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1 | INTRODUCTION

The KCNQ2 and KCNQ3 genes encode the K,7.2 and
Kv7.3 subunits of voltage-gated potassium channels. The
homomeric (K,7.2) and heteromeric (X,7.2/K,7.3) po-
tassium channels generate the M current (I;)." The M
current is a slow activating and non-inactivating voltage-
gated potassium current that regulates neuronal excitabil-
ity by preventing repetitive neuronal firing.”* Variants
in the KCNQ2 gene cause self-limited familial neonatal
epilepsy (SeLFNE)’” or developmental and epileptic en-
cephalopathies (DEEs),} inherited variants being found in
self-limited forms, whereas most cases of DEE are caused
by de novo variants. Most often, patients with SeLFNE
have a good prognosis with seizure remission within
the first months of life and a normal neurological out-
come.” However, epileptic seizures can occur later in life

Variants in the Kv7.2 channel subunit encoded by the KCNQ2 gene cause epilep-
tic disorders ranging from a benign form with self-limited epileptic seizures and
normal development to severe forms with intractable epileptic seizures and en-
cephalopathy. The biological mechanisms involved in these neurological diseases
are still unclear. The disease remains intractable in patients affected by the severe
form. Over the past 20years, KCNQ2 models have been developed to elucidate
pathological mechanisms and to identify new therapeutic targets. The diversity
of Keng2 mouse models has proven invaluable to access neuronal networks and
evaluate the associated cognitive deficits. This review summarizes the available
models and their contribution to our current understanding of KCNQ2 epileptic

developmental and epileptic encephalopathy, M current, mouse models, self-limited familial

in patients with SeLFNE and developmental delay may
be present.'®! Patients with KCNQ2-related DEE pre-
sent severe motor and cognitive disabilities together with
epileptic seizures and an abnormal electroencephalogra-
phy (EEG) studies,'? not seen in patients with SeLFNE.
Although patients with SeLFNE can be efficiently treated
with various antiepileptic drugs (AEDs) such as pheno-
barbital or carbamazepine, patients with DEE usually re-
spond poorly to treatment.”'> AEDs given to patients at
the onset of seizures may be acting on the potassium chan-
nel directly. Consequently it is important to understand
the functional consequences of a given variant before
initiating treatments because KCNQZ2 variants may have
opposite functional consequences. Insights gained from
studies using transfected cells such as Chinese Hamster
Ovary (CHO) or Xenopus laevis oocytes'*"> provide a new
understanding of the mechanisms at the cellular level,
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and insightful data were obtained. However, transposing
these results to humans is challenging, and more inves-
tigations are needed at the network and whole organism
level. During the last 20years, Kcng2 mouse models have
been developed and studied using a battery of tests, from
observation of their epileptic or behavioral phenotypes
to the study of M current in brain networks. This review
aims at providing an overview of available KCNQ2 mouse
models and their characteristics.

2 | KNOCKOUT MODELS

The first Kcng2 mouse models were created to study
SeLFNE, when it was the only phenotype associated with
autosomal dominant genetic variants in patients.” The
majority of KCNQ2 variants causing a SeLFNE pheno-
type are loss-of-function (LoF) variants. These variants
are proposed to lead to the reduction of Kv7.2 subunits
by half through frameshifts or deletions. Hence, SeLFNE-
mimicking mouse models rely on LoF variants or dele-
tion of Kcng2. Yang and colleagues identified a 300kb
heterozygous deletion of the Kcng2 gene obtained by N-
ethyl-N-nitrosourea (ENU) mutagenesis.'® The deletion
includes part of the Kcng2 and Chrna4 genes, the latter
being a gene also causing an epilepsy phenotype.'” An
identical deletion was discovered later in two patients
with SeLFNE."”® A second SeLFNE model was created
through the heterozygous deletion of the Kcng2 gene.'**
These mice have modeled for the first time important as-
pects of a Kcng2-related disorder such as neuronal hyper-
excitability and epileptic behavior. Homozygous Kcng2
knockout (KO) pups die within a few hours after birth.'**
The cause of death seems to be related to respiratory dis-
tress, with abnormal lung alveolar expansion referred to
atelectasis and pups described as breathless and turning
blue just before dying.'®

To explore the consequences of the absence of Kv7.2
and circumvent the early lethality of homozygous KO an-
imals, a homozygous deletion of Kcng2 in late-stage em-
bryos was studied.? In addition to proving that Keng2 is
required for M-channel activity from the embryonic stages,
this study showed an increased transcription of the Kcng3
and Kcng5 genes, suggesting a compensatory mechanism
following the loss of Kcng2 expression.*” Recently, several
models with Kcnqg2 deletion restricted to cortical pyrami-
dal neurons and CAl excitatory and inhibitory neurons
were produced.”*® They showed that Kcng2 is required to
regulate neuronal excitability through cortical spreading
depolarization regulation, the increase of input resistance,
action potential number, and medium afterhyperpolariza-
tion (mAHP) in pyramidal neurons.”** The conditional
deletion of Kcng2 in inhibitory interneurons has also been

Key points

« KCNQ2-DEE (developmental and epilep-
tic encephalopathies) mouse models display
spontaneous seizures, abnormal electroenceph-
alography (EEG) patterns, M-current decrease,
and behavioral deficits.

« KCNQ2-DEE mouse models have a variable
phenotype depending on the variant nature and
genetic background.

 Self-limited familial neonatal epilepsy
(SeLFNE) mouse models present lower seizure
threshold and behavioral deficits.

« The hippocampus is inconstantly affected in the
KCNQ2-DEE models.

+ KCNQ2-DEE mouse model can be used as pre-
clinical models.

investigated,”®*” and these studies suggested that the M

current could remodel excitatory networks. Crispr/Cas9
editing was used to delete Kcng2 and Kcng3 in hypocre-
tin (Hcrt) neurons. The downregulation of the M current
increases the hyperexcitability of Hert neurons and leads
to sleep instability during aging in mice.?® Very recently,
a Keng2 conditional KO model® was crossed with EmxI-
Cre mice to obtain a knock out of Kcng2 in forebrain ex-
citatory neurons. The downregulation of Scn8a in these
mice using antisense oligonucleotides led to an extension
of their lifespan (although it did not prevent premature
lethality) and a prevention of seizures.” These results
are in good agreement with the efficacy of sodium chan-
nel blockers in a proportion of individuals with KCNQ2
variants.

3 | KNOCK-IN MODELS

Knock-in (KI) models were created by the insertion of
variants in the voltage-sensor domain or in the pore
loop of Kv7.2 channels, two regions being hotspots for
pathogenic variants, but also in the C-terminal domain
(Figure 1). The p.(A306T) and p.(Y284C) variants were
first identified in patients with SeLFNE.> When studied in
Xenopuslaevis oocytes, they reduced I,; amplitude by 20%-
40%.*! The two variants have been studied in homozygous
and heterozygous states. Homozygous Kcnq2A305T/ A306T
and Kcnq2Y284C/Y284C mice were the first to present spon-
taneous generalized tonic-clonic seizures. These seizures
are accompanied by a decrease in the M current in CA1
neurons. Heterozygous animals for both variants, which
are more similar to the genotype of patients with SeLFNE,
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FIGURE 1 Location of pathogenic variants introduced in Kcng2 mouse models on a schematic representation of Kv7.2. Topological
representation of a single Kv7.2 subunit including the voltage-sensing domain, the six transmembrane segments (I to VI), and the pore
loop. The domains interacting with PIP2 (phosphatidylinositol-[4,5]-bisphosphate) and CAM (calmodulin) are indicated, together with the
A-D boxes according to Soldovieri and colleagues.”’ The triangles represent dominant-negative variants, and the squares represent loss-of-
function variants. Pathogenic variants found in patients with DEE are in green, those found in patients with SeLFNE are in orange, and
the one in gray indicates that it was not found in a patient. The numbers above the silhouettes indicate the number of patients described
with this variant in Clinvar (https://www.ncbi.nlm.nih.gov/clinvar/) and Weckuysen et al. (2012),® Pisano et al. (2015),'* for p.(1205V),
Weckuysen et al. (2012),° Milh et al. (2013),”® Milh et al. (2015),”° Millichap et al. (2016),*° Hortigiiela et al. (2017),*' Zhang et al. (2017),*2
Olson et al. (2017)*? for p.(T274M), Sharawat et al. (2019)* for p.(G279S), Singh et al. (1998),” Singh et al. (2003)** for p.(Y284C); Singh
etal. (1998),’ Singh et al. (2003),% Soldovieri et al. (2014),% Dimassi et al. (2016) for p.(A306T), Weckuysen et al. (2012)® for p.(M547V)

corresponding to p.(M546V) in Homo sapiens.

displayed an interesting low seizure threshold but no pro-
found alterations in M-current amplitude.***> Of interest,
the heterozygous or homozygous p.(Y284C) variant can
enhance y-aminobutyric acid (GABA) release in CAl in-
terneurons early after birth and can contribute to an ex-
citatory GABAergic neurotransmission.*®

Other variants such as p.(G279S), p.(I1205V), p.(T274M),
and p.(M547V) were identified in patients with DEE.?
Most of these variants have shown, in heterologous mod-
els, a dominant negative effect.">*! Mouse models bearing
the p.(G279S), p.(T274M), and p.(M547V) variants were
generated to model a DEE phenotype: the expression of
p.(G279S) was restricted to the cortex and hippocampus,*’
whereas the expression of p.(M547V) was restricted to
excitatory pyramidal neurons and astrocytes of the fore-
brain.*® The transgenic model produced by Peters et al.*’
was developed prior to the recognition that KCNQ?2 vari-
ants could lead to DEE, and was initially used to test
the role of Kcng2 in neuronal excitability, not its role in
disease.

