R207 residue was replaced by a neutral glutamine (R207Q)
(Miceli et al., 2008). In Kv7.4 channels highly functionally and struc-
turally related to Kv7.2, mutations corresponding to R207W and R207Q
in Kv7.2 generated nonlinear currents with complex kinetics after ionic
current suppression; the biophysical and pharmacological characteris-
tics of these currents were consistent with those of the so-called w-cur-
rents, namely currents carried through water-filled regions of the
protein (crevices or gating pores) created by specific conformations of
the VSD, rather than through the canonical pore (Miceli et al., 2012).
Recent results using atom-detailed molecular dynamics simulations and
a refined model structure of the Kv7.2 VSD in the active conformation
further showed that the R207Q mutation significantly increases the
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Fig. 1. The location and electrophysiological phenotype of KCNQ2 mutation R207W.

A) Distribution of R207W and other published variants (T274M, G279S, Y284C and A306T) within KCNQ2 subunit. B) Representative current traces of KCNQ2 (Q2)
and R207W (RW) mutant before and after application of 100 nM HN37. Currents were elicited by depolarization from —90 mV to +90 mV in 10 mV incremental steps
from holding potential —90 mV. C) Current density-voltage curve and D) Current at 0 mV of KCNQ2 and R207W mutant before and after application of 100 nM
HN37. E) G-V curve and F) V;,, of KCNQ2 and R207W mutant before and after application of 100 nM HN37.
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hydration in the internal VSD cavity, a feature favoring the occurrence
of w-currents (Alberini et al., 2021).

In order to assess the in vivo consequences of the R207W mutation in
the VSD of KCNQ2, we developed a Kcng2-R207W mouse line and
analyzed the epilepsy phenotypes of both homozygous (Kcng2®W/&W)
and heterozygous (Kcng2®™/*) mutants. In addition, we tested the
anticonvulsant effects of the novel KCNQ opener HN37 (Zhang et al.,
2021) in KcanRW/ * mice. We report that HN37 protects KcanRW/ +
mice against induced seizures in vivo, suggesting the potential useful-
ness of this drug as a precision strategy for treating the severe forms of
KCNQ2-related disorders.

2. Materials and methods
2.1. Cell culture and transient transfection

KCNQ subunits were expressed in CHO cells grown in DMEM/F12
(1:1) supplemented with 10% FBS. Twenty-four hours before electro-
physiological recording, cells were transiently transfected with Lip-
ofectamine 3000 reagent (Invitrogen). A plasmid encoding EGFP was
used as a transfection marker, and total ¢cDNA in the transfection
mixture was kept constant at 4 pg.

2.2. Electrophysiological recording

KCNQ2 channel currents were recorded at room temperature using
standard whole-cell patch clamping; data acquisition was performed
using an Axopatch-700B amplifier, with the signals filtered at 2 kHz and
digitized with a Digidata 1440 A interface at 50 kHz. Pipettes of 2-5 MQ
resistance when filled with the intracellular solution were used. The
pipette solution contained 145 mM KCI, 1 mM MgCl,, 1 CaCly, 5 mM
EGTA, and 10 mM HEPES (pH 7.2 adjusted by KOH); the extracellular
solution contained 140 mM NaCl, 5 mM KCl, 2 mM CaCly, 1 mM MgCly,
10 mM Glucose and 10 mM HEPES (pH 7.4 adjusted by NaOH). During
the recordings, constant perfusion of the extracellular solution was
maintained using a BPS perfusion system (ALA Scientific). Normalized
conductance-voltage (G-V) relationships were fitted using the Boltz-
mann equation. Data analysis was performed using CLAMPFIT 9 (Axon
Instruments) and GraphPad Prism 8.

2.3. Animals

All experiments involving animals were performed in accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Animal protocols were approved by the IACUC
(Institutional Animal Care and Use Committees) and were carried out
following the approved guidelines. Knock-in mice with Kcng2-R207W
variant on C57BL/6 J background were from Shanghai Model Organ-
isms, and an off-target analysis was performed and no hits in any of the
potential off-target sites screened were identified. The F1 generations
were backcrossed at least five generations with wild-type C57BL/6 J to
eliminate possible unwanted off-target effects. All mice used in this work
were obtained by breeding Kcng2®™/* males with Keng2®™/* females,
and offspring mice were genotyped by PCR of tail biopsy DNA. For
amplification, Primer 1, ACACTACAGGTAGGCAGGGTGG; primer 2,
GCTCCAGGAAGGATTGCTCACA; Primer 1 was used for sequencing.
KCNQ2 protein expression in mice brain was determined by Western
blot analysis (Supplementary Material). Mice were housed in a specific
pathogen-free barrier facility with a 12/12-h light/dark cycle and had
ad libitum access to food and water. Male mice were used for the study.

