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Abstract
Epilepsy of infancy with migrating focal seizures (EIMFS) is a rare early-onset developmental epileptic encephalopathy resistant
to anti-epileptic drugs. Themost common cause for EIMFS is a gain-of-functionmutation in theKCNT1 potassium channel gene,
and treatment with the KCNT1 blocker quinidine has been suggested as a rational approach for seizure control in EIMFS patients.
However, variable results on the clinical efficacy of quinidine have been reported. In the present study, we provide a detailed
description of the clinical, genetic, in vitro, and in vivo electrophysiological profile and pharmacological responses to quinidine of
2 EIMFS unrelated patients with a heterozygous de novo KCNT1mutation: c.2849G>A (p.R950Q) in patient 1 and c.2677G>A
(p.E893K) in patient 2. When expressed heterologously in CHO cells, KCNT1 channels carrying each variant showed gain-of-
function effects, and were more effectively blocked by quinidine when compared to wild-type KCNT1 channels. On the basis of
these in vitro results, add-on quinidine treatment was started at 3 and 16 months of age in patients 1 and 2, respectively. The
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results obtained reveal that quinidine significantly reduced seizure burden (by about 90%) and improved quality of life in both
patients, but failed to normalize developmental milestones, which persisted as severely delayed. Based on the present experience,
early quinidine intervention associated with heart monitoring and control of blood levels is among the critical factors for therapy
effectiveness in EIMFS patients with KCNT1 gain-of-functionmutations.Multicenter studies are needed to establish a consensus
protocol for patient recruitment, quinidine treatment modalities, and outcome evaluation, to optimize clinical efficacy and reduce
risks as well as variability associated to quinidine use in such severe developmental encephalopathy.
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INTRODUCTION

Epilepsy of infancy with migrating focal seizures (EIMFS or
malignant migrating partial seizures of infancy, MMPSI) is a
rare devastating early-onset developmental epileptic encepha-
lopathy characterized by refractory focal seizures migrating
from one brain region or hemisphere to the other with polymor-
phic ictal semeiology. Seizures are associated with autonomic
features, developmental arrest or regression, severe disability,
and high probability of death in the first years of life [1].
Although mutations in several genes, including SCN1A,
PLCB1, SLC25A22, and TBC1D24, have been associated with
EIMFS [2], up to 50% of patients carry de novo heterozygous
mutations in the KCNT1 gene [3]. Notably, KCNT1 mutations
have been also found in patients affected with autosomal-
dominant or sporadic nocturnal frontal lobe epilepsy [4],
Ohtahara syndrome [5], multifocal epilepsy, and West [6, 7]
and Brugada [8] syndromes. More recently, the phenotypic
spectrum of epilepsy syndromes associated to KCNT1 muta-
tions has been further expanded, includingmesial temporal lobe
epilepsy, cerebellar ataxia, and intellectual disability [9, 10].

The KCNT1 gene encodes for potassium (K+) channel sub-
units (also called Slack, Slo2.2 or KCa4.1) having a topolog-
ical arrangement similar to that of classical voltage-gated Kv

channel subunits, with 6 transmembrane segments (S1-S6),
and a pore-lining loop between S5 and S6 [11]; KCNT1 sub-
units assemble as homo- or hetero-tetramers with highly ho-
mologous KCNT2 (also called Slick or Slo2.1) subunits to
form functional channels [12]. KCNT1 and KCNT2 subunits
provide a major contribution to Na+-dependent K+ currents
(IKNa), a primary mechanism for protection against ischemia
in cardiomyocytes and neurons [11]. In intrinsically bursting
neocortical neurons, IKNa is involved in activity-dependent
afterhyperpolarization (AHP) and in the maintenance of rhyth-
mic burst recurrence during sustained depolarization [13].
Moreover, KCNT1 channels also provide a major contribution
to IKNa in small diameter DRG neurons [14], and regulate
synaptic transmission within the spinal cord dorsal horn
[15], thus playing a prominent role in nociception.

In vitro functional studies have shown that KCNT1 sub-
units carrying EIMFS-causing variants generate larger cur-
rents when compared to wild-type KCNT1 channels, leading

to the concept that a gain-of-function mechanism is responsi-
ble for epileptogenesis associated with KCNT1 mutations [3].
Based on the ability of KCNT1 blockers like quinidine and
bepridil to inhibit KCNT1 mutant channels [16, 17], targeted
therapy with quinidine has been undertaken in EIMFS pa-
tients, resulting in variable anti-convulsant efficacy ranging
from dramatic positive responses [18–20] to a lack of efficacy
or excessive toxicity [21–23]. Despite the relevance of these
therapeutic attempts for personalized therapy in patients with
KCNT1-related epilepsies, several clinical issues remain to be
settled before shared protocols for quinidine treatment can be
rigorously implemented.

Here, we present the clinical, genetic, in vitro, and in
vivo electrophysiological profile and pharmacological re-
sponses to quinidine of 2 unrelated EIMFS patients each
carrying a heterozygous de novo KCNT1 mutation. The
results obtained reveal that both mutations cause strong,
quinidine-sensitive gain-of-function effects on KCNT1
currents in vitro; notably, in agreement with these in vitro
results, clinical use of quinidine significantly reduced sei-
zure burden and improved quality of life in both patients,
but failed to normalize developmental milestones, which
persisted as severely delayed. Based on these results and
on a critical review of the available cases described in the
literature, we also attempt to highlight the critical issues
(such as timing of intervention, cardiac monitoring, thera-
peutic drug monitoring, among others) which, in our expe-
rience, need to be optimized to maximize treatment effica-
cy and reduce risks and variability associated with quini-
dine use in such devastating developmental epilepsy.