The p.(1205V) variant was introduced transiently using
in utero electroporation to model KCNQ2 dysfunction
only.* The model bearing the p.(T274M) variant was the
first to reproduce a physiological context, that is, with
two Kcnq2 alleles, an heterozygous variant, under the
expression of their endogenous promoter.®® As observed

in the conditional KO (cKO) model, the p.(1205V) model
displayed an increased excitability in L2/3 pyramidal
cells.** For the other models, a severe phenotype was ob-
served with spontaneous epileptic seizures ranging from
partial seizures to generalized tonic-clonic, accompanied
by cognitive deficits consisting of learning and memory
deficits, hyperactivity, and a decrease in the M current.>”*
To explore the consequences of M-current suppression for
the epileptic phenotype, a homozygous model was cre-
ated bearing the variant p.(S559A), which attenuates the
neurotransmitter-induced M-current suppression.* In ad-
dition, studies of the p.(G279S) variant allowed highlight-
ing of the role of Kcng2-related neuronal hyperexcitability
in the forebrain for the perception of visceral pain,** on
the fear memory trace,” and to study the relationship
between the peptide hormone ghrelin and Kcng2 in the
context of dopaminergic neurotransmission.** Kcng2-
deficient mouse models generated from 2000 to 2022 are
presented in Table 1.

4 | LIMITATIONS RELATED TO
MODEL DESIGN

Several limitations related to model design need to be
mentioned. Initially, the models of Kcng2 dysfunction
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TABLE 1 (Continued)

Mouse model
production

Expression of
the variant

Variant

Genetic

Type of model Genotype location Variant effect

background

Reference

BAC clone

LoF 75%-80% I, reduction in Xenopus Excitatory

C57BL/6J Conditional Tg p.(M547V) C-terminal

Kim et al. (2021)*®

pyramidal

laevis. oocytes (b)

domain

transgenic

neurons and
astrocytes

Kcanﬂ x PV-Cre

PV™ interneurons

—/=

Conditional KO
Conditional KO  +/—

C57BL/6]

Jing et al. (2022)*’
Li et al. (2022)*

Crispr/Cas9

Hcrt neurons

C57BL/6]

Note: (a) Ref. [31] (b) Ref. [15] (c) Ref. [37].

Abbreviations: ENU, N-ethyl-N-nitrosourea; HSV, herpes simplex virus; KI, knock-in; KO, knockout; na, not available; Prnp, prion protein promoter; PV, parvalbumin; Tg, transgenic.

Epilepsia-

were used to mimic SeLFNE and the expression of
Kcng2 was manipulated to reproduce haploinsufficiency.
Although the constitutive heterozygous deletion of Kcng2
was the first and most widely used model, the SztI model
was also used despite that it is also haploinsufficient for
the Chrna4 gene, another gene involved in epilepsy, mak-
ing it difficult to compare of the results obtained in these
two models. An additional difficulty was introduced when
these KO models were made homozygous (not relevant to
the human pathologies) or when the deletion of Kcng2
was restricted in time or space (e.g., first postnatal week,
parvalbumin positive (PV+) or Hert expressing neurons).

Several knock-in models also have limitations when
the Kcng2 gene is expressed under a different promoter or
when it is expressed from a transgene delivering additional
copies of the gene in addition to the two endogenous al-
leles. For a tetrameric channel such as the M channel (two
Kv7.2 copies and two Kv7.3 copies), the presence of a non-
physiological number of alleles within the cell is likely to
alter the stoichiometry of the mutant and wild-type (WT)
subunits. In addition, for the p.(G279S) model, the trans-
gene was integrated on the X chromosome, introducing
an additional bias, with differences between males and
females and possibly between females too depending on
their X-chromosome inactivation status. Of interest, one
of the prominent brain morphology abnormalities seen
in transgenic (Tg) models (i.e., hippocampal defects) was
seen only in this model, maybe due to its genetic archi-
tecture. In addition, variability is also expected when the
transgene carrying the mutant Kcng?2 allele is delivered in
the brain using in utero electroporation. In this case, the
number and location of the cells receiving the transgene
will be different from one animal to the next. Finally, the
genetic background can also have a strong influence on
the results, especially for behavioral studies or the sus-
ceptibility to epileptic seizures. At least six different ge-
netic backgrounds were used in the different models (see
Table 1). These limitations need to be taken into account
when the results obtained with the different models are
compared.

5 | EPILEPTIC PHENOTYPE

KCNQ2-related disorders are characterized by the oc-
currence of early seizures that can be accompanied by
developmental delay.'** Spontaneous cortical hyperac-
tivity and epileptic seizures are thus expected in Kcng2
mouse models. In several models, however, the induc-
tion of seizures required the use of proconvulsant drugs
or electrostimulation. These methods are generally
used in WT animals to induce status epilepticus and to
screen AEDs.*® In addition, they were used to evaluate
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the correlation between a Kcng2 variant and the seizure
threshold in vivo.

5.1 | Spontaneous epileptiform activity
The presence of spontaneous seizures, an abnormal EEG,
or hyperactivity in mouse models are indicators of corti-
cal hyperexcitability. Consistent with the severe nature
of dominant-negative variants found in patients with
DEE, the Tg Kcng2°**, Keng2™ ™+, and Tg Keng2M™
mice displayed a spontaneous epileptic phenotype.*”
Spontaneous generalized tonic-clonic seizures were ob-
served in these models using infra-red videos and/or dur-
ing EEG recording.

In the Keng2™*™* model, all seizures are general-
ized tonic-clonic and most are fatal: 91% of spontaneous
deaths concerned Kcng2 heterozygous knock-in ani-
mals.* A peak of mortality was observed at postnatal day
100 (P100), with disappearance of epileptic seizures after-
wards for the heterozygous survivors, supporting a rela-
tionship between the occurrence of seizures and the death
of mutant animals.” The spontaneous disappearance of
epileptic seizures in this model suggests a compensatory
mechanism possibly mediated via gene expression mod-
ulation, in accordance with previous work performed in
Kcng2 KO animals.?

The cKeng2™**”* mice showed spontaneous seizures
such as dorsal extensions and violent jumping and run-
ning between P60 and P85.% Surprisingly, a high mortality
rate was observed in cKcnq2M547/ * at P10 but it was not
observed from P21 onwards. The particularly high ex-
pression of the gene in the postnatal period has been cor-
related with the period of increased sensitivity to epileptic
seizures leading to the death of the young animals.*®

Partial seizures were observed in Tg Kcng2°%*S mice,
occasionally followed by spontaneous generalized tonic—
clonic seizures, and most animals showed hyperactivity
when placed in a novel environment. Hyperactivity leads
to high-amplitude sharp-wave activity associated with
partial seizures with asymmetric short-limb extensions or
head bobs.>” Of interest, the conditional model deficient
for Keng2 in pyramidal neurons® also showed partial sei-
zures with rearing, jumping, and falling. The EEG analy-
sis revealed that the Kcng2 cKO mice exhibited episodes of
polyspikes events, documenting cortical hyperexcitability
showing the importance of Kv7.2 in pyramidal neurons.*
This type of “silent seizure” only seen during EEG re-
cording with no motor correlates is found in the youngest
patients.*

Concerning the p.(A306T) and p.(Y284C) SeLFNE
variants, spontaneous epileptiform activity was observed
only in homozygous animals.***> Both homozygous

models displayed generalized tonic-clonic seizures with
forelimb and hindlimb extensions. Hyperactivity was
present during interictal phases with frequent generalized
interictal cortical discharges for p.(A306T) mice and my-
oclonic seizures with spike discharge for p.(Y284C) mice.
The genetic background may also modulate the severity
of the phenotype.*’ The p.(A306T) variant causes a more
severe phenotype on the FVB/NJ background with death
occurring after the generalized seizures and an earlier
seizure onset compared to the C57BL/6J background.*
These results highlight the difference between SeLFNE
and DEE for this aspect of the phenotype. Mice carrying
DEE variants present spontaneous seizures with abnor-
mal EEG recordings, whereas SeLFNE variants need to be
homozygous to show spontaneous epileptiform activity.