2.4. Open-field test
Mice locomotor activity was measured using an open field test in a

dark environment. Each mouse was placed in the same corner of the
open field apparatus (50 x 50 x 40 cm), then the spontaneous
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locomotor activity of each mouse was monitored by an infrared-
sensitive camera and analyzed with an automated tracking system
(Shanghai Xinsoft Information Technology, Shanghai, China). Data were
collected for 10 min for each mouse.

2.5. ECoG analysis

Mice (P56-P70) were anesthetized using isoflurane and fixed to a
stereotaxic stage. After midline skin incisions, the skull was exposed and
cleaned with hydrogen peroxide. The skull was drilled with a 1 ml sy-
ringe needle, and isolated pin headers were inserted (subdural 1.0 mm)
as electrodes for ECoG. The recording electrode was implanted 2 mm
posterior to bregma and 2 mm right to the midline; the reference elec-
trode was implanted 3 mm anterior to bregma and 2 mm left to the
midline, and the ground electrode was implanted on the skull over the
cerebellum. Then the electrodes were fixed to the skull with 502 glue (an
ethyl-cyanoacrylate-based glue) and dental cement. At least 5 days after
surgery, digital ECoG activity was monitored in each mouse for 5 days
using the RM6280 system (Chengdu Instrument Factory, Chengdu,
China) or Medusa system (Bio-Signal Technologies, Nanjing, China). All
recordings were carried out on mice freely moving in the test cage;
infrared-sensitive video cameras were used to monitor locomotor ac-
tivity during the ECoG recording periods.

2.6. Drugs

Pynegabine (HN37) and retigabine (RTG) were provided by Dr.
Fajun Nan (National Center for Drug Screening, Chinese Academy of
Sciences, Shanghai, China). Pentylenetetrazole (PTZ), sodium carbox-
ymethyl cellulose (CMC—Na), and NaCl were from Sigma-Aldrich
(USA). For the antiepileptic activity test in Kcng2®"/*, HN37 and RTG
were suspended in 0.5% CMC-Na and administered intragastrically to
experimental mice in a volume of 20 ml/kg, and the seizure test was
performed 1 h after administration. PTZ was solubilized in normal
saline.

2.7. Seizgure induction

Induction of audiogenic seizure. The sound-proof chamber was made of
transparent Plexiglas and could be opened and covered from the top.
The noise was provided by a speaker mounted on the ceiling of the
chamber. Male mice (P28-P35) of different genotypes were placed into
the chamber and habituated for a 1-min period. Then mice were sub-
jected to a 110 dB noise for 1 min, or until generalized tonic-clonic
seizures (GTCS) occurred. GTCS number and latencies were analyzed
after testing.

Hyperthermia-induced seizure test. Male mice (P35-P42) of Kcng2®W/*
and WT genotypes were used in the hyperthermia-induced seizures test.
Before seizure induction, the body temperature of mice was measured by
arectal probe (TCAT 2DF, Physitemp, USA), and the core temperature of
different groups was maintained at approximately 36.5 °C. Mice were
placed into an electric heating constant temperature incubator (Zhi-
cheng, Shanghai) with a temperature of 50 °C to determine seizure
susceptibility of Kcng2®W/* and WT mice to hyperthermia or to evaluate
the effectiveness of the test anti-seizure medications (ASMs) in KcanRW/
* mice. The behaviors of mice were observed through a transparent
window; mice were kept in the incubator until GTCS occurred but not
longer than 10 min, and then the body temperature of each mouse was
immediately measured by the rectal probe. The time and body tem-
perature when GTCS occurred were recorded in these experiments.

Maximal electroshock seizure (MES) test. Mice (P42-P56) of KcanRW/
* and WT genotypes were used in the MES test. The electrical shock was
delivered by an electronic stimulator (EC-02, Orchid Scientifics, Maha-
rashtra, India) by the delivery of a current of 0.25 to 10 mA (continuous
sinusoidal wave with a frequency of 0.5 Hz, a wave width of 0.2 ms) for
0.2 s through ear clip. Mice were scored for the presence or absence of
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immediate tonic hindlimb extension.

