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Carvedilol inhibits neuronal hyperexcitability caused by
epilepsy-associated KCNT1 mutations
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Background and Purpose: KCNT1 encodes a sodium-activated potassium channel
(Slack channel), and its mutation can cause several forms of epilepsy. Traditional anti-
epileptic medications have limited efficacy in treating patients with KCNT1 mutations.
Here, we describe one heterozygous KCNT1 mutation, M267T, in a patient with
EIMFS. The pathological channel properties of this mutation and its effect on neuro-
nal excitability were investigated. Additionally, this study aimed to develop a medica-
tion for effective prevention of KCNT1 mutation-induced seizures.

Experimental Approach: Wild-type or mutant KCNT1 plasmids were expressed het-
erologously in Xenopus laevis oocytes, and channel property assessment and drug
screening were performed based on two-electrode voltage-clamp recordings. The
single-channel properties were investigated using the excised inside-out patches from
HEK293T cells. Through in utero electroporation, WT and M267T Slack channels
were expressed in the hippocampal CA1 pyramidal neurons in male mice, followed by
the examination of the electrical properties using the whole-cell current-clamp tech-
nique. The kainic acid-induced epilepsy model in male mice was used to evalute the
antiseizure effects of carvedilol.

Key Results: The KCNT1 M267T mutation enhanced Slack channel function by
increasing single-channel open probability. Through screening 16 FDA-approved ion

channel blockers, we found that carvedilol effectively reversed the mutation-induced

Abbreviations: ADNFLE, autosomal dominant nocturnal frontal lobe epilepsy; ADP, depolarizing afterpotential; AHP, afterhyperpolarization; AP, action potential; ASMs, anti-aeizure medications;
EIMFS, epilepsy of infancy with migrating partial seizures of infancy; GOF, Gain-of-function; IUE, in utero electroporation; KA, Kainic acid; Ky, currents, sodium activated potassium currents;
mAHP, medium afterhyperpolarization; SAHP, slow afterhyperpolarization; Slack channel, Sequence like a calcium-activated K" channel; WT, wild type.
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1 | INTRODUCTION

The gene KCNT1 encodes a sodium-activated potassium channel (also
known as the Slack channel, sequence like a calcium-activated K*
channel, Slo2.2 or Ky,1.1), which is highly expressed in various
regions of the mammalian brain, especially in the cerebral cortex, hip-
pocampus and cerebellum (Bhattacharjee et al, 2002; Shore
et al,, 2020; Yuan et al., 2003). The Slack channels regulate sodium-
activated potassium currents (Ky, currents), which regulate neuronal
firing patterns by modifying the afterdepolarization (ADP) and after-
hyperpolarization (AHP) currents under normal physiological condi-
tions (Franceschetti et al., 2003; Hess et al., 2007; Liu & Stan
Leung, 2004; Quraishi et al., 2019; Schwindt et al., 1989; Shore
et al., 2020). Additionally, the Ky, currents regulate the neuronal
bursting (Lu et al., 2015; Martinez-Espinosa et al., 2015) and maintain
the timing accuracy of action potentials (APs) at high frequencies in
the auditory brainstem neurons (Yang et al., 2007).

KCNT1 mutations are the most frequent genetic cause of epilepsy
of infancy with migrating partial seizures of infancy (EIMFS), an incur-
able and intractable infantile form of epilepsy, characterized by migrat-
ing multifocal seizures with onset before 6 months of age. Addtionally,
the patients present progressive developmental delay (Barcia
et al., 2012; Coppola et al., 1995; Heron et al., 2012; Ishii et al., 2013;
Ledn-Ruiz et al., 2024; Mgller et al., 2015; Shimada et al., 2014). The
mortality rate of EIMFS is approximately 50%, with reported sudden
unexpected death in epilepsy (Kuchenbuch et al., 2019; Mgller
et al., 2015). Other forms of focal epilepsy and epileptic encephalopa-
thies, including autosomal dominant nocturnal frontal lobe epilepsy
(ADNFLE), Ohtahara syndrome, and West Syndrome, have also pre-
sented KCNT1 mutations (Heron et al., 2012; Martin et al., 2014).

Most epilepsy-related KCNT1 mutations can increase the Slack
current amplitudes (Barcia et al., 2012; Kim et al., 2014; Martin
et al., 2014; Mikati et al., 2015; Milligan et al., 2014). This gain-
of-function (GOF) in Slack channels induced neuronal hyperexcitabil-
ity in human induced pluripotent stem cell-derived neurons (Quraishi
et al,, 2019). Additionally, KCNT1+/R435H mice have been shown to
exhibit persistent interictal spikes, spontaneous seizures, considerably
increased sensitivity to pentylenetetrazol and increased mortality fol-

lowing seizures (Quraishi et al., 2020).

gain-of-function channel properties. Notably, the KCNT1 M267T mutation in the
mouse hippocampal CA1 pyramidal neurons affected afterhyperpolarization proper-
ties and induced neuronal hyperexcitability, which was inhibited by carvedilol. Addi-

tionally, carvedilol exhibited antiseizure effects in the kainic acid-induced epilepsy

Conclusion and Implication: Our findings suggest carvedilol as a new potential candi-

date for treatment of epilepsies.

afterhyperpolarization, carvedilol, epilepsy, KCNT1

What is already known?

o KCNT1 mutations can cause several forms of epilepsy.
o Traditional antiepileptic medications have limited efficacy

in treating patients with KCNT1 mutations.

What does this study add?

e The clinical phenotype and pathologic channel properties
of KCNT1 M267T mutation have been identified.
o Carvedilol reduces Slack current, neuronal excitability,

and seizure susceptibility in a mouse epilepsy model.

What is the clinical significance?

e Carvedilol may be a new potential candidate for the

treatment of epilepsies.

To date, no effective treatments have been established for KCNT1-
related epilepsies. Quinidine, a class | anti-arrhythmic drug, has been
applied clinically in patients with KCNT1-related epilepsies, as it could
reverse the Slack channel overactivity in vitro (Bearden et al., 2014;
Milligan et al., 2014). However, owing to its variable dosing, serum con-
centrations and off-target effects, quinidine is not generally effective
(Mullen et al., 2018; Numis et al., 2018). The clinical severity of KCNT1-
related epilepsies warrants research on exploring KCNT1-targeting
drugs as novel therapeutic strategies for epilepsy management.

Here, we have identified a heterozygous KCNT1 mutation,
M267T, with descriptions of its clinical phenotype and pathophysio-
logical channel properties. To investigate how M267T Slack mutation
contributes to neuronal excitability, we generated a mouse model car-
rying the M267T Slack channel in hippocampal CA1 pyramidal neu-
rons, using in utero electroporation (IUE), and characterized
electrophysiological properties of these neurons with electrophysio-
number of FDA-approved

logical recordings. Additionally, a
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compounds were screened to identify compounds able to reduce
whole-cell Slack current- and neuronal excitability, and thus to lower
the seizure susceptibility in a mouse model of kainic acid (KA)-induced

epilepsy.

2 | METHODS

21 | Patientdata

Written informed consent was obtained from the parents of the
patient. This study was approved by Peking University Institutional
Review Board. We retrospectively summarised and analysed other
patient data including seizure onset, seizure types, EEG and MRI find-
ings, and response to clinical treatment with anti-seizure medications
(ASMs) and quinidine.