5.2 | The electroconvulsive threshold
(ECT) test

The ECT test consists of delivering high-frequency pulses
(e.g., 260Hz) using transcorneal electrodes.'® The differ-
ent stimulation protocols including high-frequency si-
nusoidal wave stimulation or low-frequency rectangular
wave stimulation correspond to different seizures type as-
sociated with different brain-area activation.*’ Thresholds
for clonic, tonic, or psychomotor (partial) seizures were
determined in Kcng2 mouse models and compared to WT
mice. Heterozygous Szt1, Kcnq2A3°6T/ *, and Kcnq2+/ ~ ani-
mals showed a lower seizure threshold compared to their
WT counterparts.'®?**** Of interest, the seizure threshold
was lower for mutant and WT females compared to males
of the same genotype, suggesting that the seizure thresh-
old is genotype and gender dependent.'®*® Currently, no
patient study in the literature documents a difference for
the epileptic phenotype between men and women for
KCNQ2-related disorders. The seizure threshold is also
age dependent and 10%-16% of patients with SeLFNE still
have seizures later in life.'” Singh and colleagues evalu-
ated seizure thresholds in aging Kcng2***°"* mice from
P140 to P382. These older heterozygous mutant mice
had a reduced seizure threshold compared to their WT
counterpart, supporting the hypothesis that this SeLFNE
variant causes seizure susceptibility in adulthood.** The
sensitivity to AEDs in Kcng2 models was also tested using
the ECT test. The proconvulsant linopirdine (LPD) and
the anticonvulsant retigabine (RTB) can, respectively,
block and activate the M current.** They were used to
show that Szt1 mice are more sensitive to the proconvul-
sant LPD in the clonic model, and less sensitive to the an-
ticonvulsant properties of RTB in the partial psychomotor
model, showing a different sensitivity according to the
brain areas considered.*
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53 | Chemically induced seizures
Pentylenetetrazol (PTZ), a GABA-A receptor antagonist,
is used widely to study seizures in animals.’! In Kcng2t/~
mice, a smaller number of PTZ injections is needed to trig-
ger generalized seizures compared to WT, indicating that
a 50% reduction of Kv7.2 increases the susceptibility to
drug-induced seizures.*!

SeLFNE models harboring heterozygous p.(Y284C) or
p-(A306T) variants were challenged by PTZ and kainic
acid (KA),* an analog of glutamate.®* With both drugs,
treated mice displayed an increase in seizure susceptibility
and a higher seizure severity compared to WT. After KA
treatment, the EEG of Kcng2'***“/* mice reveals longer
and very frequent spike bursts compared to Kcnq2A3°6T/ *
that are not different from WT.>* As observed in homozy-
gous mice, the p.(Y284C) variant seems to cause a more
severe phenotype than p.(A306T). The different location
of these variants in the Kv7.2 protein can critically influ-
ence the neuronal firing and the disease mechanism.'® In
these heterozygous models, RTB is more effective than
phenobarbital (PB) in attenuating KA-induced seizures
and ameliorating the EEG.*?

6 | STUDY OF THE M CURRENT

Kv7 channels have emerged as critical regulators of hip-
pocampal CA1l pyramidal neurons, cortical pyramidal
neurons, but also PV* interneurons excitability and spik-
ing behavior.?#?>26>3 In excitatory neurons, Kv7 channels
help to set the action potential (AP) threshold and con-
tribute to the postburst afterhyperpolarization, which lim-
its repetitive firing following bursts of AP.>*>® Blockade
of Kv7 channels modulates spiking activity by converting
simple spikes to high-frequency bursts and attenuating
spike-frequency adaptation (SFA).*”®

Results obtained using the Szt mice model were the
first direct evidence of decreased neuronal I, amplitude
and current density in an animal model of Kcng2 dysfunc-
tion. In the Szt mice, the reduction in I; amplitude and
SFA in CA1 neurons are consistent with the previously
described decreased seizure threshold and altered phar-
macology sensitivity.*®

The Tg Kcng2%?’*® DEE model revealed that medium
afterhyperpolarization (mAHP), a potassium-mediated
hyperpolarization that is typically activated following
a brief surge of spiking activity, is mediated by Kv7.2/3
channels.’” Like the mAHP, the M current, a potassium
conductance that increases as neurons approach the AP
threshold,” is also primarily mediated by Kv7.2/Kv7.3
heteromeric channel and is extremely sensitive to the loss
of Kv7.2. In contrast to the mAHP, the M current is also
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sensitive to the loss of Kv7.3.” ¢cKO mice showed that
Kv7.2 subunits are required for the mAHP, whereas Kv7.3
are not.”> Introduction of the Kcnq2 dominant-negative
variant p.(I205V) into L2/3 pyramidal neurons results in a
hyperexcitable phenotype similar to the cKO, even in the
presence of an intact mAHP.?* The p.(1205V) variant shifts
the voltage-activation curve of Kv7.2/Kv7.3 channels to
more depolarized membrane potentials, preventing any
significant activation of the channel at subthreshold mem-
brane potentials, like in neurons lacking Kv7.2 subunits.

In good agreement with the results obtained studying
seizures, heterozygous p.(G279S) and p.(T274M) DEE
mouse models showed a significant decrease of I; and
an increase of neuronal excitability in hippocampal and
cortical cells, respectively,*”** whereas SeLFNE p.(A306T)
and p.(Y284C) models showed a decrease in I; only when
the variants were homozygous.“’35 DEE variants cause
the most important loss of M current with less than 50%
of current density, whereas SeLFNE variants lead to an
M-current density of 50% to 100%, supporting a propor-
tional relationship between the severity of epileptic be-
havior and the decrease in Iy;. According to these results,
restoring the M current could be an efficient approach to
improve the epileptic phenotype.

To explore the consequences of M-current suppression
for learning and memory, a homozygous model carrying
the p.(S559A) variant was used.®® This variant affects the
protein kinase C phosphorylation acceptor site and attenu-
ates the neurotransmitter-induced M-current suppression,
a mechanism able to transiently increase neuronal excit-
ability. The results of this study show that the M current is
involved in the consolidation of specific types of memory
such as long-term object recognition, but not location or
contextual memory.®! This model also showed a resistance
to chemoconvulsant-induced seizures and prevents status
epilepticus-induced neuronal death and epileptogenesis.**
Recent studies highlighted the role of Kcng2 in inhibitory
interneurons. The conditional deletion of Kv7.2/3 chan-
nels in parvalbumin-expressing interneurons changed
their firing properties, as expected, an induced a remod-
eling of fast excitatory activity.”® Accordingly, removing
Kcng2 from parvalbumin-expressing interneurons im-
proved the antiseizure efficacy of RTB.” In the substan-
tia nigra pars compacta, the ghrelin hormone enhances
firing of nigral dopaminergic neurons by inhibiting Kv7
channels,* and in aged mice, Hert neurons showed hy-
perexcitability with lower Kv7.2 expression and impaired
M current.?® The neuronal hyperexcitability seen in differ-
ent cell types in the cerebral cortex of Kcng2 models is also
visible in the spinal cord, where the M current was shown
to help set the speed of locomotion.®

The consequences of Kcng2 dysfunction for different
cell types are summarized in Table 2.
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TABLE 2 Consequences of Keng2 dysfunction according to the cell type

Reference

Peters et al. (2005)*’
Otto et al. (2006)°”
Singh et al. (2008)*

Bi et al. (2011)*

Soh et al. (2014)*

Robbins et al.
(2013)*

Tomonoh et al.
(2014)*
Shi et al. (2013)**

Yiu et al. (2014)*

Niday et al. (2017)*

Uchida et al.
(2017)%

Greene et al.
(2018)"

Soh et al. (2018)*

Verneuil et al.
(2020)%

Aiba et al. (2021)
Biba et al. (2022)*

Jing et al. (2022)

Li et al. (2022)*

Experiment

Brain slice

Brain slice

Brain slice

Brain slice

Brain slice

Primary neurons
culture

Brain slice

Brain slice

Brain slice

Brain slice

Brain slice

Primary neurons

culture

Brain slice

Brain slice

Brain slice

Brain slice

Brain slice

Brain slice

Cell type

CA1 pyramidal neurons

CA1 pyramidal neurons

CA1 pyramidal neurons

CAl pyramidal neurons

CA1l pyramidal neurons

Sympathetic ganglia neurons

Hippocampal pyramidal
neurons

Nigral dopaminergic neurons

Lateral amygdala pyramidal

neurons

L2/3 pyramidal neurons

CAL1 excitatory GABAergic
interneurons

Cortical neurons

CAl and L2/3 PV' and SST*
interneurons

L1-L2 ventromedial
interneurons

L2/3 pyramidal neurons

L2/3 and 5 pyramidal neurons

PV* interneurons

Hcrt neurons

Observations

Increase excitability, reduced SFA and attenuated
mAHP in p.(G279S) neurons

Reduction of M-current density and SFA in Szt1
neurons

Reduction in amplitude and increased deactivation
kinetics in p.(A306T) neurons

Reduction of M-current, increase AP number,
depolarizing shift of resting membrane potential,
lower spike firing threshold and greater input
resistance in p.(G279S) transgenic neurons