6-Hz psychomotor seizure test. An electrical stimulus was delivered
through corneal electrodes to male mice (P42-P56) of KcanRW/ * and
WT genotypes, which is pre-treated with saline diluted with 0.5%
tetracaine hydrochloride for local anesthesia and to improve electrical
conductivity; a Grass electronic stimulator (S48, Grass Technologies,
USA) was used with a constant current unit (CCU1, Grass Technologies,
USA) to determine seizure susceptibility of Keng28"V/* and WT mice or
to evaluate the effectiveness of the test ASMs in Kcng2®"V/* mice. For
antiepileptic activity evaluation, the seizures were induced by a stimulus
of 20 mA current (6-Hz, 0.2 ms rectangular pulse width) for 3 s duration.
The EDso values of HN37 and RTG were evaluated by non-linear
regression using GraphPad Prism (GraphPad Software, USA).

Subcutaneous PTZ (sc-PTZ) test. PTZ was injected subcutaneously into
male mice (P42-P56) of Kcng2®W/* and WT genotypes. The proportion
and the latency of GTCS were recorded within 1 h after PTZ application
to determine seizure susceptibility of Keng2®W/* and WT mice or to
evaluate the effectiveness of the test ASMs in Kcng2®/* mice. For
antiepileptic activity evaluation, PTZ was injected at a dose of 60 mg/kg
body weight. Seizures were scored based on convulsive behavior using
the following version of the Racine's scale: Stage I, facial or mouth
twitching; stage II, Head nodding, myoclonic jerk; stage III, unilateral
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forelimb clonus; stage IV, bilateral forelimb clonus with rearing and
falling, wild running and jumping; stage V, falling with tonic-clonic
seizures; and stage VI, hind limb tonic extension and death.

2.8. Statistics

The data are shown as the mean + SEM, and the significance was
estimated using the Student's t-test unless otherwise stated. Statistical
significance: * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results

3.1. Functional and pharmacological characterization of KCNQ2
channels carrying the R207W mutation

The epilepsy-causing KCNQ2-R207W variant neutralizes the third
positively-charged amino acid in the S4 segment in the VSD (Fig. 1A). In
our expression system in CHO-K1 cells, R207W mutant channels
exhibited a distinct loss-of-function (LOF) electrophysiological pheno-
type, including slower activation kinetics, decreased current density at
physiological membrane potentials, and a rightward shift of the G-V
relationship (Fig. 1B). At a membrane potential of 0 mV, the current

Fig. 2. The survival and growth of Kcng2-
R207W mice.
A) Nucleotide sequence of WT, Kcng.
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and Kcng2®/®W mice. In the Kcng2-
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density was significantly smaller in R207W when compared to WT
channels (12.84 + 2.46 pA/pF vs. 39.76 + 7.73 pA/pF)(p < 0.0001,
Student's t-test) and increased to 65.60 + 10.32 pA/pF after application
of 100 nM of the KCNQ opener HN37 (p < 0.0001, Student's t-test)
(Fig. 1C, D). In addition, when compared to WT channels, R207W
mutant channels showed a more depolarized half-activation voltage
(29.05 + 3.21 mV vs.4.79 + 2.36 mV) (p < 0.0001, Student's t-test),
which could be largely rescued to WT values by the application of 100
nM HN37 (p < 0.0001, Student's t-test) (Fig. 1E, F). Considering its
location in the VSD and its unique electrophysiological characteristics
when expressed in vitro, we chose the R207W variant to develop a novel
mouse model of KCNQ2-related epilepsy.

3.2. Homogzygous KcanRW/ RW
developmental delay

mice display early death and

We generated a knock-in mouse model carrying a Kcng2 mutation
R207W using the CRISPR/Cas9 system, in which the third positively-
charged arginine residue in the S4 segment was substituted with a
tryptophan residue (c.619C > T leads to p.Arg207Trp) (Fig. 2A). To
assess the viability of homozygous (Kcng2®"V/RW) and heterozygous
(KcanRW/ ) mutants, we carried out crosses between Kcnq2RW/ * mice,
and offsprings were genotyped by PCR amplification and DNA
sequencing (Fig. 2A). We found that both heterozygous and homozygous
mutants were viable, and the yield of wild-type (Kcng2t/*) (26),
KcanRW/ T (51), and KcanRW/ RW (25) pups was consistent with the
predicted Mendelian ratio of 1:2:1.