2.2 | Genetic analysis

The proband was identified by next generation sequencing (NGS) using
a gene panel targeting 480 epilepsy-related genes that included
KCNT1. This panel used the Agilent SureSelect Target Enrichment tech-
nigue, containing a total of 11,417 probes covering 1.285 Mbp. Tar-
geted NGS was subsequently performed on an lllumina GAllx platform
using paired-end sequencing of 110 bp to screen for variants. Image
analysis and base calling were performed by RTA software and
CASAVA software v1.8.2 (lllumina, Cambridge, UK). After marking
duplicate reads and removing reads of low base quality score using the
Genome Analysis Tool Kit (GATK), clean paired-end reads were aligned
to GRCh37/hgl19 using BWA software (Pittsburgh Supercomputing
Center, Pittsburgh, PA, USA). Then insertion-deletions (indels) and
single-nucleotide polymorphisms (SNPs) identified using the GATK.
Variants were annotated by ANNOVAR. We performed validation and

parental origin analyses for the mutation by Sanger sequencing.

23 | Animals

All animal care and experimental procedures were in strict accordance
with the ‘Guide for the Care and Use of Laboratory Animals’ and the
‘Principles for the Utilization and Care of Vertebrate Animals’, and
were approved by the Institutional Animal Care and Use Committee
at Peking University. Animal studies are reported in compliance with
the ARRIVE guidelines (Percie du Sert et al., 2020) and with the rec-
ommendations made by the British Journal of Pharmacology (Lilley
et al,, 2020).

C57BL/6 male mice (6-8 weeks, 18-23 g) were purchased from
Charles River Laboratories (Beijing, China). All mice were kept in spe-
cific pathogen-free conditions and maintained in a room at constant
temperature (24 + 2°C) and humidity (45%) on a 12-hr light/dark cycle
with free access to food and water. Three or four mice were kept in

one cage.
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The experimenters were blinded to viral treatment or drug treat-
ments during behavioural testing. Electrophysiological recordings and
anatomical investigation were all performed in the dorsal part of the

hippocampus.

24 | Cell culture

Human embryonic kidney (HEK) 293T cells (ATCC, Cat# CRL-3216,
RRID: CVCL_0063) were cultured in Dulbecco's modified Eagle's
medium supplemented with 10% fetal bovine serum at 37°C with 5%
CO,. The HEK293T cells were passaged at 2-3 day intervals.

2.5 | Site-directed mutagenesis and cRNA
synthesis

Human KCNT1 (Genbank: NM_020822.2) were synthesized by Gen-
script (Nanjing, China). The expression constructs were produced by
inserting the WT and mutated KCNT1 coding sequences into the
pcDNA3.1 (+) vector between restriction sites Nhel and EcoRI. Site-
directed mutagenesis of the KCNT1 construct was performed using
the QuikChange Il XL Site-Directed Mutagenesis Kit (Agilent, Santa
Clara, CA, USA) with the primers listed in Table S1. Construct fidelity
was confirmed by DNA sequencing. The cDNA construct was then
linearized using Notl, and the complementary RNA (cRNA) was syn-
thesized using the mMESSAGE mMACHINE T7 transcription kit
(Thermo Fisher Scientific (Waltham, MA, USA). RNA purity and con-
centration were checked using a Nanodrop reader. RNA quality was
also checked on a 1% formaldehyde agarose gel. cRNA was stored at
—80°C until ready for use.

2.6 | Electrophysiological characterization in
Xenopus oocytes

Xenopus oocytes were surgically removed from Xenopus laevis.
Stage V-VII oocytes were treated with 2 mg:ml~! of collagenase
type | (Sigma Aldrich, St. Louis, MO, USA) in Ca?*-free saline solu-
tion (96-mM NaCl, 2-mM KCI, 5-mM MgCl, and 5-mM HEPES,
pH 7.6) for 0.5-1 h at room temperature. Oocytes were later micro-
injected with 23 nl of sterile water containing 10 ng of RNA encod-
ing wild-type KCNT1 or KCNT1 mutants or with water alone. The
injected oocytes were incubated for 1-3 days at 16°C in ND96
solution (96-mM NaCl, 2-mM KCI, 5-mM MgCl,, 1.8-mM CaCl,,
5-mM HEPES, 5-mM sodium pyruvate and 50-pg-ul~t gentamicin,
pH 7.5). Whole-oocyte currents were measured by a two-electrode
voltage clamp amplifier OC-725C (Warner Instruments, Holliston,
MA, USA). Electrodes were filled with 3 M KCI and had resistances
of 0.1-1.0 MQ. Data were sampled at 1kHz and filtered at
0.25 kHz. Data acquisition and analysis were carried out with Digi-
data 1322A (Axon Instruments Inc., Foster City, CA, USA) and
pCLAMP software.
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For measurements of channel activation, oocytes were held at
—90 mV, and 500-ms duration test depolarizations were applied in
10 mV increments, from —80 to +80 mV, every 5s. WT currents
were always measured contemporaneously and with the same batch
of oocytes with a mutant channel providing an internal control to
address the possibility of batch-to- batch variation in expression.
Quinidine, sodium valproate, levetiracetam and carbamazepine were
dissolved in dimethyl sulfoxide (DMSQ). All drugs were applied by
continuous perfusion for 1 minute, then incubated for another 5 min,
followed by a 10-min washout. Currents were recorded before appli-
cation of compound, in the presence of compound, and following
washout. Peak currents were measured at the end of each sweep for
all clones. Statistical analysis was performed on Prism 6 (GraphPad
Software, La Jolla, CA).

2.7 | Transient transfection and
electrophysiological assessment

HEK293T cells were passaged 24 h before transfection, and plated on
glass coverslips. Transient transfection was performed by adding 1-
2 ul of Lipofectamine 2000 (Invitrogen) and 1-2 pg of human KCNT1
plasmids. The mixture was added into a 35-mm cell culture dish. All
cDNA clones were verified by sequencing. Patch clamp recordings
were performed between 18 and 36 h after transfection.

Macroscopic currents of Slack channels were recorded in whole
cell patch clamp configuration using a HEKA EPC10 amplifier driven
by PatchMaster software. Patch pipettes were prepared from borosili-
cate glass and fire polished to resistance about 4.0 MQ. For whole cell
recordings, bath solution contained 140-mM NaCl, 5-mM KCI, 1-mM
CaCl,, 29-mM glucose and 10-mM HEPES (pH 7.4 with NaOH),
pipette solution contained 100-mM K-gluconate, 30-mM KCI, 5-mM
NaCl, 29-mM glucose, 5-mM EGTA and 10-mM HEPES (pH 7.3 with
KOH). Membrane potential was held at —70 mV, and currents were
elicited by a protocol consisting of a 400-ms step from —80 to
+80 mV in 20-mV increments followed at 1-s intervals. For single
channel recordings, bath solution contained 80-mM KCI, 40-mM NaCl,
2-mM MgCl,, 1-mM EGTA, 10-mM HEPES, 20-mM choline chloride
(pH 7.2 with KOH), pipette solution contained 140-mM KCl, 2-mM
MgCl,, 1-mM EGTA and 10-mM HEPES (pH 7.2 with KOH). Data are
sampled at 20 kHz and low-pass filtered at 2.9 kHz. All patch clamp
recordings were performed at room temperature and data were ana-
lysed with Igor Pro (WaveMetrics, Portland, OR USA) and Origin 8.6.

2.8 | Surface biotinylation

HEK-293T cells expressing KCNT1 WT or M267T were incubated
with 1 mg-ml~! of EZ-Link™ Sulfo-NHS-SS-Biotin (Thermo Fisher Sci-
entific) in cold PBS for 1 h at 4°C, constantly moving. Free biotin was
guenched, twice, with 100 mM Tris in cold PBS, and once with cold
PBS to remove biotin excess. The cells were then harvested with
GPCR Extraction Reagent (Pierce) and centrifuged at 15000g at 4°C

for 20 min. The supernatant was incubated with BeyoMag Streptavi-
din Magnetic Beads (Beyotime, Beijing, China), and the remaining
supernatant was kept as input. The beads were subsequently washed
with GPCR Extraction Reagent. The remaining proteins were eluted
from the beads by re-suspending the beads in 1 x SDS-PAGE loading
buffer and incubating for 30 min at 37°C. The resultant materials

were then subjected to western blot analysis.