MATERIAL AND METHODS

DNA extraction and genetic screening

After signed informed consent, blood samples were obtained
from patients and relatives for genetic analyses. Genomic
DNA was prepared from peripheral-blood leukocytes using
standard procedures (QIAsymphony S, Qiagen, Hilden,
Germany), according to the manufacturer’s instructions. The
genetic screening was performed in 2 different centers
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(Gaslini Institute in Genoa for patient 1, Neurological Institute
C. Besta in Milan for patient 2), using next-generation se-
quencing (NGS) methods with a MiSeq sequencer (Illumina
Inc., San Diego, CA, USA) for the analysis of genes involved
in the pathogenesis of epileptic encephalopathies. The genes
analyzed in each of the 2 panels are reported in Supplementary
Fig. 1. Data analysis was performed using the following soft-
wares: Illumina MiSeq Reporter vs 2.4.60, Illumina Variant
Studio vs 2.2, Qiagen CLC Genomics Workbench vs 7.0.
Variants with MAF > 1% reported in the dbSNP (https://
www.ncbi.nlm.nih.gov/projects/SNP), 1000 Genome
(browser.1000genomes.org), EVS database (evs.gs.
washington.edu), ExAC database (http://exac.broadinstitute.
org/), and GnomAD browser (http://gnomad.broadinstitute.
org) were considered benign and excluded from the report.
Sanger sequencing on ABI 3130/3730 was added for the

regions not well covered (coverage < 20X) to ensure that cov-
erage of each gene was more than 95%; moreover, all the true-
positive calls (nucleotide variants) identified were also con-
firmed by Sanger sequencing.

Mutagenesis and heterologous expression of wild-type
and mutant subunits

The 2 mutations investigated in the present study were
engineered in a plasmid containing the cDNA for a myc-
DDK-tagged human isoform 2 (Q5JUK3-2) of KCNT1
(RC214820; Origene, Rockville, MD, USA) by quick-change
mutagenesis, as previously described [17].Mutant vectors were
verified by Sanger sequencing. Wild-type and mutant cDNAs
were expressed in Chinese hamster ovary (CHO) cells by tran-
sient transfection using Lipofectamine 2000 (Invitrogen,

Fig. 1 Evolution of the EEG
pattern during the first 3 months
in patient 1. (a) The first seizure
recorded at 2 days of life.
Ictal activity is characterized by
low-amplitude alpha rhythmical
activity and small spikes in the
left centrotemporal areas
(especially T3 and C3 leads). (b)
EEG with muscle polygraphy
performed at 2 months, showing
focal myoclonus at the
lower limbs related to small
central spikes. (c) EEG with
muscle polygraphy at 3 months:
independent epileptiform
discharges of different frequency,
morphology, and amplitude are
seen in the two hemispheres as
described for migrating focal
seizures of infancy, with ictal
theta activity in the left
temporal channels and initial ictal
faster activity in the alpha range in
the right hemisphere channels;
these ictal activities are associated
with motor manifestations (see
muscle polygraphy).
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Milan, Italy), as described [24]. A plasmid encoding for the
enhanced green fluorescent protein (EGFP; Clontech, Palo
Alto, CA) was used as a transfection marker. Total cDNA in
the transfection mixture was kept constant at 4 μg.

Whole-cell electrophysiology

Electrophysiological experiments were performed as previ-
ously described [17]. Briefly, macroscopic currents from tran-
siently transfected CHO cells were recorded at room temper-
ature (20-22 °C) 24 h after transfection, with an Axopatch
200B amplifier (Molecular Devices, Union City, CA) using
the whole-cell configuration of the patch-clamp technique.
The pipette (intracellular) solution contained (in mM): 130
KCl, 10 NaCl, 10 HEPES, 5 EGTA, 5 Mg-ATP, pH 7.3 to
7.4 with HCl; when NaCl was omitted from the pipette, KCl
concentration was increased accordingly. Extracellular solu-
tion composition, as well as data acquisition and analysis, was
performed as described [25]. Current densities (expressed in
pA/pF) were calculated as peak K+ currents at all tested mem-
brane potentials divided by cell capacitance (C). Quinidine
(Sigma-Aldrich, Milan, Italy) was dissolved in chloroform
(final vehicle concentration ≤0.05%). In each experiment,
the same volume of vehicle used to dissolve each drug to be
tested was added to the control solution. Different concentra-
tions of the drug were perfused (each cell was exposed to only
1 drug concentration, to avoid cumulative block) using a fast
solution exchange system [24].

Molecular modeling Closed (PDB 5U76) and open (PDB
5U70) configurations of chicken KCNT1 [26] served as tem-
plates for homology models of human KCNT1, using the
SWISS-MODEL software [27]. The models were analyzed
by using Discovery Studio 4.0 Client software (BIOVIA,
San Diego, CA, USA), as described [28].

Statistics Data are expressed as mean ± SEM. Statistically
significant differences were evaluated with the Student t test
or with ANOVA followed by the Student-Newman-Keul’s
test, with the threshold set at p < 0.05.