Increase excitability with decreased mAHP and
prolonged afterdepolarization in Kcng2-null
neurons

Increase Kcng3 and Kceng5 transcription in Keng2-
null neurons

Reduction of M-current in p.(Y284C) neurons

Inhibition of ghrelin-induced hyperexcitability in
p-(G279S) neurons

Increase of firing rate of lateral amygdala pyramidal
neurons

Reduction of mAHP, increased AP number and
frequency, increased input resistance in Kcng2-
null neurons

Right-shifted conductance-to-voltage relationship in
p-.(1205V) neurons

Reduction of M-current density, increased AP
frequency, increased GPSC frequency in
p-(Y284C) neurons

Normal basal M-current, reduced M-current
suppression when challenged by oxotremorine-M
in p.(S559A) neurons

Increase the AP number following suprathreshold
depolarizing current pulses only in Keng2-null
PV* interneurons

Decrease M-current in CPG neurons with higher
spiking frequency and a more depolarized resting
membrane potential in p.(T274M) neurons

Spreading depolarization in cKO neurons

Reduction of M-current density and conductance
and neuronal hyperexcitability and increase in
the frequency of spontaneous network-driven
events mediated by GABA receptors in p.(T274M)
neurons

Reduction of M-current amplitude in Keng2-null
PV™ interneurons

Depolarized RMP and spontaneous firing activity in
higher proportion in Keng2-null Hert neurons

Abbreviations: AP, action potential; CA1, cornu ammonis 1; CPG, central pattern generator; GPSC, GABAergic postsynaptic currents; Hert, hypocretin;
mAHP, medium afterhyperpolarization; PV, parvalbumin; RMP, resting membrane potential; SFA, spike frequency adaptation.
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7 | BEHAVIORAL AND
COGNITIVE PHENOTYPES

One of the major differences between SeLFNE and DEE
patients is psychomotor development, which is severely al-
tered in the latter group. Patients with SeLFNE have been
reported sporadically to have delayed psychomotor devel-
opment, intellectual disability, and neurological symp-
toms,”®® showing the existence of rare clinical overlaps.

Cognitive abilities are altered in the Kcng2™*M* Tg
Keng2©?7%5 and Tg Keng2M**”Y DEE mouse models with
learning and hippocampus-dependent spatial memory
deficits for all.*”*° Of note, the hippocampal abnormali-
ties seen by Peters and colleagues have not been seen in
other models of Kcng2 dysfunction. The hyperexcitability
due to the reduction of Kv7.2 in the hippocampus seems
to be responsible for these learning and memory defi-
cits. Of interest, the mouse model bearing the p.(S559A)
variant, which attenuates neurotransmitter-induced
M-current suppression,*’ has an intact hippocampus-
mediated object location memory. However, this variant
impairs the consolidation of object recognition memory,
which is rescued with the Kv7 channel blocker XE991.%
Recently, Kcnq2+/ ~ mice were shown to have a normal be-
havior in a fear-induced learning and memory assay or an
object location and recognition memory assay,** whereas
the formation of fear memory was shown to be increased
in a conditional transgenic model carrying the p.(G279S)
variant.” Although the mechanisms involved remain un-
clear, and the results somewhat contradictory, these stud-
ies show a relationship between the Kcnq2/M-current
function and specific forms of memory.

In addition, Tg Keng24s, Kcnq2+/ “,and Tg Keng2'?¥
mice displayed marked hyperactivity with an increased lo-
comotor activity.'**”*® Tests such as open-field or elevated
plus-maze showed reduced anxiety in Kcnq2+/ “and Tg
Keng2™*V mice.'*® A relationship was assumed between
the prefrontal cortex (PFC), where Kcngq?2 is expressed, and
the amygdala, which is responsible for increasing anxiety
and the perception of fear.®> An altered balance of exci-
tation and inhibition in PFC may also be involved in the
social deficits seen in Kcnq2+/ ~ and Tg Keng2"**”Y mice by
a social avoidance test, and an increased social dominance
and aggression for Kcng2"~ mice.'*® Furthermore,
Kcnq2+/ ~and Tg Keng2?*” mice displayed an increase
in repetitive and compulsive-like behaviors like self-
grooming or increased burying of marbles.'*** The repet-
itive self-grooming can be correlated with an alteration of
the activity of the striatum where Kv7.2 is expressed.®”*®
These behavioral abnormalities are intriguing when
present in the Kcnq2+/ ~ SeLFNE model, since severe im-
pairments of neurological development associated with
cognitive, intellectual, and behavioral deficits including
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hallmarks of autism spectrum disorder are almost found
only in DEE patients.®®’° The discrepancy between the be-
havioral phenotype of SeLFNE mice and SeLFNE patients
reveals that the ablation of Kv7.2 causes pathological
mechanisms that could be different between humans and
mice. On the other hand, the cognitive deficits observed
in DEE-mouse models mimic the KCNQ2-related develop-
mental encephalopathies. However, there are differences
likely relying on the nature of the variant and the genetic
background.

Data obtained using KCNQ2-mouse models and de-
scribed in this review are summarized in Figure 2.

8 | DISCUSSION

The diagnosis of SeLFNE or DEE is essentially made at
birth following the occurrence of neonatal seizures and
the presence of abnormal EEG.” Patients with SeLFNE
have a normal neurological development and are sen-
sitive to AEDs with seizure remission within the first
months of life.’ The clinical features of DEE are different,
with refractory seizures and a severe neurological disor-
der. From 1998 to 2012, cellular and mouse models were
created to study the mechanisms of SeLENE.'®!3* After
2012, with the discovery of KCNQ2-related DEE.? the re-
search projects have been extended to missense variants
having a dominant-negative effect.”’* The consequences
of KCNQ?2 variants for Iy, were first studied using trans-
fected cells such as CHO or Xenopus laevis oocytes.'*!>!
These functional tests are needed to determine the impact
of the pathogenic variant for the M current (LoF, GoF, or
dominant-negative LoF) because it has strong implications
for the treatment of the patients. Without this knowledge,
prescription of AED may be ineffective or even deleterious
for the patient. These heterologous cellular models hence
continue to serve as simple readouts. Nowadays, however,
the induced pluripotent stem cells (iPSc) technology al-
lows for a wider range of functional studies.”” When dif-
ferentiated into patients' neurons, these cells allow the
study of molecular mechanisms in a relevant cell type and
performance of high-throughput screening of new drugs.
Mouse models are also required to better understand the
pathological mechanisms involved in KCNQ2-related dis-
orders and to study new therapeutic approaches, allow-
ing to study clinical manifestations such as seizures and
to perform EEG recordings thereby providing clinically
relevant readouts.

In addition, AEDs have been used in Kcng2 models
and they have provided new insights for the understand-
ing of the pathophysiology of KCNQ2-related epilepsy.
In Keng2¥?#*Y* and Keng2*3°"* mouse models, RTB
ameliorated KA-induced seizures in terms of seizure
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Abnormal Iy in ex vivo

electrophysiology

© Hippocampal neurons
Szt1; Tg p.(G2795); Tg p.(1205V); p.(A306T)/p(A306T);
p.(Y284C)/p.(Y284C); p.(Y284C)/+; cKO /-

e Cortical neurons p.(1274M)/+; Tg p.(1205V); ckO -/-
 Nigral dopaminergic neurons Tg p.(G2795)

® CA1 & L2/3 PV* interneurons cko-/-

® Hcrt neurons cko-/-

M-current properties

® L1-2 ventromedial neurons p.(1274m)/+

Abnormal Iy in primary neurons culture
® Cortical neurons p.(s559A)/+

e Sympathetic ganglia neurons ”HH“
KO +/~; ckO /- =

Brain morphology

© Hippocampal abnormalities
Tg p.(G2799); Szt1

b

© Hippocampal and cortex abnormalities
Tg p.(M547)

Brain morphology -
Anticonvulsant effect @
and EEG improvement

* RTB/PB

Szt1; p.(A306T)/+; p.(Y284C)/+; cKO

1 hippocampal neuronal activity
® 4,9 AH-TTX Tgp.(1205V)
e ESL -/+

ECT test

1 seizure susceptibility
Szt1; p.(A306T)/+; /+

© RTB/LDP sensitivity ~ Szt1

Spontaneous seizures
p.(A306T)/p.(A306T)  P.(T274M)/+
p.(Y284C)/p.(Y284C)  Tg p(M547V)
/- Tg p.(G2795)

Epileptic seizures

Drug-induced seizures

1 seizure susceptibility
© KA  p.(Y284C)/+; p.(A306T)/+; -/+
© PTZ p.(Y284C)/+; p.(A306T)/+