2.9 | Western blot analysis

Proteins suspended in 1 x SDS-PAGE loading buffer were denatured
for 30 min at 37°C. Then proteins were loaded on 6% or 8% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis and transferred
onto nitrocellulose filter membrane (PALL). Non-specific binding sites
were blocked with Tris-buffered saline-Tween (0.02 M Tris, 0.137 M
NaCl, and 0.1% Tween 20) containing 5% non-fat dried milk. Subse-
quently, proteins of interest were probed with primary antibodies for
overnight at 4°C. After incubation with a secondary antibody,
immunoreactive bands were visualized using HRP Substrate Peroxide
Solution (Millipore, Billerica, MA, USA) according to the manufac-
turer's recommendation.

210 | In utero electroporation

Pregnant ICR mice on embryonic day 15 (E15) were anaesthetised
with isoflurane, the intrauterine embryos were surgically manipulated
as described previously (Tabata & Nakajima, 2001). Briefly, pcAGGS
carrying wild-type or mutant KCNT1 plasmids were purified without
endotoxin. The concentration of the plasmid was adjusted to
2 mg:ml~L. The plasmid containing 0.02% Fast Green solution was
injected into the lateral ventricle of embryos at the indicated time. For
targeting the hippocampus CA1 region, the angle of inclination of the
electrode paddles with respect to horizontal plane of the brain was
250-275°C. Square electric pulse (50 V for 50 ms) was passed five
times at 950 ms intervals using an electroporator (NEPA GENE,
Japan). After electroporation of all embryos the abdomen was
sutured-closed, and embryos were let be born. The litters were pro-

cessed for electrophysiological recordings at six postnatal weeks.

211 | Acute slice preparation and
electrophysiological recordings

Horizontal slices containing dorsal hippocampus were obtained from
6-week-old mice electroporated of KCNT1 plasmids. In accordance
with previous studies (Huang et al., 2011), mice were anaesthetized
with sodium pentobarbital and perfused intracardially with ice-cold
‘cutting solution’, then the brain was removed and submerged in ice-
cold ‘cutting solution’ containing (mM): 110 choline chloride, 2.5 KClI,
0.5 CaCl,, 7 MgCl,, 25 NaHCO3, 1.25 NaH,PO,4 and 10 glucose; bub-
bled continuously with 95% 02/5% CO, to maintain pH at 7.2. Next,
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the brain was cut into 350 um slices with a vibrating blade microtome
(WPI, Sarasota, FL, USA). Slices were incubated in oxygenated (95% O,
and 5% CO,) ‘recording solution’ containing (mM): 125 NaCl, 2.5 KCl,
2 CaCl,, 2 MgCl,, 25 NaHCO3, 1.25 NaH,PQO,4 and 10 glucose (pH 7.4,
37°C) for 15 min, and then stored at room temperature in recording
solution. Slices were subsequently transferred to a submerged chamber
containing ‘recording solution’ maintained at 34-36°C. Whole-cell
recordings were obtained from visually identified hippocampal CA1
pyramidal neurons under a water-immersed X40 objective of an Olym-
pus BX51WI microscope. Pipettes had resistances of 5-8 MQ. For
current-clamp recordings, the internal pipette solution containing
(in mM): 118 KMeSQ,, 15 KCI, 10 HEPES, 2 MgCl,, 0.2 EGTA, and
4 Na,ATP, 0.3 Tris-GTP, 14 Tris-phosphocreatinine (290-300 mOsm,
pH 7.3 with KOH). Hippocampal CA1 pyramidal neurons were patched
at a holding potential of —70 mV. Series resistance was in the order of
10-20 MQ, which was compensated by 60%-80% during the experi-
ments. Recordings were discarded if the series resistance increased by
more than 20% during the course of the recordings. Electrohysiological
recordings were made using a Multiclamp 700B amplifier (Molecular
Devices, Sunnyvale, CA, USA). Recordings were sampled at 10 kHz.
Data were acquired and analysed using pCLAMP 10.6 (Molecular
Devices, San Jose, CA, USA). AP and AHP indicators were analysed
using Clampfit 10.7 (Molecular Devices).

The stimulus protocol (300 pA, 400 ms or 2000 pA, 2 ms,
100 Hz, 20 APs) was used to evoke AHP. AHP were measured as the
area under baseline after the stimulus protocol. Amplitude of
the mAHP was defined as the minimum voltage level within 200 ms
after the stimulus protocol. Amplitude of the sAHP was measured as
the voltage level 200 ms after the stimulus protocol (King
et al.,, 2015). Standard exponential function was fit to estimate time
constants (tau).

For observing the morphology of hippocampal CA1 pyramidal neu-
rons, recorded neurons were filled with 0.2%(w/v) neurobiotin. Then,
the slices containing the fixed neurons cross-linked with 4% paraformal-
dehyde and stained with streptavidin Alexa Fluor 488 or 467 conjugate.
Fluorescent images were obtained using a confocal microscope (ZEISS
LSM 800) and imported into ImageJ (NIH)for further analysis.

212 | Adeno-associated virus construction and

injection

The adeno-associated viruses (AAVs) and the negative GFP control
were from Shanghai GeneChem. Co., Ltd. The full-length SlackG269S
sequence (1-1238 aa) was ligated into modified CV232 (CAG-MCS-
HA-Poly A) adeno-associated viral vector. The negative control were
ligated into GV634 (CAG-MCS-3 x Flag-T2A-EGFP-SV40-Poly A)
adeno-associated viral vector. The viruses (>1011 TU-ml~%) were used
in this study. For CA1 viral injection, C57BL/6N mice aged 3 weeks
were anaesthetised with isoflurane and placed in a stereotaxic appara-
tus (RWD Life Science, Sugar Land, TX, USA). Using a 10-ul micro
syringe (Hamilton) with a 30-gauge needle (RWD Life Science), 600 nl
of the viruses was delivered at 10 nl-s~* by a micro-syringe pump
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(RWD Life Science) at the following site in each of the bilateral CA1
regions, using the stereotaxic coordinates: —2.5 mm (anterior-
posterior) from bregma, +2 mm (medio-lateral)) —1.5 mm (dorsal-
ventral) (Yuan et al., 2024). The syringe was left in place for 5 min
after each injection and withdrawn slowly. The exposed skin was
closed by surgical sutures and returned to home cage for recovery. All
the experiments were conducted after at least 3 weeks of recovery.
All the mice were sacrificed after experiments to confirm the injection
sites and the viral trans-infection effects by checking EGFP under a
fluorescence microscope (ZEISS LSM 510 META NLO).

213 | Immunostaining

After deep anaesthesia with sodium pentobarbital, mice were killed by
perfusion with 0.5% paraformaldehyde and 0.5% sucrose (wt/vol) in
0.1 M phosphate buffer (pH 7.4). The brain was removed and post-
fixed in the same fixative for 24 h, and subsequently immersed in 30%
sucrose in 0.1 M phosphate buffer for 48 hr. Cryostat coronal sec-
tions (20 um) were obtained using a freezing microtome (Leica). The
sections were rinsed in 0.01 M phosphate-buffered saline (PBS,
pH 7.4), permeabilized in 0.5% Triton X-100 in PBS for 30 min, and
incubated in a blocking solution (5% BSA, 0.1% Triton X-100 in PBS,
vol/vol) at 20-25°C for 2 hr, followed by overnight incubation at 4°C
with HA (1:2000, Abbkine, ABT2040) in blocking solution. After a
complete wash in PBS, the sections were incubated in Alexa
647-conjugated donkey anti-mouse IgG in blocking solution at 20-
25°C for 3.5 h at 20-25°C. The sections were subsequently washed
and rinsed in DAPI solution. Images were taken in the linear range of
the photomultiplier with a laser scanning confocal microscope (ZEISS
LSM 510 META NLO).