RESULTS

Clinical description of cases

Patient 1

This 12-month-old boy was born at term by unrelated healthy
parents after an uneventful pregnancy and delivery. Family
history was unremarkable, except for uncertain neonatal sei-
zures in the maternal grandfather. At 2 days of life, the patient
presented with daily episodes of apnea and cyanosis. EEG

monitoring revealed ictal left centrotemporal alpha-theta ac-
tivity suggesting the epileptic origin of the episodes (Fig. 1a).
Interictal EEG showed focal spikes mainly over the bilateral
centrotemporal regions. General physical and neurological ex-
amination, brain MRI, and laboratory and metabolic investi-
gations were unremarkable. The patient was discharged from
the hospital in good conditions with phenobarbital (PB; 5 mg/
kg per day), initially with good seizure control. At 2 months of
age, still during treatment with PB at low doses (3 mg/kg per
day), parents reported the occurrence of multiple daily focal
lower limb jerks in short clusters during wake and sleep. The
neurological examination showed mild hypotonia,
with preserved eye contact. PB was then increased to 8 mg/
kg with transient benefit. A video-polygraphic-EEG docu-
mented the recurrence of bilateral lower limb myoclonias re-
lated to small spikes on the central regions (Fig. 1b), brief
spasms, and bilateral clonic seizures. Oral pyridoxine
(30 mg/kg for 5 days) was tried, but seizures continue to occur
and carbamazepine (CBZ) was added to PB. After few days,
seizures turned to more classical malignant migrating focal
seizures alternating from one hemisphere to the other, with
polymorphic semiology (Fig. 1c), going from no clinical man-
ifestations to motor tonic-clonic seizures, variably combined
with oral automatism, eye deviation, awareness impairment,
and apneas, according to the side, distribution, and amplitude
of the ictal discharge. Carbamazepine was replaced by leveti-
racetam (LEV) up to 60 mg/kg daily, with no effect.
Therefore, based on the results of genetic and in vitro studies
(see below), quinidine treatment was started at the dose of
2 mg/kg 4 times a day, increased every 2 to 4 days of 4 to
5 mg/kg (target 60 mg/kg) (Fig. 2). An initial response was
obtained, in the first days, followed by relapse with around
100 seizures per day, so oral clonazepam up to 0.2 mg/kg and
then midazolam infusion up to 0.2 mg/kg/h were added with
limited seizure control. Initially, quinidine blood levels were
low (between 0.2 and 1 mg/L). Suspecting a pharmacokinetic
interaction, PB was gradually withdrawn and ketogenic diet
was started [23]; however, no clinical benefit was observed. In
the meantime, quinidine continued to be gradually titrated and
when quinidine blood levels approached 2 mg/L, seizure fre-
quency decreased. However, due to an increase in the QT
interval (485 ms, Fig. 2b, marked by *), quinidine was re-
duced to 50 mg/kg daily. In the following days, status epilep-
ticus occurred (200 seizures per day). Midazolam was ineffec-
tive as were LEV (up to 100mg/kg/day), topiramate (5mg/kg/
day), and potassium bromide (up to 45 mg/kg/day). The QT
interval recovered to 460 ms, and quinidine dosing was in-
creased from 50 to 70 mg/kg in 2 weeks, and a significant
reduction of seizures was finally seen. Unfortunately, the QT
interval increased again to 500ms, together with ECG signs of
atrio-ventricolar block, so quinidine dose was halved with a fol-
lowing relapse of a high number of seizures and reduction of QT
interval to 440 ms. Given the positive response to quinidine
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observed after refractory status epilepticus, quinidine was slowly
titrated up to a target dose of 50 mg/kg/day; topiramate was
simultaneously withdrawn (Fig. 2b, marked by °). After few
days, another QT increase of 500 ms was observed, and the
quinidine dosewas reduced again to 35mg/kg/day, leading again
to QT normalization. In the following weeks, seizures increased
to around 90/day and quinidine blood levelswere around 1.5mg/
L; therefore, quinidine dose was increased to 45 mg/kg, with a
positive effect on seizure frequency. When the ketogenic diet,
considered ineffective, was withdrawn at 8 months, a new tran-
sient increase in QT (505 ms) occurred just after blood ketones
dropped from around 3 to 1.5 mmol/L (Fig. 2b, marked by +),
without any cardiac symptomatic complication and with quini-
dine blood level increased to 3 mg/L. Seizures dropped to a
minimum of 2 to 20 per day, and quinidine dose was cautiously
reduced to 35 mg/kg. Currently, the infant is on quinidine
(45 mg/kg daily divided in 4 doses) as main therapy, together
with LEV 45mg/kg daily (LEV blood levels, 10.5 mg/L—range
10 to 40mg). The boy has developed a severe delay ofmotor and
cognitive milestones, poor interaction, and tetraparesis and ac-
quired microcephaly and has currently a range of 2 to 30 seizures
per day. Compared to the pre-quinidine disorganized EEG pat-
tern with abundant multifocal slow waves and spikes and poor
differentiation between sleep and awake patterns, the EEG back-
ground activity during treatment with quinidine at the current age
of 1 year shows a good differentiation between sleep and awake

patterns, although diffuse slow waves and multifocal sharp
waves are still present (Fig. 3).

Patient 2

This 24-month-old boywas born at term from a physiological
pregnancy by nonconsanguineous parents, with eutocic de-
livery. Family history was unremarkable. Five hours after
birth, the patient experienced episodes of diffuse cyanosis,
desaturation, and hyporeactivity, occasionally associated
with lower-limb clonic movements. His EEG showed inter-
hemispheric asynchrony, right central and left temporal slow
waves, and sharp spikes andwaves. Follow-up EEGs showed
a poorly organized and asynchronous background activity
with multifocal paroxysms and tendency to a burst-
suppression pattern (Fig. 4a). During hospitalization in neo-
natal intensive care, the patient received treatments with phe-
nobarbital, phenytoin, carbamazepine, pyridoxine, and leve-
tiracetam, all with poor responses. Seizure frequency gradu-
ally increased up to 30 episodes per day, characterized by
head and gaze deviation (right>left), winking, and oral au-
tomatisms, sometimes associated with asymmetric upper
limb flexor hypertonia (right>left). At 4 months, he devel-
oped epileptic spasms with a hypsarythmic pattern.
Vigabatrin, ACTH, valproic acid, nitrazepam, ketogenic diet,
lamotrigine, and clonazepam in various combinations were