X
)
EEG recording during seizures
Sharp waves and polyspikes
E] p.(T274M)/+; Tg p.(G279S); -/-
P.(A306T)/+; p.(Y284C)/+ EEG
Social

e | social approach

e T social dominance
-/+; Tg p.(M547V)

Cognitive evaluation

Hyperactivity and anxiety

e T exploration in exposed area
-/+; Tg p.(M547V); Tg p.(G279S)

® Home cage hyperactivity
-/+; p.(G2795)/+

Impaired learning and spatial memory
p.(T274M)/+; Tg p.(M547V); Tg p.(G279S)

Impaired memory forms

e | long-term object recognition p.(s5594)/+

Pharmacological interventions

o 1 formation of fear memory Tg p.(G2795)

Repetitive/compulsive-like behavior

FIGURE 2 Phenotypes in Kecng2-deficient mouse models. This figure summarizes the data (black lettering) collected in the
different Kcng2 mouse models (gray lettering). The pink sections of the figure present the data collected in the models' brain and the

blue sections present the data collected using living animals. AH-TTX, anhydro-tetrodotoxin; ECT, electroconvulsive threshold; EEG,

electroencephalography; ESL, eslicarbazepine acetate; KA, kainic acid; LPD, linopirdine; PB, phenobarbital; PTZ, pentylenetetrazol; RTB,

retigabine.

frequency and spike bursts on EEG.** However, first-line
treatments for KCNQ2-related epilepsy are usually based
on the administration of blockers of the persistent sodium
current such as phenytoin or carbamazepine. Reduction
of the Nav1.6 function with 4,9 anhydro-tetrodotoxin (4,9
AH-TTX) leads to a decrease in the excitability of neu-
rons at a near-control level and a decrease in the num-
ber and frequency of AP in Tg Keng2™®Y mice.”* Thus
Navl.6 represents a potential target for KCNQ2-related
hyperexcitability. More recently, eslicarbazepine acetate
(ESL), another voltage-gated sodium channel blocker,
already approved as monotherapy for focal-onset sei-
zures in adult, was tested in the Kcnq2+/ ~ model.?° Both
4,9 AH-TTX and ESL result in decreased neuronal excit-
ability following blockade of the M current. The higher

seizure threshold in treated mice compared to mutated
mice shows that ESL as a novel AED is also effective in
KCNQ2-related disorders and offers a new possibility for
patients with seizures that are refractory to other AEDs.

Seizure control is an unquestionable necessity, but
even in cases where seizures can be controlled by drugs,
cognitive/motor deficits persist in KCNQ2-DEE.” To
tackle the multiple dimensions of KCNQ2-DEE, gene
therapy approaches are promising. Such approaches
are beginning to emerge for other DEEs such as
SCN2A,”* DNM1,” or SCNSA-DEE.”® Used alone or
in combination with pharmacology, these promising
strategies use mouse models to demonstrate their ef-
ficacy in vivo. These Kcng2-mouse models combined
with the use of iPSc technology will be key to support
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the preclinical development and hopefully provide the
much-needed treatments to the patients affected by
KCNQ2 dysfunction.

AUTHOR CONTRIBUTIONS
The three authors have drafted, revised, and approved the
manuscript.

ACKNOWLEDGMENTS

This work was supported by Institut National de la Santé
et de la Recherche Médicale (INSERM), Centre National
de la Recherche Scientifique (CNRS), Aix Marseille
University, and the Agence Nationale de la Recherche
(ANR 19-CE17-0018-02). The authors would like to thank
Dr. Florence Molinari for critical reading of the manu-
script. The figures were created with BioRender.com.

CONFLICT OF INTEREST
None of the authors has any conflict of interest to disclose.

ETHICAL STATEMENT

We confirm that we have read the Journal's position on
issues involved in ethical publication and affirm that this
report is consistent with those guidelines.

ORCID
Laurent Villard © https://orcid.org/0000-0001-6657-5008

REFERENCES

1. Wang HS, Pan Z, Shi W, Brown BS, Wymore RS, Cohen IS, et al.
KCNQ2 and KCNQ3 potassium channel subunits: molecular
correlates of the M-channel. Science. 1998;282:1890-3. https://
doi.org/10.1126/science.282.5395.1890

2. Adams PR, Brown DA, Constanti A. M-currents and other
potassium currents in bullfrog sympathetic neurones. Journal
Physiol.  1982a;330:537-72.  https://doi.org/10.1113/jphys
i01.1982.sp014357

3. Adams PR, Brown DA, Constanti A. Pharmacological inhibi-
tion of the M-current. J Physiol. 1982b;332:223-62. https://doi.
org/10.1113/jphysiol.1982.sp014411

4. Brown DA, Adams PR. Muscarinic suppression of a novel
voltage-sensitive K+ current in a vertebrate neurone. Nature.
1980;283:673-6. https://doi.org/10.1038/283673a0

5. Singh NA, Charlier C, Stauffer D, DuPont BR, Leach RJ, Melis
R, et al. A novel potassium channel gene, KCNQ2, is mutated
in an inherited epilepsy of newborns. Nat Genet. 1998;18:25-9.
https://doi.org/10.1038/ng0198-25

6. Zuberi SM, Wirrell E, Yozawitz E, Wilmshurst JM, Specchio
N, Riney K, et al. ILAE classification and definition of epi-
lepsy syndromes with onset in neonates and infants: position
statement by the ILAE task force on nosology and defini-
tions. Epilepsia. 2022;63:1349-97. https://doi.org/10.1111/
epi.17239

7. Chi L, Jiann-Jou Y, Shuan-Yow L. KCNQ2-associated epilepsy: a
review of variable phenotypes and neurodevelopmental outcomes.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Epilepsia**

Neuropsychiatry. 2018;8:318-23. https://doi.org/10.4172/Neuro
psychiatry. 1000353

Weckhuysen S, Mandelstam S, Suls A, Audenaert D, Deconinck
T, Claes LRF, et al. KCNQ2 encephalopathy: emerging phe-
notype of a neonatal epileptic encephalopathy. Ann Neurol.
2012;71:15-25. https://doi.org/10.1002/ana.22644

Maljevic S, Lerche H. Potassium channel genes and benign
familial neonatal epilepsy. Prog Brain Res. 2014;213:17-53.
https://doi.org/10.1016/B978-0-444-63326-2.00002-8

Borgatti R, Zucca C, Cavallini A, Ferrario M, Panzeri C,
Castaldo P, et al. A novel mutation in KCNQ2 associated
with BFNC, drug resistant epilepsy, and mental retarda-
tion. Neurology. 2004;63:57-65. https://doi.org/10.1212/01.
wnl.0000132979.08394.6d

Pavone P, Corsello G, Ruggieri M, Marino S, Marino S, Falsaperla
R. Benign and severe early-life seizures: a round in the first year
of life. Ital J Pediatr. 2018;44:54. https://doi.org/10.1186/s1305
2-018-0491-z

Pisano T, Numis AL, Heavin SB, Weckhuysen S, Angriman M,
Suls A, et al. Early and effective treatment of KCNQ2 enceph-
alopathy. Epilepsia. 2015;56:685-91. https://doi.org/10.1111/
epi.12984

Kuersten M, Tacke M, Gerstl L, Hoelz H, Stiilpnagel CV,
Borggraefe 1. Antiepileptic therapy approaches in KCNQ2
related epilepsy: a systematic review. Eur J Med Genet.
2020;63:103628. https://doi.org/10.1016/j.ejmg.2019.02.001
Abidi A, Mignon-Ravix C, Cacciagli P, Girard N, Milh M, Villard
L. Early-onset epileptic encephalopathy as the initial clinical
presentation of WDR45 deletion in a male patient. Eur J Hum
Genet. 2016;24:615-8. https://doi.org/10.1038/ejhg.2015.159
Orhan G, Bock M, Schepers D, Ilina EI, Reichel SN, Loffler H,
et al. Dominant-negative effects of KCNQ2 mutations are asso-
ciated with epileptic encephalopathy. Ann Neurol. 2014;75:382—
94. https://doi.org/10.1002/ana.24080

Yang Y, Beyer BJ, Otto JF, O'Brien TP, Letts VA, White HS,
et al. Spontaneous deletion of epilepsy gene orthologs in a
mutant mouse with a low electroconvulsive threshold. Hum
Mol Genet. 2003;12:975-84. https://doi.org/10.1093/hmg/
ddg118

Steinlein OK, Mulley JC, Propping P, Wallace RH, Phillips HA,
Sutherland GR, et al. A missense mutation in the neuronal
nicotinic acetylcholine receptor alpha 4 subunit is associated
with autosomal dominant nocturnal frontal lobe epilepsy. Nat
Genet. 1995;11:201-3. https://doi.org/10.1038/ng1095-201
Kurahashi H, Wang J, Ishii A, Kojima T, Wakai S, Kizawa T, et al.
Deletions involving both KCNQ2 and CHRNA4 present with
benign familial neonatal seizures. Neurology. 2009;73:1214-7.
https://doi.org/10.1212/WNL.0b013e3181bc0158