214 | Kainic acid-induced status epilepticus

Kainic acid was injected i.p. to produce class V seizures. The dose of
kainic acid used was 20 mg-kg~? for mice (aged 6-8 weeks). Vehicle
or carvedilol was administered intragastrically 1 h prior to the intra-
peritoneal injection of kainic acid. To assess epilepsy susceptibility,
seizures were rated using a modified Racine scale: (1) immobility fol-
lowed by facial clonus; (2) masticatory movements and head nodding;
(3) continuous body tremor or wet-dog shakes; (4) unilateral or bilat-
eral forelimb clonus; (5) rearing and falling. Status epilepticus was ter-
minated 1 h after onset with the use of sodium pentobarbital
(30 mg-kg™Y). treated  with
pentobarbital only (30 mg-kg™?).

Control groups were sodium

2.15 | Data and statistical analysis
All experiments and analysis of data were performed in a blinded
manner by investigators who were unaware of the genotype or

manipulation. For in vitro experiments, the cells were evenly
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suspended and then randomly distributed in each well tested. For
in vivo experiments, the animals were randomly distributed into var-
ious treatment groups. Statistical analyses were performed using
GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA). All data
are presented as mean +SEM. Before statistical analysis, variation
within each group of data and the assumptions of the tests were
checked. Comparisons between two independent groups were made
using unpaired Student's two-tailed t test. Comparisons among non-
linear fitted values were made using extra sum-of-squares F test.
Comparisons among three or more groups were made using one- or
two-way analysis of variance followed by Bonferroni's post hoc test.
* P < 0.05 was taken to show significant differences between group

means.

216 | Materials

Commercial antibodies used were anti-Slack (Cat# ab94578, RRID: AB_
10674494; Abcam, Cambridge, UK), anti-HA Tag Mouse Monoclonal
Antibody (Cat# A02040; Abbkine, Wuhan, China), anti-s-actin Mouse
Monoclonal Antibody (Cat# B1029; Biodragon, Suzhou, China), anti-Na,
K-ATPase al Rabbit Polyclonal Antibody (Abbkine, Cat# ABL1141),
HRP goat anti-mouse 1gG LCS (Biodragon, Cat# BFO3001), HRP mouse
anti-rabbit IgG LCS (Abbkine, Cat# A25022) and Alexa Fluor 647 donkey
anti-mouse IgG (Thermo Fisher Scientific, Cat# A-31571, RRID: AB_
162542). GPCR Extraction Reagent was from Thermo Fisher Scientific;
NP40 lysis buffer was from Beyotime, protease inhibitor mixture cock-
tail was from Roche Applied Science (Basel, Switzerland), rabbit I1gG and
mouse IgG were from Santa Cruz (Dallas, TX, USA) and Protein G Dyna-
beads were from Invitrogen (Carlsbad, CA, USA). Kainic acid, sodium
pentobarbital, quinidine, sodium valproate, levetiracetam and carbamaz-
epine were supplied by Sigma Aldrich. Carvedilol, dronedarone and
thioridazone were supplied by Meilunbio (Dalian, China); chlorproma-
zine was from Energy Chemical (Jiaxing, China); propafenone was from
Aladdin (Beijing, China).

217 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in https://www.guidetopharmacology.org and are
permanently archived in the Concise Guide to PHARMACOLOGY
2023/24 (Alexander, Christopoulos et al., 2023; Alexander, Mathie
et al., 2023).

3 | RESULT

3.1 | Patient history

Here, we report a Chinese girl with EIMFS who presented an intracta-

ble seizure disorder and a severe developmental delay. The focal

seizures started when the patient was 4 months old and worsened by
the eighth month. At 1 year of age, frequent generalized tonic-clonic
seizures occurred, development regressed and microcephaly was
identified in the patient.

Whole exome sequencing (WES) revealed a heterozygous de
novo KCNT1 mutation (NM_020822: c.800T > C, p. Met267Thr)
(Figure 1a), which has been previously reported in a patient with auto-
somal dominant nocturnal frontal lobe epilepsy (ADNFLE) without
clinical or functional characterization (Meng et al., 2017). The p.M267
is located in the S5 segment near the pore domain and is highly con-
served across different species (Figure 1b,c). In silico prediction tools
(such as PolyPhen2, SIFT and Mutation Taster) suggested the
p.M267T mutation to be disease-causing (Table S2).

The video-electroencephalograph (EEG) revealed the occurrence
of frequent seizures during sleep based on blinking, squatting and
irregular movements of the limbs. The EEG showed that mainly dif-
fused slow waves in 6 rhythm were observed in the background
(Figure 1d, up left) and multifocal discharges originating from the right
anterior and posterior head regions in the interictal phase (Figure 1d,
up right). During the ictal phase, low amplitude fast activity at a fre-
quency of 20 Hz originated from the right frontal and anterior tempo-
ral regions (Figure 1d, down left). The increasing amplitude and
reducing frequency of the spikes indicated the spread of the seizures
to the right hemisphere. The slow wave was gradually inserted and
became a diffuse slow wave, lasting for approximately 2 min
(Figure 1d, down right). These clinical and EEG features confirmed the
diagnoses of EIMFS. The MRI images revealed that the sulci are wid-
ened and there is shrinkage of gyri, indicating mild brain atrophy
(Figure 1e,f).

The following antiepileptic medications were administered to
the patient: levetiracetam, oxcarbazepine, topiramate,
phenobarbital, lamotrigine, valproate, clonazepam, vitamin B6 and
quinidine. Briefly, the valproate therapy was initiated after the sec-
ond seizure episode when the patient was 8 months old. Next,
topiramate was introduced to the treatment regimen when the sei-
zure frequency of the patient increased at the age of 1 year; how-
ever, it was unable to effectively lower the seizure frequency.
Subsequently, phenobarbital was introduced, which led to a marked
improvement in seizure control, resulting in a notable 6-month
seizure-free interval. The seizure frequency of the patient increased
at 4 years of age, following which, the patient was treated with a
combination of antiepileptic drugs, including 50-mg-day~! topira-
mate, 75-mg-day~! phenobarbital and 500-mg-day~? levetiracetam.
However, this combination therapy could not effectively control the
epileptic episodes of the patient. At the age of 7 years, the medica-
tion regimen comprised 720-mg-day~! valproate and 87.5-mg-day !
lamotrigine; however, the patient continued to experience three to
four seizure episodes per day. When the patient was 10 years old,
quinidine was administered, which showed some anti-seizure effi-
cacy. However, owing to severe side effects including anorexia,
excessive weight loss, weakness and sitting instability, quinidine

treatment was discontinued.


https://scicrunch.org/resolver/RRID:%20AB_10674494
https://scicrunch.org/resolver/RRID:%20AB_10674494
https://scicrunch.org/resolver/RRID:%20AB_162542
https://scicrunch.org/resolver/RRID:%20AB_162542
https://www.guidetopharmacology.org
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6826
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7254
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6849
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2804
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2622
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7009
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6963
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2342
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FIGURE 1 Patient clinical information and
genetic analysis. (a) Sanger sequencing
demonstrating de novo KCNT1 variant
(NM_020822.3, ¢ [800T > CJ; p[Met267Thr].

(b) Diagram showing the KCNT1 protein structure
and the position of M267T mutation. (c) The
alignment of KCNT1 orthologous peptide
sequences with box highlighting the amino acid
influenced by the nucleotide mutation of

800T > C. (d) Representative EEG recordings of
the patient in interictal and ictal phase. Up left:
interictal multifocal epileptic discharges. Up right:
diffused slow waves. Down left and down right:
focal seizure with ictal discharges. (e,f) MRI images
of the patient. Panel (e) shows the sagittal plane of
MRI image of the patient's brain. Panel (f) shows
the transverse plane of MRl image of the patient's
brain.