Most KcanRW/ RW mice (1 6/25; 64%) died within 48 h after birth,
and only 4 out of 25 homozygotes (16%) survived to weaning (Fig. 2B,
C). The surviving homozygous Kcng28"V/®W mice showed gait abnor-
mality and weakness between the second and fourth weeks of life, also
exhibiting a severe growth delay across the lifespan since postnatal day
3 (P3) (Fig. 2D), with abnormal size and appearance (Fig. 2E). Despite
such a severe phenotype, the reproductive capacity was retained in
Keng2RW/RW homozygous mice, and multiple crosses between surviving
mice were performed. Instead, unlike homozygous mutant mice, het-
erozygous Kcng2®™W/* mice appeared normal in their survival rate, size,
and appearance and gained weight at a rate similar to age-matched
Kcng2™™ littermates (Fig. 2).

3.3. Spontaneous seizure phenotype in homozygous and heterozygous
mice carrying the R207W mutation

Continuous video recordings were performed to monitor seizure
behaviors in Kcng2-R207W mutants. Keng2RY/RW mice exhibited spon-
taneous seizures, including myoclonic, generalized tonic-clonic seizures
(GTCS), leading eventually to sudden unexpected death in epilepsy
(SUDEP); all cases of premature death of adult KcanRW/ RW mice were
observed following single or recurrent GTCS (Supplementary Video 1).
Considering that patients carrying the KCNQ2-R207W variant are het-
erozygous and that Kcng2®W/RW mice are too weak to bear the electrode
implantation surgery, we did not perform further electrocorticographic
(ECoG) recordings in KcanRW/ RW mice.

Instead, only 14% (9/64) of heterozygous Kcng. mice aged from
6 weeks to 10 weeks showed apparent behavioral signs of seizures,
including wild running, circling, myoclonus, GTCS, and also SUDEP; this
result suggests incomplete penetrance of the spontaneous seizure
phenotype in adult Keng2®™/* mice. Keng2™* and Keng2®W/* mice
aged 8 to 10 weeks were then implanted with epidural electrodes for
continuous ECoG recordings with simultaneous video monitoring.
During 120-h recordings, several KcanRW/ * mice (3/16) exhibited se-
vere epileptic discharges, accompanied by GTCS and even SUDEP, while
no WT mice displayed spontaneous seizures (Fig. 3A, B). A representa-
tive ictal ECoG trace recorded from one heterozygous mouse is shown in
Fig. 3A, which was distinguishable from the ECoG recording of the
Kcng2™" mice. The accompanying behavioral seizure is shown in

2RW/ +

Neurobiology of Disease 174 (2022) 105860

Supplementary Video 2; in this video, it could be observed the animal
having myoclonus, wild running, and GTCS, and, after a few seconds,
falling down with a rigid posture; at this time, the ECoG flattened
(Fig. 3A). The three Kcng2®™/*+ mice with spontaneous seizures inves-
tigated all suffered from recurrent seizures 7.33 + 3.93 times/day, and
the averaged seizure duration was 25.65 + 5.23 s (Fig. 3C, D).

Although Kcng2®W/* mice displayed only an incomplete penetrance
of spontaneous seizures, they all showed hyperexcitable phenotypes
when housed in their home cage since two weeks after birth, including
increased locomotor activity, excessive jumping, and exaggerated startle
responses compared to Kcng2"/ " mice. Therefore, a better assessment of
locomotor activity in these mice was performed in the open-field test.
During the observation period, a marked increase in the total distance
covered was observed in Kcng2®"/* mice when compared to Kcng2*/*
mice (p < 0.0001, Student's t-test), with a significant decrease in
immobility time in Kcng2®™/* mice (p = 0.0013, Student's t-test)
(Fig. 3F, G).

3.4. Heterozygous mice displayed heightened seizure susceptibility to
noise and hyperthermia compared to wild-type mice

Kcng2-R207W mice appeared hypersensitive to various disturbances
such as fighting, cage changing, or sudden noise. To evaluate the
sensitivity to audiogenic stimuli in mutants, we tested the epileptic
behavior of Kecng2™/* and Kcng2™* mice (4-5 weeks of age) when
subjected to a 110-dB sound stimulus. After exposure to the noise, 30%
(6/20) of Kcng2™/* mice tested showed a severe SUDEP phenotype
within 30 s, while no Kcng2™/* mice (0/12) exhibited epileptic seizures
(Fig. 4A), suggesting an increased susceptibility to audiogenic seizures
in Kcnq2RW/ * mice (p = 0.0353, Chi-square test).