Fig. 2 Time-course of seizure
activity, quinidine dosing, and
blood levels during the first
10 months of life of patient 1. (a)
Seizure number as a function of
time. (b) Quinidine dosing (in
mg/kg/day; black line) and
plasma levels (in mg/L; dotted red
line) in patient 1. Asterisks
indicate QT > 480 ms, a degree
sign indicates topiramate
withdrawal, and a plus sign
indicates reduction of blood
ketones from around 3 to around
1.5 mmol/L in correspondence to
the ketogenic diet withdrawal.
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tried, with lack of efficacy in the long-term period.
Cannabidiol (15 mg/kg/day) was then added, but with no
effect on seizures and EEG pattern (Fig. 4b). At 9 months of
age, he presented clinical and EEG characteristics of EIMFS.
According to the genetic results and to preclinical data (see
below), therapy with quinidine was started at the age of
16 months and very slowly titrated up to 700 mg/die
(58 mg/kg daily) divided in 4 doses per day, without any
significant side effect. QTc remained stable between 420
and 470 msec; at last measurement performed on April
2018, QTc was 434 msec. After introduction of quinidine, a
very significant reduction of seizures number was observed
(> 85%). The patient is now on quinidine (58 mg/kg/day di-
vided in 4 doses) monotherapy from 6 months. Psychomotor
development is seriously impaired: at the age of 24 months,
the child controls the head but does not sit unsupported.

His EEG is improved, showing extremely rare interictal par-
oxysms, with poor organization on awake and during sleep
(Fig. 4c).

Genetic findings

Genetic analysis showed a heterozygous nucleotide variant in
the KCNT1 gene (NM_020822; NP_065873): c.2849G>A in
exon 24 for patient 1 and c.2677G>A in exon 23 for patient 2.
Both variants were not present in the EVS, 1000 Genomes,
dbSNP, and ExAC databases and occurred de novo, being ab-
sent in each of the parents. The c.2849G>A substitution in pa-
tient 1 is predicted to cause the KCNT1 missense variations
p.R950Q, whereas the c.2677G>A causes the p.E893K mis-
sense mutation in patient 2. Whereas the R950Q variant has
been previously described in KCNT1-related epilepsy patients

Fig. 3 EEG pattern in patient 1
before and after quinidine
treatment. (a) EEG traces
recorded at 3 months of life,
showing the disorganized
electrical background activity,
with highly recurrent paroxysmal
activity and slow activity. (b)
NREM sleep EEG recorded at
12 months of age during
quinidine treatment (blood level
3.5 mg/L); physiological sleep
spindles in the central leads; some
spikes in frontal and central leads.
(c) Awake EEG recorded at
12 months of age during
quinidine treatment (blood level
3.5 mg/L). Activity in the theta-
delta range (slower waves than
expected for age) and muscle
artifacts.
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[6, 29–31], the E893K variant found in patient 2 is novel. Both
the R950 and E893 residues are located in the regulator of K+

conductance-2 (RCK2) domain [31] (Fig. 5a), an intracellular
region in which Na+ ions bind and regulate channel opening [11,
32]. Within RCK2, the E893 residue is positioned in the nico-
tinamide adenine dinucleotide (NAD+)-binding pocket; NAD+

binding to RCK2 increases IKNa sensitivity to [Na+]i, thereby
allowing current regulation by physiologically relevant changes
in [Na+]i [33]. Notably, both mutations affected residues evolu-
tionarily conserved among different species (Fig. 5b), and were

predicted to be pathogenic by SIFT (http://sift.jcvi.org/) and
PolyPhen (http://genetics.bwh.harvard.edu/pph2/).

Functional characterization of homomeric wild-type
and mutant KCNT1 channels

To investigate the functional properties of KCNT1 channels
incorporating the 2 mutations herein reported, electrophysio-
logical analysis was performed in CHO cells expressing wild-
type or mutant KCNT1 subunits. Whereas no significant

Fig. 4 EEG pattern in patient 2
before and after quinidine
treatment. (a) Polygraphic EEG
registration (EKG, breath, and
deltoids) at 2 months, showing
asynchronous suppression burst
pattern, phases of hypo-voltage
lasting at least few seconds, alter-
nating with bursts of theta activity
mixed with multifocal, bilateral,
asynchronous epileptic dis-
charges. (b) EEG recorded at
6 months showing theta rythmic
activity on frontocentral right re-
gions, with minimal clinical cor-
relate. Both (a) and (b) were ob-
tained before quinidine treatment.
(c) Polygraphic traces recorded
following quinidine treatment,
showing global improvement of
EEG pattern, even with persis-
tence of a poor organized back-
ground activity with theta preva-
lence, but without seizures.
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current was detected in nontransfected CHO cells (maximal
current density at + 60 mV was 1.4 ± 0.6 pA/pF; Fig. 6a and
Table 1), transfection with KCNT1 cDNA elicited robust, out-
wardly rectifying currents (Fig. 6a) in response to depolarizing
voltage pulses from − 90 to + 60 mV (Fig. 6a, b, Table 1).
KCNT1 currents displayed complex activation kinetics, with
an instantaneous, time-independent component (Iinst), followed
by a slower, time-dependent one (Isteady-state-Iinst). At + 60 mV,
the ratio between currents measured at the beginning (Iinst) and
at the end (Isteady-state or Iss) of the depolarizing step was 0.25 ±
0.02. Expression of homomeric KCNT1 channels carrying
E893K or R950Q mutations also generated outwardly rectify-
ing currents; when compared to wild-type KCNT1 channels,
current densities from mutant homomeric KCNT1 channels at
+ 60 mV were significantly larger (Fig. 6a, b, Table 1). In

addition, in both KCNT1 E893K and KCNT1 R950Q mutant
channels, the Iinst/Isteady-state ratio was increased when compared
to KCNT1. Boltzmann analysis of the G/V curves [25] from
KCNT1 E893K and KCNT1 R950Q homomeric channels re-
vealed that the activation midpoints (V1/2) were significantly
shifted in the hyperpolarizing direction when compared to
KCNT1, with a concomitant decrease in slope (k). Taken to-
gether, these results suggest that both KCNT1mutations lead to
strong gain-of-function effects on KCNT1 channels by increas-
ing the maximal current size and shifting the activation thresh-
old toward less depolarized potentials.