Kim EC, Patel J, Zhang J, Soh H, Rhodes JS, Tzingounis AV,
et al. Heterozygous loss of epilepsy gene KCNQ2 alters so-
cial, repetitive and exploratory behaviors. Genes Brain Behav.
2020;19:e12599. https://doi.org/10.1111/gbb.12599

Monni L, Kraus L, Dipper-Wawra M, Soares-da-Silva P, Maier
N, Schmitz D, et al. In vitro and in vivo anti-epileptic efficacy
of eslicarbazepine acetate in a mouse model of KCNQ2-related
self-limited epilepsy. Br J Pharmacol. 2022;179:84-102. https://
doi.org/10.1111/bph.15689

Watanabe H, Nagata E, Kosakai A, Nakamura M, Yokoyama
M, Tanaka K, et al. Disruption of the epilepsy KCNQ2 gene

85U8017 SUOLIIOD BAIE8.D 3|t |dde aup Aq peusenob afe se[oiLe O ‘@SN JO S9Nl Joj Aeiqi8UljUO /8|1 UO (SUONIPUOD-pUe-SWBI W00 A8 | Im Areiq Ul |uo//Sdny) SUORIPUOD pue swie 1 8y} 89S *[1202/80/22] Uo Akidiauluo A8|iM ‘8oueld sueyood Aq Sov.T Ide/TTTT 0T/I0p/Woo A3 (1M Akelq1|pul|uoy//Sdny wolj pepeojumod ‘TT ‘220z ‘/9TT82ST


http://biorender.com
https://orcid.org/0000-0001-6657-5008
https://orcid.org/0000-0001-6657-5008
https://doi.org/10.1126/science.282.5395.1890
https://doi.org/10.1126/science.282.5395.1890
https://doi.org/10.1113/jphysiol.1982.sp014357
https://doi.org/10.1113/jphysiol.1982.sp014357
https://doi.org/10.1113/jphysiol.1982.sp014411
https://doi.org/10.1113/jphysiol.1982.sp014411
https://doi.org/10.1038/283673a0
https://doi.org/10.1038/ng0198-25
https://doi.org/10.1111/epi.17239
https://doi.org/10.1111/epi.17239
https://doi.org/10.4172/Neuropsychiatry.1000353
https://doi.org/10.4172/Neuropsychiatry.1000353
https://doi.org/10.1002/ana.22644
https://doi.org/10.1016/B978-0-444-63326-2.00002-8
https://doi.org/10.1212/01.wnl.0000132979.08394.6d
https://doi.org/10.1212/01.wnl.0000132979.08394.6d
https://doi.org/10.1186/s13052-018-0491-z
https://doi.org/10.1186/s13052-018-0491-z
https://doi.org/10.1111/epi.12984
https://doi.org/10.1111/epi.12984
https://doi.org/10.1016/j.ejmg.2019.02.001
https://doi.org/10.1038/ejhg.2015.159
https://doi.org/10.1002/ana.24080
https://doi.org/10.1093/hmg/ddg118
https://doi.org/10.1093/hmg/ddg118
https://doi.org/10.1038/ng1095-201
https://doi.org/10.1212/WNL.0b013e3181bc0158
https://doi.org/10.1111/gbb.12599
https://doi.org/10.1111/bph.15689
https://doi.org/10.1111/bph.15689

= | Epilepsia

22.
23.

24.
25.
26.
217.

28.
29.
30.
31.

32.

33.

34.

BRUN ET AL.

results in neural hyperexcitability. J Neurochem. 2000;75:28-
33. https://doi.org/10.1046/j.1471-4159.2000.0750028.x
Robbins J, Passmore GM, Abogadie FC, Reilly JM, Brown DA.
Effects of KCNQ2 gene truncation on M-type Kv7 potassium
currents. PLoS One. 2013;8:¢71809. https://doi.org/10.1371/
journal.pone.0071809

Aiba I, Noebels JL. Kcng2/Kv7.2 controls the threshold and
bi-hemispheric symmetry of cortical spreading depolariza-
tion. Brain. 2021;144:2863-78. https://doi.org/10.1093/brain/
awab141

Niday Z, Hawkins VE, Soh H, Mulkey DK, Tzingounis
AV. Epilepsy-associated KCNQ2 channels regulate multi-
ple intrinsic properties of layer 2/3 pyramidal neurons. J
Neurosci. 2017;37:576-86.  https://doi.org/10.1523/INEUR
0OSCI.1425-16.2016

Soh H, Pant R, LoTurco JJ, Tzingounis AV. Conditional dele-
tions of epilepsy-associated KCNQ2 and KCNQ3 channels
from cerebral cortex cause differential effects on neuronal ex-
citability. J Neurosci. 2014;34:5311-21. https://doi.org/10.1523/
JNEUROSCI.3919-13.2014

Soh H, Park S, Ryan K, Springer K, Maheshwari A, Tzingounis
AV. Deletion of KCNQ2/3 potassium channels from PV+ in-
terneurons leads to homeostatic potentiation of excitatory
transmission. eLife. 2018;7:e38617. https://doi.org/10.7554/
eLife.38617

Jing J, Dunbar C, Sonesra A, Chavez A, Park S, Yang R,
et al. Removal of KCNQ2 from parvalbumin-expressing in-
terneurons improves anti-seizure efficacy of retigabine. Exp
Neurol.  2022;355:114141.  https://doi.org/10.1016/j.expne
urol.2022.114141

Li SB, Damonte VM, Chen C, Wang GX, Kebschull JM,
Yamaguchi H, et al. Hyperexcitable arousal circuits drive sleep
instability during aging. Science. 2022;375:eabh3021. https://
doi.org/10.1126/science.abh3021

Hill SF, Ziobro JM, Jafar-Nejad P, Rigo F, Meisler MH. Genetic
interaction between Scn8a and potassium channel genes
Kcnal and Kcenq2. Epilepsia. 2022. https://doi.org/10.1111/
epi.17374

Zhang J, Kim EC, Chen C, Procko E, Pant S, Lam K,
et al. Identifying mutation hotspots reveals pathogenetic
mechanisms of KCNQ2 epileptic encephalopathy. Sci Rep.
2020;10:4756. https://doi.org/10.1038/s41598-020-61697-6
Schroeder BC, Kubisch C, Stein V, Jentsch TJ. Moderate loss
of function of cyclic-:AMP-modulated KCNQ2/KCNQ3 K+
channels causes epilepsy. Nature. 1998;396:687-90. https://doi.
org/10.1038/25367

Thara Y, Tomonoh Y, Deshimaru M, Zhang B, Uchida T, Ishii
A, et al. Retigabine, a Kv7.2/Kv7.3-channel opener, attenuates
drug-induced seizures in knock-in mice harboring Keng2 mu-
tations. PLoS One. 2016;11:¢0150095. https://doi.org/10.1371/
journal.pone.0150095

Otto JF, Singh NA, Dahle EJ, Leppert MF, Pappas CM, Pruess
TH, et al. Electroconvulsive seizure thresholds and kindling
acquisition rates are altered in mouse models of human
KCNQ2 and KCNQ3 mutations for benign familial neo-
natal convulsions. Epilepsia. 2009;50:1752-9. https://doi.
org/10.1111/j.1528-1167.2009.02100.x

Singh NA, Otto JF, Dahle EJ, Pappas C, Leslie JD, Vilaythong A,
et al. Mouse models of human KCNQ2 and KCNQ3 mutations
for benign familial neonatal convulsions show seizures and

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

neuronal plasticity without synaptic reorganization. J Physiol.
2008;586:3405-23. https://doi.org/10.1113/jphysiol.2008.154971
Tomonoh Y, Deshimaru M, Araki K, Miyazaki Y, Arasaki T,
Tanaka, et al. The kick-in system: a novel rapid knock-in strat-
egy. PLoS One. 2014;9:e88549. https://doi.org/10.1371/journ
al.pone.0088549

Uchida T, Lossin C, Ihara Y, Deshimaru M, Yanagawa Y,
Koyama S, et al. Abnormal y-aminobutyric acid neurotrans-
mission in a Keng2 model of early onset epilepsy. Epilepsia.
2017;58:1430-9. https://doi.org/10.1111/epi.13807

Peters HC, Hu H, Pongs O, Storm JF, Isbrandt D. Conditional
transgenic suppression of M channels in mouse brain reveals
functions in neuronal excitability, resonance and behavior. Nat
Neurosci. 2005;8:51-60. https://doi.org/10.1038/nn1375

Kim EC, Zhang J, Tang AY, Bolton EC, Rhodes JS, Christian-
Hinman CA, et al. Spontaneous seizure and memory loss in
mice expressing an epileptic encephalopathy variant in the
calmodulin-binding domain of Kv7.2. Proceedings of the
National Academy of Sciences of the United States of America.
2021;118(51):2021265118. https://doi.org/10.1073/pnas.20212
65118