3.2 |
GOF channel phenotype

The KCNT1 M267T mutation generated a
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quantified at a potential of +10 mV to avoid potential bias in the
results because of amplifier saturation at higher depolarizing poten-
tials. The M267T Slack channel-produced currents presented three-

To evaluate the effect of the M267T mutation on Slack channel prop-
erties, we performed two-electrode voltage-clamp recordings in
X. laevis oocytes expressing wild-type (WT) or mutant human KCNT1
constructs. Notably, the currents generated by WT and M267T Slack
channels were similar in terms of voltage dependence and kinetic

behaviour (Figures 2a-c and S1). The current amplitude was

fold greater amplitudes than those by WT channels (Figure 2d). Fur-
thermore, the analysis of activation kinetics revealed that M267T
channels activated faster than WT channels (Figure 2e).

To determine whether the GOF channel phenotype of M267T
Slack channels resulted from facilitated Slack protein membrane-

expression, we performed a surface biotinylation assay in HEK293T
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FIGURE 2 M267T mutation resulted in a gain-of-function channel phenotype. (a) Representative current traces evoked by stepping from
—80 to +80 mV in 10-mV increments in oocytes expressing WT or M267T human KCNT1 and control oocytes injected with water. Scale bars
apply to all traces. (b) Averaged current-voltage relationship (+SEM) for oocytes expressing WT, M267T and control oocytes injected with water
(n =5, 5 and 5, respectively). (c) Averaged and normalized current-voltage relationships for WT, M267T and control oocytes injected with water.
Currents were normalized to the value at a test potential at +-80 mV (Imax). (d) Current amplitudes at +-10 mV for the three groups of oocytes in
(b). (e) Activation kinetics shown as mean time to peak current at +10 mV for the three groups of oocytes in (b). *P < 0.05, significantly different
as indicated; unpaired two-tailed Student's t test. Data are presented as means + SEM. (f) The total level and plasma membrane expression of
KCNT1 WT and M267T. Left: Immunoblot analysis of cell surface biotinylation performed in HEK293T cells expressing KCNT1 WT or M267T.
Right: Quantification of KCNT1 total expression and surface expression. n = 3, two-way ANOVA with Bonferroni's multiple-comparisons test.

(g) Representative single channel records from WT or M267T Slack channels. (h) Histograms depict channel open probabilities for WT and
M267T slack channels. * P < 0.05, significantly different as indicated; unpaired two-tailed Student's t test. Data are presented as means + SEM.

(i) Current versus voltage relationships for WT and M267T Slack channels.

cells expressing WT or M267T Slack channels. No significant differ-
ences were observed in the total or plasma membrane expression
level between WT and M267T Slack channels (Figure 2f).

To investigate whether M267T mutation affected the single-
channel properties of Slack channel, we recorded excised inside-out
patches from HEK293T cells expressing WT or M267T Slack chan-
nels. The open probability (Po) of M267T Slack channels at a hold-
ing potential of —40 mV was approximately five-fold higher than
the Po of WT Slack channels, with no change in single-channel
amplitude (Figure 2g-i). The single-channel conductance of M267T
Slack channels was similar to that of WT Slack channels (Figure 2i).

These results suggest that the M267T mutation increases the

Slack macroscopic current by increasing single-channel open
probability.
3.3 | Effects of antiepileptic drugs on M267T slack

currents

Several ASMs have been used to suppress seizures in the patient with

kM267T

Slac channels. Among them, quinidine has exhibited the most

effective anticonvulsant activity, and sodium valproate and
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phenobarbital can moderately reduce seizures. Other ASMs, such as
levetiracetam and oxcarbazepine, do not exhibit any notable antiepi-
leptic activity. To assess the parallelism of drug efficacy in clinical and
in vitro experiments, four representative drugs used by the patient
were selected and tested for their ability to inhibit the Slack currents
in vitro. To achieve this, we injected X. laevis oocytes with WT or
M267T KCNT1 constructs and performed electrophysiological ana-
lyses. Consistent with the clinical results, quinidine markedly inhibited
Slack™?2¢7T currents; washing of the drug reversed the inhibition activ-
ity (Figures 3a-c and S2). Moreover, quinidine extended the time to
peak current of Slack™?¢”T channels (Figure S2). The amplitude or

time to peak current of the Slack™2¢77

channels was not affected by
levetiracetam, sodium valproate, and carbamazepine (Figures 3a-c
and S2). These results indicate the consistency of the in vitro results

with that of the clinically observed efficacy.

3.4 | Carvedilol inhibited Slack currents

To identify an effective Slack channel inhibitor, we screened
16 FDA-approved compounds (Table S3). These compounds can

(a)
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block various potassium channels and other types of voltage-
dependent ion channels, in cardiomyocytes, neurons and other cell
types (Aréchiga et al., 2008; Champéroux et al., 2022; Cheng
et al., 2019; Cioclu et al, 2023; Dong et al, 2006; Dopp
et al.,, 2008; Du et al., 2020; Gomma et al., 2001; Patel et al., 2009;
Waulff et al., 2009; J. F. Yang et al., 2018). We examined the effects
of these drugs on Slack channels expressed in Xenopus oocytes with
electrophysiological recordings. Notably, 100 uM carvedilol signifi-
cantly inhibited both WT and M267T Slack currents, whereas
chlorpromazine, propafenone, dronedarone and thioridazine exhib-
ited a weaker inhibition; other drugs had no effect on M267T Slack
currents (Figures 4a-c and S3). Additionally, the ICsq values of car-
vedilol, chlorpromazine, propafenone, dronedarone and thioridazine
on Slack currents in the HEK293T cells revealed that the ICsq value
of carvedilol was the lowest (Figure 4d). Inhibition of Slack currents
was concentration-dependent and was quantified by fitting the
dose-response curve with a Hill equation. Altogether, these results
suggested that carvedilol was a potent inhibitor of the Slack
channels.

We also assessed the effect of carvedilol on two previously
reported KCNT1 mutants, R428Q (Barcia et al, 2012; Bearden
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FIGURE 3

Effects of anti-epilepsy drugs on Slack currents. (a) Representative current traces obtained from oocytes expressing wild-type,

M267T channels in vehicle control and in the presence of 300-uM quinidine, 300-uM sodium valproate, 300-uM levetiracetam and 300-uM
carbamazepine. Scale bars apply to all traces. Oocytes were held at —90 mV and evoked by stepping from —80 to +80 mV in 10-mV increments.
(b) Comparison of average current amplitude derived from measurements made at +10 mV for WT and M267T mutant channels in vehicle
control and in the presence of 300-uM quinidine, 300-uM sodium valproate, 300-uM levetiracetam and 300-uM carbamazepine. Data are
presented as means + SEM; WT, n = 5; M267T, n = 5; *P < 0.05, significantly different as indicated; ns, not significant; unpaired two-tailed
Student's t test. (c) Normalized average current-voltage relationships for WT and M267T channels in the presence of vehicle, 300-uM quinidine,
300-uM sodium valproate, 300-uM levetiracetam and 300-uM carbamazepine (WT, n = 5; M267T, n = 5). Currents were normalized to the value

before the application of drugs at a test potential of +80 mV (Imax).
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FDA-approved drugs inhibited M267T Slack currents. (a) Representative current traces obtained from oocytes expressing wild-

type, M267T channels in vehicle control and in the presence of 100-uM carvedilol, 100 uM chlorpromazine, 100-uM propafenone, 100-uM
dronedarone and 100-uM thioridazine. Scale bars apply to all traces. Oocytes were held at —90 mV and evoked by stepping from —80 to
480 mV in 10-mV increments. Normalized average current-voltage relationships for WT and M267T Slack channels (b) in the presence of
100-pM carvedilol, 100-uM chlorpromazine, 100-uM propafenone, 100-uM dronedarone and 100-uM thioridazine.n = 5, 5, 5, 5 and