Since both the E893K and R950Q variants in KCNT1 af-
fected residues located in the RCK2 domain, a protein region
conferring current sensitivity to changes in [Na+]i [11, 32], the
hypothesis that each mutation interferes with the Na+-depen-
dent current regulation was also tested. To this aim, patch-
clamp recordings were performed in Na+i-free conditions.
Using Na+-free intracellular solutions, KCNT1 currents were
decreased by a factor of 5 (from 104.1 ± 11.4 to 20.0 ± 2.9 pA/
pF); by contrast, the currents carried by KCNT1 E893K or
KCNT1 R950Q homomeric channels appeared to be less sen-
sitive to the removal of Na+i, showing a reduction of approx-
imately 2-folds (from 229.0 ± 20.3 to 101.0 ± 17.6 pA/pF) or
4-folds (from 231.3 ± 21.1 to 52.3 ± 10.5 pA/pF), respectively
(p < 0.05 versus wild-type KCNT1 channels) (Fig. 6b). As a
result, current size in Na+i-free solutions was much larger in
KCNT1 channels carrying the E893K or R950Q mutations
when compared to wild-type KCNT1 channels, suggesting
that both mutations (and particularly E893K) facilitated acti-
vation gating in the virtual absence of Na+i.

To reproduce the genetic status of EIMFS patients, carrying
only 1 mutated KCNT1 allele, wild-type and mutant KCNT1
cDNAs were co-transfected in CHO cells at a 0.5:0.5 ratio. As
shown in Table 1, current densities from cells expressing
KCNT1+KCNT1 E893K or KCNT1+KCNT1 R950Q
heteromers were larger than those from KCNT1 homomers.
Moreover, currents expressed by KCNT1+KCNT1 E893K or
KCNT1+KCNT1 R950Q heteromeric channels showed an
intermediate behavior between wild-type and mutant
homomeric channels, both in terms of voltage-dependence
of activation (V1/2, k) and in terms of activation kinetics
(Iinst/Isteady-state), suggesting that the extent of mutation-
induced gating changes largely depends on the number of
mutant subunits incorporated.

Pharmacological modulation of wild-type and mutant
KCNT1 channels

The well-known KCNT1 current blocker quinidine (1-
1000 μM; Fig. 6c) produced a concentration-dependent de-
crease in KCNT1 outward currents, with an IC50 of 81.1 ±
0.1 μM, as previously reported [17]. Notably, quinidine was
even more potent in blocking KCNT1 E893K or KCNT1

Fig. 5 Topological organization of a KCNT1 subunit and localization of
the mutations herein investigated. (a) Topological representation of a
single KCNT1 subunit. S1-S6 indicate transmembrane segments,
whereas RCK1 and RCK2 are indicated by blue and red rectangles,
respectively. D839 and H844 indicate residues previously shown to
confer Na+-sensitivity to KCNT1 currents [32]. The green box in
RCK2 corresponds to the NAD-binding domain. White circles indicate
the position of the mutated residues herein investigated. (b) Partial
alignment of KCNT1 subunits of different species (h = human, r = rat,
m = mouse, g = chicken, x = Xenopus laevis, c = cat, s = sheep, z =
zebrafish). Mutated residues herein investigated are in red.
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R950Q channels (the IC50s were 9.6 ± 2.5 μMor 24.0 ± 5.7μM,
respectively; Table 1). At 1 to 10μM, a concentration range close
to the steady-state free plasma drug concentrations associated
with anti-convulsant efficacy (2-5 μg/ml) (see below), quinidine
failed to affect KCNT1 channels, whereas it caused a significant
~40% blockade of both KCNT1 E893K or KCNT1 R950Q-
mediated currents (Fig. 6c). Notably, heteromeric channels
formed upon co-expression of KCNT1 and KCNT1 E893K or
KCNT1 R950Q mutant subunits displayed a quinidine sensitiv-
ity intermediate between wild-type andmutant homomeric chan-
nels (Table 1). These results suggest that quinidine could coun-
teract the in vitro gain-of-function phenotype shown by KCNT1
E893K or KCNT1 R950Q channels; in addition, the higher
blocking potency of the drug on mutant versus wild-type
KCNT1 currents suggests a preferential activity of the drug on
mutant subunits, strongly supporting the potential use of this drug

to control seizures in patients with EIMFS associated to KCNT1
gain-of-function mutations.

Molecular modeling

State-dependent homology modeling using chicken KCNT1
channels determined by cryo-electron microscopy [26] was
then used to infer potential mechanism(s) by which the
R950 and E893 residues affected by the mutations herein
identified might regulate channel opening. Analysis of the
3D model of KCNT1 tetrameric channel revealed that the
E893 residue is involved in state-dependent hydrogen bonds
with channel residues of a neighboring subunit, and in partic-
ular with the N-lobe RCK1, a domain showing wide confor-
mational changes during channel opening, mainly adopting an
expanded conformation compared to the close state [26]. In