Milh M, Roubertoux P, Biba N, Chavany J, Spiga Ghata A,
Fulachier C, et al. A knock-in mouse model for KCNQ2-related
epileptic encephalopathy displays spontaneous generalized
seizures and cognitive impairment. Epilepsia. 2020;61:868-78.
https://doi.org/10.1111/epi.16494

Biba N, Becq H, Pallesi-Pocachard E, Sarno S, Granjeaud S,
Montheil A, et al. Time-limited alterations in cortical activity of
a knock-in mice model of KCNQ2-related developmental and
epileptic encephalopathy. Journal Physiol. 2022;600:2429-60.
https://doi.org/10.1113/JP282536

Greene DL, Kosenko A, Hoshi N. Attenuating M-current sup-
pression in vivo by a mutant Keng2 gene knock-in reduces sei-
zure burden and prevents status epilepticus-induced neuronal
death and epileptogenesis. Epilepsia. 2018;59:1908-18. https://
doi.org/10.1111/epi.14541

Bi Y, Chen H, Su J, Cao X, Bian X, Wang K. Visceral hyperal-
gesia induced by forebrain-specific suppression of native Kv7/
KCNQ/M-current in mice. Mol Pain. 2011;7:84. https://doi.
0rg/10.1186/1744-8069-7-84

Yiu AP, Mercaldo V, Yan C, Richards B, Rashid AJ, Hsiang HLL,
et al. Neurons are recruited to a memory trace based on rela-
tive neuronal excitability immediately before training. Neuron.
2014;83:722-35. https://doi.org/10.1016/j.neuron.2014.07.017
Shi L, Bian X, Qu Z, Ma Z, Zhou Y, Wang K, et al. Peptide hor-
mone ghrelin enhances neuronal excitability by inhibition of
Kv7/KCNQ channels. Nature Com. 2013;4:1435. https://doi.
org/10.1038/ncomms2439

Pressler RM, Cilio MR, Mizrahi EM, Moshé SL, Nunes ML,
Plouin P, et al. The ILAE classification of seizures and the
epilepsies: modification for seizures in the neonate. Position
paper by the ILAE task force on neonatal seizures. Epilepsia.
2021;62:615-28. https://doi.org/10.1111/epi.16815

Loscher W. Animal models of seizures and epilepsy: past, present,
and future role for the discovery of antiseizure drugs. Neurochem
Res. 2017;42:1873-88. https://doi.org/10.1007/s11064-017-2222-z
Frankel WN, Taylor L, Beyer B, Tempel BL, White HS.
Electroconvulsive thresholds of inbred mouse strains.
Genomics. 2001;74:306-12. https://doi.org/10.1006/geno.2001.
6564

85U8017 SUOLIIOD BAIE8.D 3|t |dde aup Aq peusenob afe se[oiLe O ‘@SN JO S9Nl Joj Aeiqi8UljUO /8|1 UO (SUONIPUOD-pUe-SWBI W00 A8 | Im Areiq Ul |uo//Sdny) SUORIPUOD pue swie 1 8y} 89S *[1202/80/22] Uo Akidiauluo A8|iM ‘8oueld sueyood Aq Sov.T Ide/TTTT 0T/I0p/Woo A3 (1M Akelq1|pul|uoy//Sdny wolj pepeojumod ‘TT ‘220z ‘/9TT82ST


https://doi.org/10.1046/j.1471-4159.2000.0750028.x
https://doi.org/10.1371/journal.pone.0071809
https://doi.org/10.1371/journal.pone.0071809
https://doi.org/10.1093/brain/awab141
https://doi.org/10.1093/brain/awab141
https://doi.org/10.1523/JNEUROSCI.1425-16.2016
https://doi.org/10.1523/JNEUROSCI.1425-16.2016
https://doi.org/10.1523/JNEUROSCI.3919-13.2014
https://doi.org/10.1523/JNEUROSCI.3919-13.2014
https://doi.org/10.7554/eLife.38617
https://doi.org/10.7554/eLife.38617
https://doi.org/10.1016/j.expneurol.2022.114141
https://doi.org/10.1016/j.expneurol.2022.114141
https://doi.org/10.1126/science.abh3021
https://doi.org/10.1126/science.abh3021
https://doi.org/10.1111/epi.17374
https://doi.org/10.1111/epi.17374
https://doi.org/10.1038/s41598-020-61697-6
https://doi.org/10.1038/25367
https://doi.org/10.1038/25367
https://doi.org/10.1371/journal.pone.0150095
https://doi.org/10.1371/journal.pone.0150095
https://doi.org/10.1111/j.1528-1167.2009.02100.x
https://doi.org/10.1111/j.1528-1167.2009.02100.x
https://doi.org/10.1113/jphysiol.2008.154971
https://doi.org/10.1371/journal.pone.0088549
https://doi.org/10.1371/journal.pone.0088549
https://doi.org/10.1111/epi.13807
https://doi.org/10.1038/nn1375
https://doi.org/10.1073/pnas.2021265118
https://doi.org/10.1073/pnas.2021265118
https://doi.org/10.1111/epi.16494
https://doi.org/10.1113/JP282536
https://doi.org/10.1111/epi.14541
https://doi.org/10.1111/epi.14541
https://doi.org/10.1186/1744-8069-7-84
https://doi.org/10.1186/1744-8069-7-84
https://doi.org/10.1016/j.neuron.2014.07.017
https://doi.org/10.1038/ncomms2439
https://doi.org/10.1038/ncomms2439
https://doi.org/10.1111/epi.16815
https://doi.org/10.1007/s11064-017-2222-z
https://doi.org/10.1006/geno.2001.6564
https://doi.org/10.1006/geno.2001.6564

BRUN ET AL.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Otto JF, Yang Y, Frankel WN, Wilcox KS, White HS. Mice
carrying the sztl mutation exhibit increased seizure sus-
ceptibility and altered sensitivity to compounds acting at
the m-channel. Epilepsia. 2004;45:1009-16. https://doi.
0rg/10.1111/§.0013-9580.2004.65703.x

Aiken S. Pharmacology of the neurotransmitter release en-
hancer linopirdine (DuP 996), and insights into its mecha-
nism of action. Adv Pharmacol. 1996;35:349-84. https://doi.
0rg/10.1016/s1054-3589(08)60281-1

Gunthorpe MJ, Large CH, Sankar R. The mechanism of action
of retigabine (ezogabine), a first-in-class K+ channel opener for
the treatment of epilepsy. Epilepsia. 2012;53:412-24. https://
doi.org/10.1111/§.1528-1167.2011.03365.x

Dhir A. Pentylenetetrazol (PTZ) kindling model of epi-
lepsy. Curr Protoc Neurosci. 2012;9(Unit 9):37. https://doi.
0rg/10.1002/0471142301.n50937s58

Lévesque M, Avoli M. The kainic acid model of temporal lobe
epilepsy. Neurosci Biobehav Rev. 2013;37:2887-99. https://doi.
org/10.1016/j.neubiorev.2013.10.011

Shah MM, Mistry M, Marsh SJ, Brown DA, Delmas P. Molecular
correlates of the M-current in cultured rat hippocampal neu-
rons. J Physiol. 2002;544:29-37. https://doi.org/10.1113/jphys
101.2002.028571

Devaux JJ, Kleopa KA, Cooper EC, Scherer SS. KCNQ2 is a
nodal K+ channel. J Neurosci. 2004;24:1236-44. https://doi.
0rg/10.1523/INEUROSCI.4512-03.2004

Tzingounis AV, Nicoll RA. Contribution of KCNQ2 and KCNQ3
to the medium and slow afterhyperpolarization currents. Proc
Natl Acad Sci U S A. 2008;105:19974-9. https://doi.org/10.1073/
pnas.0810535105

Zhang L, McBain CJ. Voltage-gated potassium currents in stra-
tum oriens-alveus inhibitory neurones of the rat CA1 hippo-
campus. J Physiol. 1995;488:647-60. https://doi.org/10.1113/
jphysiol.1995.sp020997

Otto JF, Yang Y, Frankel WN, White HS, Wilcox KS. A spon-
taneous mutation involving Keng2 (Kv7.2) reduces M-current
density and spike frequency adaptation in mouse CA1 neurons.
J Neurosci. 2006;26:2053-9. https://doi.org/10.1523/INEUR
OSCI.1575-05.2006

Yue C, Yaari Y. KCNQ/M channels control spike afterdepo-
larization and burst generation in hippocampal neurons. J
Neurosci. 2004;24:4614-24. https://doi.org/10.1523/INEUR
OSCI.0765-04.2004

Jentsch TJ. Neuronal KCNQ potassium channels: physiology
and role in disease. Nat Rev Neurosci. 2000;1:21-30. https://
doi.org/10.1038/35036198

Dirkx N, Miceli F, Taglialatela M, Weckhuysen S. The role
of kv7.2 in neurodevelopment: insights and gaps in our un-
derstanding. Front Physiol. 2020;11:570588. https://doi.
org/10.3389/fphys.2020.570588

Kosenko A, Moftakhar S, Wood MA, Hoshi N. In vivo attenua-
tion of M-current suppression impairs consolidation of object
recognition memory. J Neurosci. 2020;40:5847-56. https://doi.
0rg/10.1523/INEUROSCI.0348-20.2020

Verneuil J, Brocard C, Trouplin V, Villard L, Peyronnet-Roux J,
Brocard F. The M-current works in tandem with the persistent
sodium current to set the speed of locomotion. PLoS Biol.
2020;18:€3000738.