5, respectively. Currents were normalized to the value before the application of drugs at a test potential of +80 mV (Imax). Data shown are
means * SEM. (c) Fraction of current block at +10 mV for Slack™?¢”T illustrating the degree of block by 100-uM carvedilol, 100-puM
chlorpromazine, 100-uM propafenone, 100-uM dronedarone and 100-uM thioridazine. Data are presented as means + SEM; n = 5 for each
group. *P < 0.05, significantly different as indicated; paired two-tailed Student's t test. (d) ICso of carvedilol, chlorpromazine, propafenone,
dronedarone and thioridazine on M267T Slack currents in the HEK293T cell line. (carvedilol, ICso = 1.47 uM, n = 7; chlorpromazine,

IC50 = 10.69 uM, n = 7; propafenone, ICso = 3.92 uM, n = 7; dronedarone, ICs5q = 2.87 uM, n = 10; thioridazine, IC5q = 1.54 uM, n = 8). Data
are shown as mean * SEM and are fitted to dose-response curve with a Hill equation.

et al., 2014; Mgiller et al., 2015; Ohba et al., 2015) and G288S (Ishii
et al,, 2013; Kim et al,, 2014; Mgller et al., 2015; Ohba et al., 2015).
Notably, 300 uM carvedilol significantly inhibited R428Q and G288S
Slack currents (Figure 5a-c) with different inhibitory efficiencies
(Figure 5e). Additionally, carvedilol prolonged the time to peak current
of the WT and mutant Slack channels (Figure 5d). The ICsq values of
carvedilol and quinidine on the Slack currents in HEK293T cells
revealed the higher potency of carvedilol, compared with that of quin-
idine (Figure 5f). Notably, quinidine exhibited notable potency in inhi-
biting M267T Slack currents than inhibiting WT Slack currents
(Figure 5g).

To investigate the mechanism by which carvedilol inhibited Slack
channels, we carried out single-channel recordings in inside-out
patches. Bath-application of 10-uM carvedilol markedly reduced the
single-channel Po of M267T Slack channels without affecting
the amplitude (Figure 5h-j). These results suggest that carvedilol can
directly inhibit the Slack channels by reducing the single-channel open
probability.

3.5 | The M267T Slack channels increased the
excitability of hippocampal CA1 pyramidal neurons

To investigate the role of Slack™M2¢7T

in eliciting neuronal excitability,
we performed in utero electroporation (IUE) to express Slack’T and
Slack™?¢”T in the mouse hippocampal CA1 pyramidal neurons. E14.5
embryos were electroporated with WT or M267T KCNT1 plasmids.
After postnatal 6 weeks, acute brain slices were prepared, and whole-
cell current-clamp recording was performed on CA1 pyramidal neu-
rons that exhibited green fluorescence, indicating exogeneous Slack
channel expression (Figure 6a,b). When membrane potentials were
held at —70 mV with current injection, neurons carrying M267T Slack
channels generated significantly greater numbers of action potentials
(APs) than those expressing WT Slack channels (Figure 6c,d).

The Slack channels can contribute to sAHP (Franceschetti
et al., 2003; Schwindt et al., 1989). Hence, the effects of M267T Slack
mutations on the AP frequency in the first 200 ms and the last
200 ms of a 400-ms step were investigated. Notably, the spike
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FIGURE 5 Carvedilol inhibited wild type and mutant slack currents. (a) Representative current traces obtained from oocytes expressing wild-
type, M267T, R428Q, G288S Slack in vehicle control and in the presence of 300-uM carvedilol. Scale bars apply to all traces. Oocytes were held
at —90 mV and evoked by stepping from —80 to +80 mV in 10-mV increments. Percentage of current inhibition (b), current at +-10 mV (c), time
to peak current at +-10 mV (d), fraction of current block at +10 mV (e) for WT and mutant Slack channels in the presence of 300-uM carvedilol
(WT, n = 6; M267T, n = 6; R428Q, n = 5; G288S, n = 5). Currents were normalized to the value before the application of carvedilol at a test
potential of +80 mV (Imax). Data are presented as means + SEM. *P < 0.05, significantly different as indicated; ns, not significant; unpaired two-
tailed Student's t test. IC5q of carvedilol (f) and quinidine (g) on WT and M267T Slack currents in the HEK293T cell line. n = 5, 5, respectively.
Data are shown as mean + SEM and are fitted to dose-response curve with a Hill equation. Significance of fitted ICsq values compared to WT
was analysed using extra sum-of-squares F test. (h) Representative single channel records from M267T Slack channels with vehicle or 10-uM
carvedilol perfusion. Histograms depict channel open probabilities (i) and amplitude (j) for M267T slack channels with vehicle or 10 uM carvedilol
perfusion. Data are presented as means + SEM.P < 0.05, significantly different as indicated; ns, not significant; paired two-tailed Student's t-test.

frequency, and thus, the interspike interval in the first 200 ms were Slack mutations on mAHP and sAHP following a 400 ms of 300 pA
not considerably affected (Figure 6e). The firing frequency in the last current injection (Figure 6g) were as follows: the mAHP amplitude
200 ms was significantly increased (Figure 6f). The effects of M267T was considerably reduced (Figure 6h) and the time to peak mAHP was
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FIGURE 6 The M267T Slack channels increased excitability of neurons in hippocampal CA1. (a) Schematic illustration depicting in utero
injection and electroporation of Wild type or M267T KCNT1-GFP constructs into the ventricle of E14.5 embryonic mouse brain. Brain slices
were prepared from postnatal 6 to 8 weeks mice. Whole-cell current-clamp recordings were performed on CA1 pyramidal neurons with green
fluorescence. (b) Example images of brain slices from postnatal pups taken from E14.5 in utero electroporated pregnant mouse injected with Wild
type or M267T KCNT1-GFP construct. Scale bar = 50 um. (c) Representative traces obtained from CA1 neurons from WT and M267T Slack mice
in response to a series of 400-ms current stepping from —200 to +400 pA with increments of 50 pA. For comparison reasons, the recordings
were obtained at the fixed potential of —70 mV. (d) Graphs demonstrate average numbers of action potentials obtained in response to varying
depolarizing current pulses when the soma was held at —70 mV. Spike frequency within the first 200 ms (e) or the last 200 ms (f) of a 400-ms
step. Data are presented as means + SEM. *P < 0.05, significantly different as indicated; ns, not significant; unpaired two-tailed Student's t test.
(g) Representative traces obtained from CA1 neurons in response to 300-pA current injection. For comparison reasons, the recordings were
obtained at the fixed potential of —70 mV. mAHP amplitude (h), time to peak mAHP (i), sSAHP amplitude (j) and sAHP decay time constant

(k) obtained from CA1 neurons with 300-pA current injection. () The AHPs were evoked after sequences of 20 APs elicited by injecting brief
trains (200 ms) of 100 Hz depolarizing stimuli (post train AHPs). Post train mAHP amplitude (m), time to peak post train mAHP (n), post train
sAHP amplitude (o) and post train SAHP decay time constant (p) as showed in (l). Data are presented as means + SEM. *P < 0.05, significantly
different as indicated; unpaired two-tailed Student's t test.

prolonged (Figure 6i); the sSAHP amplitude was increased (Figure 6j)

and the sAHP decay time constant (r) was reduced (Figure 6k). We

further performed current-clamp recordings with minimal positive

current injection to induce single AP in the hippocampal CA1 neurons.
Notably, M267T Slack channels did not affect the intrinsic membrane
properties of single AP in neurons (Table S4). Additionally, a train of
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20 APs at —70 mV resulted in a fast hyperpolarization (fAHP) fol-
lowed by a mAHP and a sAHP in all the cells (Figure 6l). The post-train
mAHP amplitude was markedly reduced by the M267T Slack channels
(Figure 6m and Table S5), and the time to peak of post-train mAHP
was prolonged (Figure 6n and Table S5). The post-train sSAHP ampli-
tude was increased (Figure 60) and the post-train SAHP decay time
constant was reduced (Figure 6p). These results suggest that the
M267T Slack channels can increase the neuronal excitability of hippo-

campal CA1 pyramidal neurons by modulating the mAHP and sAHP.