Fig. 6 Functional
characterization of wild-type and
mutant KCNT1 channels. (a)
Current traces from CHO cells
untransfected (NT) or transfected
with expression vectors encoding
wild-type or mutant homomeric
KCNT1 channels, as indicated, in
response to the voltage protocol
shown in the inset. The arrows on
the voltage protocol indicate the
time chosen for current analysis,
as explained in the text. (b)
Current density (left panel) and
normalized conductance (middle
panel) of wild-type and mutant
homomeric KCNT1 channels, as
indicated, recorded with 10 mM
NaCl in the pipette solution
(10 mM Na+). Right panel:
current density of wild-type and
mutant KCNT1 channels,
recorded without NaCl in the
pipette (0 mM Na+). (c) Current
densities from CHO cells
expressing homomeric wild-type
or mutant KCNT1 channels, as
indicated, as a function of
quinidine concentrations (1-
1000 μM).
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particular, the negatively charged carboxyl group of E893
interacts by a nonclassical hydrogen bond with the S435 res-
idue in the closed state (Fig. 7; top panel), and with a classical
hydrogen bond with Q470 in the open state (Fig. 7; bottom
panel) [34]. Replacement of the glutamate residue at position
893 with a lysine (E893K) did not affect the interaction with
the S435 residue in the closed state, whereas it introduced an

unfavorable (charge repulsion) interaction between K893 and
Q470 residues in the open state; thus, the E893K substitution
appears to mainly affect the open state of the channel, possibly
increasing RCK1 N-lobe expansion during channel opening,
providing a plausible explanation for the observed gain-of-
function phenotype. A similar mechanism, namely changes
in electrostatic interactions, may also explain the gain-of-
function properties of KCNT1 channels carrying the R950Q
disease-causing substitution, although the functional changes
appear to be less prominent when compared to the E893K
substitution, and structural analysis of the model did not reveal
significant state-dependent interactions involving this residue.

DISCUSSION

Personalized treatment in EIMFS

The advent of NGS methods has revolutionized diagnostic pro-
cedures in developmental epileptic encephalopathies, allowing
an early identification of the specific molecular defects in an
ever-growing number of epilepsy-related genes [35]. Early ge-
netic diagnosis is critical for patient stratification and personal-
ized therapy. As an example, in SCN2A-related epilepsies, 2
distinct age-dependent phenotypes occurring in the early infan-
tile (< 3 months) or in infantile/childhood (≥ 3 months) periods
have been described; whereas the early infantile form responded
well to therapy with sodium channel blockers, these drugs were
rarely effective or even detrimental in later-onset forms [36].

Despite the phenotypic heterogeneity in terms of age of on-
set, clinical features, and cognitive outcome, KCNT1-related
epilepsies are considered paradigmatic examples of epileptic
disorders amenable to personalized therapy. In fact, given that
the vast majority of epileptogenic KCNT1 mutations produce
an enhancement (gain-of-function) of channel function in vitro

Table 1 Biophysical and pharmacological properties of wild-type and mutant KCNT1 channels

Transfected
cDNA (μg)

n Current density at +
60 mV (pA/pF)

V½ (mV) k (mV/efold) Iinst/Isteady-state Quinidine IC50 at
+ 60 mV (μM)

NT – 5 1.4 ± 0.6* ND ND ND ND

KCNT1 3.6 29 104.1 ± 11.4 17.5 ± 2.1 23.9 ± 1.0 0.25 ± 0.02 81.1 ± 0.1

KCNT1 E893K 3.6 21 229.0 ± 20.3* − 39.7 ± 1.3* 17.9 ± 1.2* 0.81 ± 0.03* 9.6 ± 2.5*

KCNT1 R950Q 3.6 21 231.3 ± 21.2* − 19.4 ± 1.4* 19.6 ± 1.0* 0.44 ± 0.04*,# 24.0 ± 5.7*,#

KCNT1 + empty vector 1.8 + 1.8 21 109.6 ± 10.7 14.6 ± 1.9 21.7 ± 0.9 0.26 ± 0.02 ND

KCNT1+KCNT1 E893K 1.8 + 1.8 25 165.8 ± 14.0*,# − 23.2 ± 1.9*,# 21.5 ± 1.2# 0.53 ± 0.03*,# 42.1 ± 2.9*,#

KCNT1+KCNT1R950Q 1.8 + 1.8 24 156.6 ± 13.6*,§ − 9.7 ± 1.4*,§,† 20.9 ± 0.9* 0.35 ± 0.02*,§,† 55.2 ± 4.1*,§,†

NT = nontransfected CHO cells; ND = not detected.

*p < 0.05 versus KCNT1.
# p < 0.05 versus KCNT1 E893K.
§ p < 0.05 versus KCNT1 R950Q.
† p < 0.05 versus KCNT1+KCNT1 E893K.

Fig. 7 State-dependent homology modeling of a cytoplasmic region of
the KCNT1 subunit. Homology models of the closed (upper panel) and
open (lower panel) states of KCNT1 channels. Residues involved in
electrostatic interactions are indicated. RCK1 or RCK2 domains are in
blue or red, respectively, whereas in green is the NAD-binding region
within the RCK2 domain.
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[3], and that the KCNT1 blocker quinidine can reverse this in
vitro phenotype [16], rational, albeit off-label, treatment with
quinidine has been attempted in patients affected with mild and
severe phenotypes of KCNT1-related epilepsies [37]. EIMFS
lies on the more critical end of the phenotypic spectrum of
KCNT1-related epilepsies; it is characterized by focal seizures
resistant to conventional anti-epileptic drugs and developmental
arrest or regression, severe disability, and high probability of
death in the first years of life [1]. Therefore, also considering the
poor response to most anti-convulsant treatments, including the
ketogenic diet [23], patients with EIFMS often have no thera-
peutic opportunities alternative to quinidine at the present mo-
ment. However, clinical response to quinidine has been quite
heterogeneous, with some patients showing good efficacy
[18–20], but others in whom lack of efficacy or excessive tox-
icity has been reported [21–23]. Several interconnected factors,
such as the natural history and severity of the underlying dis-
ease, the specific molecular defect, the age of symptom onset,
and the age at which quinidine therapy was initiated, as well as
drug-specific pharmacokinetic and pharmacodynamic factors
among others, might provide plausible explanations for such
heterogeneity. We believe that the 2 EIMFS cases herein de-
scribed provide the opportunity to discuss some of these critical
factors, in the hope to further optimize treatment opportunities
in this devastating developmental encephalopathy. To facilitate
data comparison and discussion, Table 2 reports all published
cases of KCNT1-related epilepsies patients undergoing treat-
ment with quinidine.