The severity of seizure symptoms increased with fever in some re-
ported cases of KCNQ2-related epilepsy (Dedek et al., 2001; Dhamija
et al., 2017); thus, we evaluated the seizure susceptibility to hyper-
thermia in Kcng2®W/™ mice. The mice were kept inside an incubator
with a constant temperature of 50 °C for 10 min or until a GTCS
occurred, and then the GTCS latency and body temperature were
measured immediately using a rectal temperature probe. The GTCS in
Keng2RW/* mice occurred significantly earlier than in Keng2™™ mice
(330.30 + 16.61 s vs. 410.40 + 30.94 s) (p < 0.0001, Student's t-test),
and GTCS in Kcng2®YV/* mice occurred at an average temperature of
43.52 + 0.14 °C, a value markedly lower than that recorded in WT mice
(44.79 + 0.21 °C)(p = 0.0125, Student's t-test) (Fig. 4B, C), indicating
that Kcng2®W/* mice were more susceptible to seizures induced by hy-
perthermia when compared to Kcnq2+/ * mice.

3.5. Kcng2RW/* mice displayed heightened seizure susceptibility to
electrical and chemical stimuli compared to wild-type mice

In addition to noise and hyperthermia, the susceptibility of Kcng2R"/

mice to electrically-induced seizures was determined using the
maximal electroshock seizure (MES) model. As shown in Fig. 4D, the
current strength needed to evoke tonic hind limb extension in 50% of the
animals tested (CSso, expressed in mA) of KcanRW/ *(0.47 mA) was
markedly lower than that needed to evoke the same response in Kcng2™*/
* mice (2.16 mA), suggesting a significant MES threshold decrease in
Kcng2™" mice (p = 0.0152, two-way ANOVA, Bonferroni test).

The 6-Hz seizure test was then employed using various intensities of
stimulation currents. As shown in Fig. 4E, when compared to WT mice,
the seizure rate curve of Keng2®/* mice showed a visible leftward shift
(p = 0.0305, two-way ANOVA, Bonferroni test). As shown in Fig. 4F,
seizure duration in Kcng2®W/* mice at each stimulus intensity was
markedly longer than that of Kcng2™* mice at 15 mA or 20 mA (p =
0.0002 and p < 0.0001, one-way ANOVA, Turkey's multiple comparison
test); moreover, while KcanRW/ * mice generally exhibited GTCS,
Kcng2™" mice only showed partial seizures.

To investigate possible differences between Kcng2®/* and Kcng2™
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Fig. 3. Spontaneous seizures and hyperactivity in Kcng2®™/* mice.
A) Representative ictal ECoG trace recordings from a Kcng2RW/*

portion with/without seizures in Kcng2®"W/* and Kcng2™/*

mice. C) Number of seizures per day and D) seizure duration of the three Kcng.

mouse (upper panel) and normal ECoG trace from a Kcng2'/* mice (bottom panel). B) The pro-

28W/+ mice with spon-

taneous seizures. E) Representative locomotor traces of Kcng2®V/* and Kcng2™/ " mice. Analysis of F) total distance, G) immobility time and H) time in center of

Keng2®/* and Keng2™ " mice in open field; n = 12-20 for each group.

* mice in chemoconvulsant-induced seizure susceptibility, pentylene-
tetrazole (PTZ) was used. At the dose of 60 mg/kg, 100% (12/12)
Kcng2®W/* mice exhibited GTCS, and 80% of them died within 1 h after
PTZ injection, while only 50% (6/12) Kcng2™ ™" mice exhibited GTCS
and none of them died (p = 0.0047, Chi-square test); not all Kcng2*/*
mice displayed GTCS until an 100-mg/kg dose (Fig. 4G). In addition,
seizures in Kcng2®"V/* mice were different from those occurring in
Kcng2t/* mice (Supplementary Videos 3, 4); as shown in Fig. 4H, sei-
zures in Kcng2®Y/* mice more quickly shifted from stage III to stage V
when compared to WT mice (50 mg/kg, p = 0.0001; 60 mg/kg, p =
0.0013, one-way ANOVA, Turkey's multiple comparison test), demon-
strating a faster seizure progression due to increased epilepsy suscepti-
bility in Keng2RW/* mice.

3.6. KCNQ2 openers attenuate drug- and electrically-induced seizures in
Keng2RW/+

According to the results described above, Kcng2®"/* mice represent
a valuable model to investigate the protective effects of ASMs against
KCNQ2-related epilepsy; thus, the protective effects of HN37 and RTG
against electrical 6-Hz, PTZ, and hyperthermia-induced seizures were
investigated in Kcng2®™/* mice.