3.6 | Carvedilol inhibited the hyperexcitability of
the hippocampal CA1 pyramidal neurons carrying
M267T Slack channels

We next evaluated the effects of carvedilol on excitability of the hippo-
campal CA1 pyramidal neurons carrying M267T Slack channels. Applica-
tion of 10 uM carvedilol significantly reduced the number of APs
(Figure 7ab). The firing frequency for the first 200 ms and the last
200 ms were both decreased (Figure 7c,d). Additionally, carvedilol nota-
bly increased the mAHP amplitude (Figure 7f), and reduced the time to
peak mAHP (Figure 7g), decreased sAHP amplitude (Figure 7h) and
extended the sAHP decay time constant (Figure 7i). Interestingly, carvedi-
lol raised the AP threshold (Figure 7k), decreased AP amplitude (Figure 71)
and increased afterdepolarization (ADP) magnitude (Figure 7m), without
affecting the AP half width or time to peak AP (Figure 7n,0).

The assessment of the effects of carvedilol on mAHP and sAHP
following a train of 20 APs at —70 mV (Figure 7p) revealed that carve-
dilol considerably increased the post-train  mAHP amplitude
(Figure 7q), and reduced the time to peak of post-train mAHP
(Figure 6r), decreased post-train sSAHP amplitude (Figure 7s) and
extended the post-train SAHP decay time constant (Figure 7t). These
results suggest that carvedilol can inhibit the neuronal excitability of
the hippocampal CA1 pyramidal neurons carrying M267T Slack chan-
nels by modulating the properties of AHP and AP.

We also evaluated the effects of carvedilol on excitability of the
hippocampal CA1 pyramidal neurons in WT mice. Notably, 10-uM
carvedilol markedly reduced the AP number (Figure S4b), raised the
AP threshold (Figure S4c), and decreased the AP amplitude
(Figure S4d). After the train of 20 APs at —70 mV stimulation
(Figure S4e), carvedilol significantly decreased the post-train sAHP
amplitude (Figure S4h) but exhibited no effect on mAHP
(Figure S4f,g). Moreover, the effects of carvedilol on CA1 pyramidal
neurons in juvenile WT mice were consistent with those observed in
adult WT mice (Figure S5). These results show that carvedilol can
reduce neuronal excitability of the WT hippocampal CA1 pyramidal
neurons by modulating the properties of SAHP and AP.

3.7 | Carvedilol suppressed seizure susceptibility

To assess the anticonvulsant activity of carvedilol, we used the model

of acute seizures, induced by kainic acid, in mice (Ben-Ari &
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Cossart, 2000; Racine, 1972). We injected kainic acid (20-mg-kg™?,
i.p.) into wild-type mice, pretreated with different doses of carvedilol
or vehicle, to elicite status epilepticus. Notably, seizure progression
was significantly slower in carvedilol-treated mice (Figure 8a). Further-
more, carvedilol markedly increased the latency to the first general-
ized seizure (Class IV seizure) and reduced maximum seizure severity
with that in the vehicle control (Figure 8b,c). These results indicate
that carvedilol exhibited anticonvulsant effects in the model of epi-
lepsy induced by kainic acid in mice.

To clarify the anti-seizure effect of carvedilol on mice carrying the
KCNT1 mutant, we used the mice carrying the Slack mutant, as estab-
lished in our lab previously (Yuan et al., 2024). We induced an in vivo
epilepsy model by introducing a Slack®?¢°® variant into C57BL/6N
mice using adeno-associated virus (AAV) injection to mimic the human
Slack mutation G288S. We delivered stereotactic injections of AAV9

containing expression cassettes for Slack®2¢%> (

or GFP negative con-
trols) into the hippocampal CA1 region of 3-week-old C57BL/6N mice
(Figure 8d,e). At 3- to 5-week intervals after AAV injection, we quanti-
fied the seizure susceptibility of mice following the induction by kainic
acid (20-mg-kg™1, i.p.) of temporal lobe epilepsy. Either the vehicle or
50 mg-kg~? of carvedilol was administered intragastrically 1 h prior to
the i.p. injection of kainic acid. We assessed a time course of kainic
acid-induced seizure stages at 5 min intervals and found that viral

expression of Slack®2¢7S

resulted in faster seizure progression in mice,
compared to control GFP expression, and carvedilol slowed down sei-
zure progression of Slack®24?S mice (Figure 8f). Slack®24S also signifi-
cantly reduced the latency to first generalized seizure, and carvedilol
kG269S

increased the latency to first generalized seizure of Slac mice

(Figure 8g). The percentage of mice with stage V seizures also

increased in Slack®247S

mice, and carvedilol effectively decreased the
percentage of mice with stage V seizures (Figure 8h). Taken together
our results showed that viral expression of Slack®2%?S significantly
increased seizure susceptibility in mice, and that carvedilol effectively

reduced the seizure susceptibility of Slack®2%%S mice.

4 | DISCUSSION

Slack belongs to the high conductance K* channel family activated by
intracellular Na™ (namely Ky, channels), which is reported to partici-
pate in the AHP in cortical neurons, hippocampal CA1 pyramidal neu-
rons and dorsal root ganglion (DRG) neurons (Gao et al., 2008; Liu &
Stan Leung, 2004; Shore et al., 2020). For example, the Ky, currents
contribute to AHP generation and maintenance following the rhyth-
mic burst recurrence during sustained depolarizations in the neocorti-
cal intrinsic bursting neurons (Franceschetti et al., 2003). In addition,
KCNT1-epilepsy associated mutations also modulate AHP and neuro-
nal excitability. Notably, studies have demonstrated that the Y796H
variant increases AHP amplitude and reduces excitability in non-
fast-spiking GABAergic neurons in cortical layer 2/3, while exhibiting
no effect on fast-spiking GABAergic or glutamatergic neurons (Shore
et al., 2020). However, the functional properties and physiological

roles of the WT and mutant Slack currents have not been fully
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FIGURE 7 Carvedilol reduced excitability of M267T Slack-expressed neurons in hippocampal CA1. (a) Representative traces obtained from
M267T Slack-expressed CA1 neurons with vehicle or 10-uM carvedilol perfusion in response to a series of 400-ms current stepping from —200
to +400 pA with increments of 50 pA. For comparison reasons, the recordings were obtained at the fixed potential of —70 mV. (b) Average
numbers of action potentials obtained in response to varying depolarizing current pulses when the soma was held at —70 mV. Spike frequency
within the first 200 ms (c) or the last 200 ms (d) of a 400-ms step. Data are presented as means + SEM. *P < 0.05, significantly different from
vehicle; unpaired two-tailed Student's t test. (e) Representative traces obtained from CA1 neurons in response to 300-pA current injection. For
comparison reasons, the recordings were obtained at the fixed potential of —70 mV. The effects of 10 uM carvedilol on mAHP amplitude (f), time
to peak mAHP (g), sSAHP amplitude (h) and sAHP decay time constant (i) obtained from CA1 neurons with 300-pA current injection. Typical spikes
(i), spike threshold (k), spike amplitude (1), spike afterdepolarization (m), spike half width (n) and time to peak (o) obtained from CA1 neurons in
presence of vehicle or 10-uM carvedilol. (p) The effects of 10-uM carvedilol on post train AHPs. The AHPs were evoked after sequences of