Early recognition, genetics, and treatment of EIMFS
in 2 novel cases

In our patients, the diagnosis of EIMFS was based on neonatal-
onset seizures with autonomic features and focal ictal theta-apha
rhythmical EEG activity. Despite aggressive treatment, seizure
number gradually increased, with the occurrence of epileptic
spasms or myoclonias and malignant migrating focal seizures
in few days or weeks after birth. Semiological suspicion
prompted genetic investigations, revealing the occurrence of 2
different heterozygous de novo variants in KCNT1: R950Q in
patient 1 and E893K in patient 2. The first variant was previ-
ously reported in other EIMFS-affected patients [6, 31], as well
as in patients with nocturnal frontal lobe epilepsy (NFLE) [29],
mild intellectual disability, psychomotor retardation, and psychi-
atric symptoms (psychosis, depression, inertia) [30], confirming
phenotypic heterogeneity in KCNT1-related epilepsies [10]; in-
stead, the E893K variant found in patient 2 is novel.

Electrophysiological assays in vitro revealed that both mu-
tations produced a gain-of-function effect on KCNT1 currents;
these results are largely consistent with the reported effects of
disease-causing KCNT1 mutations [3, 17]. More importantly,
our results clearly demonstrated that, when compared to wild-
type KCNT1, mutant channels were more potently blocked by

quinidine. In cardiac voltage-gated K+ channels, quinidine
blocks the pore from the inside of the membrane once the
activation gate opens by an open-channel blocking mechanism
[39]; thus, it seems possible to speculate that mutations increas-
ing the opening probabilities of the channels such as those
herein investigated may favor the interaction with quinidine,
thus leading to the observed increase in drug’s apparent affinity
[40]. Based on this preclinical evidence and given the dramatic
trend to progressive seizure increase and of refractoriness to
multiple conventional anti-convulsants, quinidine therapy was
started at 3.5months of age in patient 1 and at 16months of age
in patient 2. Together with another recently reported EIMFS
patient with focal seizure onset at 3 days of age who also
started quinidine therapy at 3 months of age (patient 2 in
[38]), patient 1 is the youngest EIMFS child being treated with
quinidine. In both our patients, following treatment with quin-
idine, we observed a reduction of seizure frequency by > 90%.
Although the clinical-instrumental improvement observed
over time might reflect the natural history of EIFMS, the tem-
poral correlation between quinidine treatment with the amelio-
ration of EEG pattern and seizure burden in both patients al-
lows to hypothesize that the improvement is attributable to this
specific pharmacological treatment, and cannot be accounted
for by the marked fluctuations in seizure number spontaneous-
ly occurring during the disease course. These observations are
further supported by the temporal association between reduced
quinidine plasma levels and seizure recurrence, even if seizures
were never fully controlled despite optimal quinidine levels.
Moreover, case 2 is actually in monotherapy with quinidine
with good control of seizures, further supporting the correla-
tion between this specific drug and the clinical-instrumental
positive response. Overall, the present results are in line with
the hypothesis that therapeutic response might be age-depen-
dent, with all patients initiating treatment below age 4 years
being responsive, whereas those undergoing quinidine therapy
after 4 years being, instead, nonresponsive [38].

However, even if we observed a significant effect on seizure
control and EEG features following quinidine treatment, the
severe cognitive and motor disability appears only marginally
affected by this therapy. Despite the young age of treatment
initiation, it seems possible to hypothesize that the Btherapeutic
window^ for intervention is even more anticipated because of a
critical developmental role played by KCNT1 channels. In fact,
in mice, KCNT1 transcripts are detected at similar levels
throughout the brain at birth, showing a marked increase during
the first 2 weeks of life in cortex and cerebellum, without con-
comitant changes in the hippocampus and thalamus [16]. In
addition, KCNT1 channels directly interact with the fragile X
mental retardation protein (FMRP), whose deletion is the most
common cause for intellectual disability and inherited autism,
and IKNa is reduced in animal models of fragile X syndrome
that lack FMRP [41]. Therefore, patients may have irreversible
brain dysfunction prior to initiation of therapy due to aberrant
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neurodevelopment, possibly already in utero, and earlier initia-
tion of quinidine, such as at onset of epilepsy, might have pos-
itively influenced cognitive progression. On the other hand,
therapy initiation at a developmental stage when permanent
epileptogenic brain injury has occurred may explain poor re-
sponses to quinidine [21].