The 6-Hz seizure model was performed with a stimulation current of
20 mA. Following HN37 treatment, the sensitivity of Kcng2®"V/* mice
was dose-dependently reduced, with a higher potency than that of RTG
(Fig. 5A); in fact, the EC5¢ of HN37 (6.9 mg/kg) was markedly lower
than that of RTG (54.5 mg/kg). When the two drugs were compared in
their ability to reduce seizure duration in the 6-Hz model, HN37 was
found to decrease seizure duration at the dose of 5.6 mg/kg (p = 0.0281,

one-way ANOVA, Dunnett's post test), while the first effective dose of
RTG was 60 mg/kg (p = 0.0047, one-way ANOVA, Dunnett's post test)
(Fig. 5B). These results demonstrated that HN37 effectively protected
the Kcng2®V/* mice against 6-Hz induced seizure, showing a roughly
10-times higher potency when compared to RTG.

The effects of HN37 and RTG were also investigated in PTZ-induced
seizure in Kcng2®™/* mice. Treatment with HN37 fully abolished GTCS
at the dose of 10 mg/kg (p < 0.0001, Chi-square test); a higher dose of
RTG (80 mg/kg) was needed to achieve the similar efficacy (p = 0.0004,
Chi-square test) (Fig. 5C). In addition, HN37 decreased the seizure score
at a dose of 10 mg/kg (p < 0.0001, Mann Whitney test), while a sig-
nificant decrease was only observed for RTG at the dose of 80 mg/kg (p
= 0.0002, Mann Whitney test) (Fig. 5D). These results demonstrate that
HN37 protected Keng2®V/* mice against PTZ-induced seizure, showing
higher potency when compared to RTG.

In addition to electrical 6-Hz and PTZ models, the effects of HN37
and RTG were also evaluated in Kcng2®"W/* mice subjected to the hy-
perthermia model, with seizure threshold temperature and duration
used as evaluation criteria. The seizure threshold temperature was
significantly elevated by HN37 at a dose of 10 mg/kg (p < 0.0001),
while RTG doses of 40 mg/kg (p = 0.0031) or 80 mg/kg (p = 0.0011,
one-way ANOVA, Dunnett's post test) were needed to achieve compa-
rable effects. In addition, there was a nonsignificant seizure-latency
prolongation trend after the application of HN37 at a dose of 10 mg/
kg (p = 0.1619) or 5 mg/kg (p = 0.8782), or RTG at a dose of 40 mg/kg
(p = 0.2386) or 80 mg/kg (p = 0.2662, one-way ANOVA, Dunnett's post
test), although seizure latencies showed a tendency to increase. These
results demonstrated that HN37 showed marked efficacy in preventing
hyperthermia-induced seizures, also displaying higher potency when
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compared to RTG.
4. Discussion

Developing animal models reproducing at least some of the pheno-
typic features of human epilepsies is of critical importance for the un-
derstanding of their underlying pathophysiology and for developing
novel and personalized treatment approaches. In the present work, we
engineered a mouse line carrying the disease-causing Kcng2-R207W
variant as a novel model of KCNQ2-related epilepsy. While homozygous
mice displayed a short lifespan, growth retardation, spontaneous sei-
zures, and SUDEP, heterozygous mice showed incomplete penetrance of
the spontaneous seizure phenotype and a reduced threshold to electri-
cally-, thermally-, auditory-, and drug-induced seizures. Finally, we
demonstrated that seizures induced in heterozygous mice were
dramatically reduced after administration of a novel KCNQ opener
HN37, with an approximately 10-times higher potency when compared
to retigabine.

4.1. The first mouse line carrying a voltage-sensor mutation (R207W) in
Kcng2

In an attempt to investigate the possible contribution of KCNQ2-
encoded potassium channel subunits to neuronal excitability underly-
ing complex neuronal functions and to capture at least some of the
phenotypes of KCNQ2-related epilepsies, several rodent models have
been developed over the last two decades. In particular, the Kcng2-KO
and Kcng2-G279S mice were constructed mainly for studying the
physiological function of KCNQ2 since neither was based on mutant
allele from patients (Peters et al., 2005; Watanabe et al., 2000).