20 APs elicited by injecting brief trains (200 ms) of 100-Hz depolarizing stimuli. Post train mAHP amplitude (g), time to peak post train mAHP (r),
post train SAHP amplitude (s) and post train SAHP decay time constant (t) as showed in (p). Data are presented as means + SEM. *P < 0.05,
significantly different from vehicle; paired two-tailed Student's t test.

elucidated. The results of this study show that M267T mutation- reduced the sAHP decay time constant t, leading to hyperexcitability
induced enhanced Slack currents resulted in decreased mAHP ampli- of the hippocampus CA1 pyramidal neurons. It has been reported that
tude, prolonged time to peak mAHP, increased sAHP amplitude and Kna mainly contributed to sAHP. Here we found that the Slack also
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FIGURE 8 Carvedilol suppressed seizure susceptibility of WT and Slack®?%?° mice. (a) The seizure progression in mice treated with carvedilol
or carbamazepine or vehicle. *P < 0.05, significantly different from treated mice; unpaired two-tailed Student's t test. (b) The time taken to reach
Class 4 seizure after kainic acid (KA) administration from carvedilol and vehicle injected mice. *P < 0.05, significantly different as indicated;
unpaired two-tailed Student's t test. (c) The incidence of maximum seizure class reached during the course of the experiments in (a). (d) Study
design and timeline for the stereotactic injection model, and architecture for expression cassettes of AAVs. (e) Left: GFP expression in
hippocampal CA1. Dotted line, the injection location of AAVs. Right: Immunofluorescence of HA-tagged Slack (red) and DAPI (blue) in
hippocampal CA1 pyramidal cell layer at 5 weeks after viral injection of SlackG269S into CA1 of mice. The seizure progression (f), the time taken
to reach Class 4 seizure after kainic acid administration (g), the incidence of maximum seizure class reached during the course of the experiments
(h). *P < 0.05, SlackG?%?S group significantly different from GFP group; #P < 0.05, Slack®2¢?® group significantly different from

Slack®2%75 - carvedilol group, unpaired two-tailed Student's t-test.

affects properties of mMAHP. We hypothesized that the Slack M267T
mutation may influence the expression and function of other voltage-
gated channels, such as SK, HCN, and K,7 channels (Church
et al., 2019; Sahu & Turner, 2021). For example, recent results show
that the functional and physical interaction between HCN and Slack
channels regulates neuronal excitability in mPFC pyramidal neurons
(Wu et al., 2024).

Previously, quinidine, an antiarrhythmic drug, has been reported

as a potential precision therapy for KCNT1-related epilepsy (Bearden

et al., 2014; Milligan et al., 2014). However, the clinical data on the
efficacy of quinidine in patients with KCNT1 mutations is inconsistent
(Mullen et al., 2018; Numis et al., 2018). This may be possibly because
of the low blood-brain barrier (BBB) permeability of quinidine, and its
potential to cause serious side effects, such as prolonged QT interval,
arrhythmias, rash, and skin discoloration (Sindrup et al., 1996). These
studies indicated the lack of an established treatment, and warranted
an urgent clinical need for a more effective and specific drug for

KCNT1-related epilepsies. In the present work, carvedilol, a drug
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commonly used to treat chronic heart failure, left ventricular dysfunc-
tion, and hypertension was identified as a potential inhibitor of Slack
channels. Carvedilol has been reported to act on - and a4-adrenocep-
tors, and on sodium, potassium, and calcium channels (Atkin
et al., 2018; Cheng et al., 2019; El-Sherif & Turitto, 2005). Increasing
evidence indicates the neuroprotective properties of carvedilol. Thus,
carvedilol exhibited neuroprotective effects in the cultured rat cere-
bellar and hippocampal CA1 neurons of gerbils exposed to brain
ischemia (Lysko et al., 1992). Additionally, carvedilol could re-establish
basal synaptic transmission, enhance neuronal plasticity, and suppress
neuronal hyperexcitability in a mouse model of Alzheimer's disease
(Arrieta-Cruz et al., 2010). The results of the present study show that
carvedilol effectively inhibited the M267T Slack mutation-mediated
enhanced neuronal excitability, exhibiting anti-epileptic activity in a
mouse epilepsy model. We found that carvedilol reduced the neuronal
excitability of CA1 pyramidal neurons by regulating AHP, raising AP
threshold and decreasing AP amplitude (Figure 7j-m). The effects of
carvedilol on single APs may result from its effects on voltage-gated
sodium channels. For example, carvedilol blocks Na, 1.6 sodium chan-
nel, which is essential for the initiation and propagation of action
potentials (Atkin et al., 2018; Bean, 2007). Besides, carvedilol acts on
aq- and - adrenoceptors, which regulate AP hyperpolarization. For
example, activation of B3-adrenoceptors suppressed mAHP in hippo-
campal CA1 pyramidal neurons (Church et al., 2019). In addition, B»-
adrenoceptors interact with large-conductance voltage and Ca*-
activated potassium channels (BKc,) and upregulate BK channel
activities, which contributes to fAHP in hippocampal CA1 pyramidal
neurons (Liu et al., 2004). The effects of carvedilol on adrenoceptors
may modulate AHP and neuronal excitabilities of hippocampal CA1
pyramidal neurons. Therefore, carvedilol may exert anti-epileptic
effects by acting on other ion channels or GPCRs. To elucidate the
specific mechanism of action of carvedilol's anti-epileptic effects, fur-
ther research needs to be conducted in gene knockout mice, for
example, a- or f-adrenoceptor KO mice and Na,1.6 KO mice. At the
same time, carvedilol has a low ICso value for hERG channels
(10.4 uM) (Karle et al., 2001), making it safer than quinidine for the
treatment of KCNT1-related epilepsies. Moreover, carvedilol is a cat-
ionic amphiphilic compound with high lipophilicity, which enables it to
penetrate the blood-brain barrier (BBB) (Beaman et al., 2023). In addi-
tion to mice with KCNT1 mutation-related epilepsy, we found that
carvedilol can also markedly reduce the excitability of wild-type CA1
pyramidal neurons, thereby reducing the epileptic susceptibility in
wild-type mice. This suggests that carvedilol may also have therapeu-
tic effects in other types of epilepsy and this compound might be a
new potential candidate for the treatment of several forms of
epilepsy.

Here, M267T, a heterozygous KCNT1 mutation, was found in a
patient with EIMFS. This variant has been previously reported in
a patient with ADNFLE (Meng et al., 2017). KCNT1-related epilepsy is
commonly associated with the following two distinct phenotypes:
EIMFS and ADNFLE. Increasing incidence of epilepsy cases suggests

that one identical KCNT1 mutation can generate a number of diverse

epilepsy phenotypes, with some variants participating in both EIMFS
and ADNFLE, such as G288S, R398Q, R474C and A934T. This may
be due to individual differences in their genetic and epigenetic
background.

All the experiments in this project were carried out in male mice.
Female mice experience hormonal fluctuations due to their oestrous
cycle, which can potentially influence the consistency and reproduc-
ibility of experimental results. Future studies in mice of both sexes are
necessary to provide a more comprehensive understanding of carvedi-
lol's anti-epileptic effect.

In conclusion, the heterozygous KCNT1 mutation, M267T,
exhibits GOF channel properties, causing epilepsy by enhancing neu-
ronal excitability. Carvedilol is an FDA-approved compound, and it
can markedly reduce M267T Slack currents and neuronal excitability.
Here, we have shown that carvedilol reduced the seizure susceptibil-
ity in the mouse model of epilepsy induced by kainic acid. Taken
together, these findings suggest carvedilol as a promising therapeutic
candidate for treating epilepsies.
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