Genotype-phenotype correlations

Analysis of the reported cases of patients carrying KCNT1 mu-
tations being treatedwith quinidine, as also summarized in Table
2, reveals a high variability in terms of, among other factors,
variant type, genetic transmission (sporadic EIMFS versus
autosomal-dominant nocturnal frontal lobe epilepsy or
ADNFLE), age of seizures onset, age of beginning of quinidine
treatment, and quinidine blood levels; thus, it seems premature
to draw specific conclusions on how each of these factors influ-
ences quinidine efficacy. The role of the specific variant is pos-
sibly highlighted by the EIMFS patient 2 reported by McTague
et al. [31]; in fact, this patient, despite being diagnosed (and
possibly treated) very early, received a similar dosage of quini-
dine (40 mg/kg/day) to the patients herein reported, but did not
respond to quinidine, possibly because channels formed by sub-
units carrying the L274I pore variant found in this patient
displayed a significant reduction in quinidine sensitivity in vitro
when compared towild-type channels [31]. Along the same line,
patient 4 in the same report [31], who carried the F346L variant,
was not treated with quinidine because of the observed in vitro
insensitivity to the drug of KCNT1 channels carrying this vari-
ant. On the other hand, patients carrying the R428Q mutation,
another gain-of-function variant slightly reducing quinidine sen-
sitivity in vitro [16], have been reported to show heterogeneous
clinical responses to quinidine: in fact, whereas the patient of
Bearden et al. [18] was successfully treated with quinidine at
2 years of age, that one of Chong et al. [21] failed to respond to
the drug when treatment was initiated at 5 years of age.
Therefore, these data, although anecdotal and limited to single
patient cases, further support that early treatment with quinidine
is critical for anti-epileptic efficacy.

Pharmacokinetics and pharmacodynamics
of quinidine: Critical issues and correlation
between in vitro and in vivo data

In addition to preclinical evidence showing gain-of-function
consequences prompted by the specific variant, availability of
adequate resources for therapeutic drug monitoring appears as a
necessary prerequisite for quinidine therapy optimization. As
herein shown, quinidine is often prescribed in association with
drugs inducing quinidine metabolism (like carbamazepine or
phenobarbital), or decreasing quinidine blood levels and causing
rebound increases (such as upon withdrawal of the ketogenic
diet or of topiramate). In our experience, plasma levels ratherT
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than daily doses are more faithful predictors of clinical re-
sponses; stable responses in our patients were observed at plas-
ma levels between 2.7 and 3.5 μg/ml, well within the conven-
tional range for anti-arrhythmic efficacy (2-5μg/ml), and seizure
relapsed when quinidine levels fell below 2 μg/ml. Suboptimal
drug plasma levels might have contributed, in one with other
factors, to the recently reported lack of response of oral quini-
dine in adult patients with severe ADNFLE due to KCNT1
mutation (Table 2) [29]. Noteworthy, careful evaluation of blood
quinidine levels appears mandatory also to minimize drug-
induced cardiac toxicity; abnormal QT interval values (up to
505 ms in our patient 1) were observed in coincidence with
increases in quinidine levels, particularly at the earliest stages
of therapy, even at plasma levels below 2 μg/ml. Thus, as re-
ported previously [29], quinidine titration was initially limited
by abnormal QT values, with QT increase and seizure reduction
often appearing as tightly linked to abrupt changes in quinidine
plasma levels. The existing correlation between quinidine plas-
ma levels, QT intervals, and seizure frequency is problematic, as
it clearly decreases the drug therapeutic index. A collaborative
multidisciplinary team including pediatric epileptologists, cardi-
ologists, and intensive care monitoring services is needed to
disentangle such deleterious correlation and optimize risk/
benefit ratios of quinidine therapy, in order to achieve drug
plasma levels avoiding both the deleterious developmental ef-
fects of status epilepticus and the potentially-fatal risks of cardi-
ac complications. Additional concerns, also herein highlighted,
relate to co-treatment with levetiracetam, which may further
increase the QT interval in at-risk patients [42].

Quinidine is not a potent antagonist of KCNT1 channels and
has relatively scarce blood–brain barrier penetration; its brain
concentrations during standard therapy are unknown, although
it has been suggested that they may be lower than those needed
to normalize pathological KCNT1 conductance [18]. The ther-
apeutic range for quinidine (2-5μg/ml) corresponds to a steady-
state free plasma drug levels of ~1 to 8 μM, when considering
an unbound fraction of 15 to 40% (depending on drug concen-
tration) [43]; notably, in our in vitro experiments, 10 μM quin-
idine was significantly more effective in blocking mutant chan-
nels when compared to wild-type channels, thus suggesting that
the drug concentrations used in vitro might fall within a clini-
cally relevant range, and that significant target engagement may
occur in vivo. Quinidine brain levels are limited by the drug’s
ability to act as a substrate for ABCB1/P-glycoprotein (P-gp)/
MDR1 transporters at the blood–brain barrier [44]; therefore, it
seems likely that additional KCNT1 blockers with improved
brain penetration may at least partially overcome some of the
pharmacodynamic and pharmacokinetic limitations shown by
quinidine. Finally, the 2 variants found in our patients fall with-
in the RCK2 domain, a protein region conferring strong current
sensitivity to changes in [Na+]i [11, 33]; in vitro, R950Q or
E893K mutant channels appear rather insensitive to changes
in [Na+]i as they carry a substantial amount of currents even

in the absence of intracellular [Na+]i. This result may provide a
plausible explanation for the lack of anti-convulsant efficacy
observed in our patients (and for most EIMFS patients) to clas-
sical Na+ channel blockers.

CONCLUSIONS

We describe clinical, genetic, and in vitro preclinical data on 2
patients with KCNT1-related EIMFS, focusing on some of the
critical issues of personalized therapy with quinidine. Despite
the present overexpression cellular model may overstate the
functional effect of the mutations and could not recapitulate
time- and region-dependent changes in brain expression of
specific variants, the present data highlight the critical prog-
nostic role of preclinical tests shedding light on the specific,
mutation-dependent changes in channel function and pharma-
cological sensitivity for optimal personalized treatment of
EIMFS patients. Also, our results show the extreme difficul-
ties when managing such delicate and complex cases,
pinpointing to the need for well-defined titration and monitor-
ing protocols shared by multidisciplinary teams. Multicentre
studies in genetically characterized and age-stratified popula-
tions of EIMFS patients are urgently needed to find an optimal
balance between drug efficacy on seizure frequency and, pos-
sibly, developmental outcomes, and its complex safety profile.
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