Similarly, Sztl mice, which were obtained by random mutagenesis and
carried a large deletion including the C-terminus of the Keng2 gene and
two additional genes, display reduced seizure thresholds, thus providing
important clues on the pathophysiological role of KCNQ2 subunits in
seizure susceptibility (Yang et al., 2003). Notably, the lack of the C-
terminus in KCNQ2 impairs the trafficking of the KCNQ2 subunit to the
membrane (Chung et al., 2006); consequently, the Szt1 mouse is a better
model for haploinsufficiency of the KCNQ2 subunit rather than
dominant-negative KCNQ2 current suppression associated to more se-
vere human phenotypes (Miceli et al., 2013; Orhan et al., 2014). The
adult phenotype of Szt1 mice was similar to that of Kcng2*3%™/+ and
Kcnq3G3HV/ * heterozygous knock-in mice, carrying pore mutations in
KCNQ2 or KCNQ3, respectively, both reproducing naturally-occurring
variants found in SeLFNE families (Singh et al., 2008). These mice
exhibited no spontaneous seizures but reduced thresholds to electrically
induced seizures compared to wild-type littermate mice; by contrast,
both Kcng2?306T/4306T and Keng3®311V/G31Y homozygous mutant mice
exhibited early-onset spontaneous generalized tonic-clonic seizures
which recurred into adulthood, not associated to hippocampal mossy
fiber sprouting or neuronal loss. Thereafter, two other mouse models,
Kcng2-A306T and Kcng2-Y284C mice, were developed using the kick-in
mutational strategy, and homozygotes from both lines showed sponta-
neous seizures while heterozygotes were phenotypically indistinguish-
able from WT mice except for a reduced seizure threshold (Singh et al.,
2008; Tomonoh et al., 2014), a result consistent with that of Singh et al.
(Singh et al., 2008). Recently, a Kcng2-T274M mouse model harboring a
variant recurrently known to cause DEE7 was established, in which
heterozygous mice in the 129Sv genetic background displayed sponta-
neous generalized seizures and cognitive impairment (Milh et al., 2020).

While it has been consistently demonstrated that missense human
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mutations found in patients with KCNQ2-related epilepsies are mainly
located in hot spots, including the S4 voltage-sensor, the pore, and two
calmodulin-binding helices (A and B) in the C-terminal region, existing
knock-in mice modelling KCNQ2-related epilepsies only carry mutations
in the pore domain, while no mouse model reproducing a voltage-sensor
variant pathogenic in humans has been developed to our knowledge.
Thus, our model is the first knock-in mice harboring a pathogenic mu-
tation in the voltage sensor of Kcng2.

4.2. The epileptic phenotypes in Kcng2-R207W heterozygotes

Kcng2-R207W homozygotes showed a high probability of premature
death (Fig. 2B, C), which was also reported in the Kcng2-A306T mice
(Singh et al., 2008). It is likely that premature death is highly correlated
with the mutant KCNQ2 function, as both the Kcng2-knockout mice and
homozygous mice harboring nonfunctional Kcng2-T274M died at birth,

while homozygous mice harboring Kcng2-Y284C with mildly impaired
function survived (Milh et al., 2020; Tomonoh et al., 2014; Watanabe
et al., 2000). Consistent with this, the KCNQ2 channel function of
R207W or A306T mutants was severely impaired but not completely
disrupted, which may explain the incomplete penetrance of premature
death(Singh et al., 2008; Tomonoh et al., 2014).

In adult Kcng2-R207W heterozygotes, spontaneous seizures were
only rarely observed in adult mice (9/64; 14%); technical difficulties in
the continuous video-ECoG monitoring during the first weeks of life
prevented a full description of the epilepsy phenotype at earlier (pre-
weaning) developmental stages. Notably, both in self-limited and severe
phenotypes of KCNQ2-related diseases, seizure frequency significantly
decreases during development, and seizures are not present in most
adults with neonatal-onset KCNQ2-DEE (Boets et al., 2022). Also in
SeLFNE, the seizure recurrence risk in adult individuals from affected
families is around 10% (Psenka and Holden, 1996). Both these
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observations may explain the low penetrance of spontaneous seizures in
adult heterozygous mice observed in our present work.

In patients carrying the KCNQ2-RO7W variant, the seizure type
manifests in various forms, mainly including myoclonus and convulsions
with tonic and/or clonic features; at least some of these epilepsy phe-
notypes are captured in Kcng2-R207W heterozygotes that displayed
visible myoclonus and severe GTCS. In addition, Kcng2-R207W hetero-
zygotes displayed increased seizure susceptibility in multiple induced
seizure tests. Thus, the Kcng2-R207W heterozygote is a suitable model
for the study of pathogenetic mechanisms and ASM discovery.

Notably, the induced seizure models do not adequately represent the
phenotypes of patients with KCNQ2-related epilepsy in clinical, as these
patients do not bear electrical or chemical stimulus physiologically. In
addition, the body temperatures for hyperthermia-induced are higher
relative to other febrile seizure models that have seizures between 40
and 42 °C (Dutton et al., 2013); the physiological relevance of this
inducer is not clear despite the difference between genotypes. The
incomplete penetrance of spontaneous seizures in adult Kcng2-R207W
heterozygotes also poses some limitations for the routine practical
applicability of studies using these mice. It is well known that the genetic
background exerts a major influence on seizure expressivity in mice; as
an example, male mice carrying the Kcng3-G311V mutation on the B6
background exhibited a threshold for partial psychomotor seizure no
different from their wild-type littermates, but this mutation did signifi-
cantly reduce the threshold of male mice carrying the same mutation on
the FVB background (Otto et al., 2009). In addition, Scnlat/~ mice
maintained on the 12956/SvEvTac strain have no spontaneous seizures,
while mating with C57BL/6 J results in epilepsy and premature lethality
in their progeny.(Bergren et al., 2005; Ogiwara et al., 2007; Yu et al.,
2006) Thus, maintaining the Kcng2-R207W mice in a more susceptible
genetic background like DBA/2 or SJL/J may be an effective approach to
enhance the penetrance of spontaneous seizures in Kcng2-R207W het-
erozygotes, a desired achievement needed to enhance the feasibility of
studies in adult animals from this newly-developed mouse model.

4.3. KCNQ openers as reasonable options for KCNQ2-related epilepsy

In the clinic, sodium channel blockers appear as the preferred anti-
seizure medications (ASMs) for the treatment of KCNQ2-related epi-
lepsies; in fact, seizures are usually controlled with phenobarbital or
phenytoin in individuals with SeLFNE (Painter et al., 1981), and
favorable responses to phenytoin or carbamazepine have been described
in several studies of DEE7 patients resistant to various ASMs (Kato et al.,
2013; Numis et al., 2014; Pisano et al., 2015; Weckhuysen et al., 2013;
Weckhuysen et al., 2012). In addition, retigabine (RTG), a selective
activator of KCNQ channels, was shown to revert the channel dysfunc-
tion caused by LOF variants when tested in vitro (Miceli et al., 2013;
Xiong et al., 2007; Xiong et al., 2008). Retigabine also showed anti-
convulsant efficacy in A306T and Y284 mice (Thara et al., 2016) and was
well tolerated and at least partially effective in children with KCNQ2-
DEE when started early (Millichap et al., 2016; Weckhuysen et al.,
2013) Although RTG has been withdrawn from the market mostly
because of its side effects like skin discoloration, a proprietary pediatric
formulation of RTG has received Orphan Drug Designation for the
treatment of seizures associated with KCNQ2-DEE from both FDA and
EMA, and a clinical trial with this formulation has been recently started
(https://clinicaltrials.gov/ct2/show/NCT04639310).

The novel KCNQ opener HN37 displays improved potency towards
KCNQ channels relative to RTG in electrophysiological studies in vitro,
and an excellent efficacy against seizures in a series of preclinical
models, leading to the beginning of clinical trials in China to investigate
HN37 efficacy and safety as an anticonvulsant (Zhang et al., 2021).
Moreover, HN37 possesses better chemical stability and brain distribu-
tion compared to RTG, likely resulting in reduced skin discoloration and
other side effects (French et al., 2011). Considering the enhanced effi-
cacy and the improved safety profile, HN37 may be a reasonable
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therapeutic option for precision treatment in KCNQ2-related epilepsy. In
our present study, we tested the effects of HN37 on several models of
induced seizures in Kcng2-R207W heterozygotes in vivo and found that
HN37 was capable of exerting a marked anticonvulsant effect, in each of
them also displaying a more potent anticonvulsant activity when
compared to RTG. A limitation needs to be stated was that we only used
male mice only in this study; we took this strategy to avoid a larger
variation in behavioral data, which would require fewer animal in each
group to reach significant differences if present, but may also limit the
generalizability of these findings. In addition, given the sub-optimal
translation potential to humans of the pharmacological results ob-
tained in induced seizure models, future experiments will be directed at
evaluating the effects of ASMs on spontaneous epilepsy in heterozygous
mice in which the Kcng2-R207W genotype will be propagated in a more
susceptible genetic background, therefore displaying an increased pro-
portion of spontaneous seizure.

In conclusion, in the present work, we developed a Kcng2-R207W
mouse model, which appears to be a suitable model for KCNQ2-related
epilepsy, and demonstrate that KCNQ openers are effective in prevent-
ing seizures in this model, highlighting their possible usefulness as
precision medicines for KCNQ2-related epilepsies in humans.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nbd.2022.105860.
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