Soldovieri MV, Boutry-Kryza N, Milh M, Doummar D, Heron B,
Bourel E, et al. Novel KCNQ2 and KCNQ3 mutations in a large

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Epilepsia-**
cohort of families with benign neonatal epilepsy: first evidence
for an altered channel regulation by syntaxin-1A. Hum Mutat.
2014;35:356-67. https://doi.org/10.1002/humu.22500

Tracy GC, Wilton AR, Rhodes JS, Chung HJ. Heterozygous
deletion of epilepsy gene KCNQ2 has negligible effects on
learning and memory. Front Behav Neurosci. 2022;16:930216.
https://doi.org/10.3389/fnbeh.2022.930216

Gee DG, Humphreys KL, Flannery J, Goff B, Telzer EH, Shapiro M,
et al. A developmental shift from positive to negative connectivity
in human amygdala-prefrontal circuitry. J Neurosci. 2013;33:4584—
93. https://doi.org/10.1523/INEUROSCI.3446-12.2013

Bicks LK, Koike H, Akbarian S, Morishita H. Prefrontal cor-
tex and social cognition in mouse and man. Front Psychol.
2015;6:1805.

Hansen HH, Weikop P, Mikkelsen MD, Rode F, Mikkelsen JD.
The pan-Kv7 (KCNQ) channel opener retigabine inhibits stri-
atal excitability by direct action on striatal neurons in vivo.
Basic Clin Pharmacol Toxicol. 2017;120:46-51. https://doi.
0rg/10.1111/bcpt.12636

Kalueff AV, Stewart AM, Song C, Berridge KC, Graybiel AM,
Fentress JC. Neurobiology of rodent self-grooming and its value
for translational neuroscience. Nat Rev Neurosci. 2016;17:45—
59. https://doi.org/10.1038/nrn.2015.8

Srivastava S, Sahin M. Autism spectrum disorder and epileptic
encephalopathy: common causes, many questions. J Neurodev
Disord. 2017;9:23. https://doi.org/10.1186/s11689-017-9202-0
Trivisano M, Specchio N. What are the epileptic encepha-
lopathies? Curr Opin Neurol. 2020;33:179-84. https://doi.
0rg/10.1097/WC0.0000000000000793

Berg AT, BerkovicSF, BrodieMJ, BuchhalterJ, CrossJH,vanEmde
BW, et al. Revised terminology and concepts for organization of
seizures and epilepsies: report of the ILAE commission on clas-
sification and terminology, 2005-2009. Epilepsia. 2010;51:676—
85. https://doi.org/10.1111/j.1528-1167.2010.02522.x

Simkin D, Ambrosi C, Marshall KA, Williams LA, Eisenberg J,
Gharib M, et al. 'Channeling’ therapeutic discovery for epileptic
encephalopathy through iPSC technologies. Trends Pharmacol
Sci. 2022;43:392-405. https://doi.org/10.1016/j.tips.2022.03.001
Raga S, Specchio N, Rheims S, Wilmshurst JM. Developmental
and epileptic encephalopathies: recognition and approaches to
care. Epileptic Disord. 2021;23:40-52. https://doi.org/10.1684/
epd.2021.1244

Li M, Jancovski N, Jafar-Nejad P, Burbano LE, Rollo B, Richards
K, et al. Antisense oligonucleotide therapy reduces seizures and
extends life span in an SCN2A gain-of-function epilepsy model. J
Clin Invest. 2021;131:€152079. https://doi.org/10.1172/JCI152079
Aimiuwu OV, Fowler AM, Sah M, Teoh JJ, Kanber A, Pyne NK,
et al. RNAi-based gene therapy rescues developmental and ep-
ileptic encephalopathy in a genetic mouse model. Mol Ther.
2020;28:1706-16. https://doi.org/10.1016/j.ymthe.2020.04.007
Lenk GM, Jafar-Nejad P, Hill SF, Huffman LD, Smolen CE,
Wagnon JL, et al. Scn8a antisense oligonucleotide is protective in
mouse models of SCN8A encephalopathy and dravet syndrome.
Ann Neurol. 2020;87:339-46. https://doi.org/10.1002/ana.25676
Soldovieri MV, Miceli F, Taglialatela M. Driving with no
brakes: molecular pathophysiology of Kv7 potassium chan-
nels. Physiology (Bethesda). 2011;26:365-76. https://doi.
org/10.1152/physiol.00009.2011

Milh M, Boutry-Kryza N, Sutera-Sardo J, Mignot C, Auvin
S, Lacoste C, et al. Similar early characteristics but variable

85U8017 SUOLIIOD BAIE8.D 3|t |dde aup Aq peusenob afe se[oiLe O ‘@SN JO S9Nl Joj Aeiqi8UljUO /8|1 UO (SUONIPUOD-pUe-SWBI W00 A8 | Im Areiq Ul |uo//Sdny) SUORIPUOD pue swie 1 8y} 89S *[1202/80/22] Uo Akidiauluo A8|iM ‘8oueld sueyood Aq Sov.T Ide/TTTT 0T/I0p/Woo A3 (1M Akelq1|pul|uoy//Sdny wolj pepeojumod ‘TT ‘220z ‘/9TT82ST


https://doi.org/10.1111/j.0013-9580.2004.65703.x
https://doi.org/10.1111/j.0013-9580.2004.65703.x
https://doi.org/10.1016/s1054-3589(08)60281-1
https://doi.org/10.1016/s1054-3589(08)60281-1
https://doi.org/10.1111/j.1528-1167.2011.03365.x
https://doi.org/10.1111/j.1528-1167.2011.03365.x
https://doi.org/10.1002/0471142301.ns0937s58
https://doi.org/10.1002/0471142301.ns0937s58
https://doi.org/10.1016/j.neubiorev.2013.10.011
https://doi.org/10.1016/j.neubiorev.2013.10.011
https://doi.org/10.1113/jphysiol.2002.028571
https://doi.org/10.1113/jphysiol.2002.028571
https://doi.org/10.1523/JNEUROSCI.4512-03.2004
https://doi.org/10.1523/JNEUROSCI.4512-03.2004
https://doi.org/10.1073/pnas.0810535105
https://doi.org/10.1073/pnas.0810535105
https://doi.org/10.1113/jphysiol.1995.sp020997
https://doi.org/10.1113/jphysiol.1995.sp020997
https://doi.org/10.1523/JNEUROSCI.1575-05.2006
https://doi.org/10.1523/JNEUROSCI.1575-05.2006
https://doi.org/10.1523/JNEUROSCI.0765-04.2004
https://doi.org/10.1523/JNEUROSCI.0765-04.2004
https://doi.org/10.1038/35036198
https://doi.org/10.1038/35036198
https://doi.org/10.3389/fphys.2020.570588
https://doi.org/10.3389/fphys.2020.570588
https://doi.org/10.1523/JNEUROSCI.0348-20.2020
https://doi.org/10.1523/JNEUROSCI.0348-20.2020
https://doi.org/10.1002/humu.22500
https://doi.org/10.3389/fnbeh.2022.930216
https://doi.org/10.1523/JNEUROSCI.3446-12.2013
https://doi.org/10.1111/bcpt.12636
https://doi.org/10.1111/bcpt.12636
https://doi.org/10.1038/nrn.2015.8
https://doi.org/10.1186/s11689-017-9202-0
https://doi.org/10.1097/WCO.0000000000000793
https://doi.org/10.1097/WCO.0000000000000793
https://doi.org/10.1111/j.1528-1167.2010.02522.x
https://doi.org/10.1016/j.tips.2022.03.001
https://doi.org/10.1684/epd.2021.1244
https://doi.org/10.1684/epd.2021.1244
https://doi.org/10.1172/JCI152079
https://doi.org/10.1016/j.ymthe.2020.04.007
https://doi.org/10.1002/ana.25676
https://doi.org/10.1152/physiol.00009.2011
https://doi.org/10.1152/physiol.00009.2011

* | Epilepsia

80.
81.

82.

83.

BRUN ET AL.

neurological outcome of patients with a de novo mutation of
KCNQ2. Orphanet J Rare Dis. 2013;8:80.

Milh M, Lacoste C, Cacciagli P, Abidi A, Sutera-Sardo J, Tzelepis
I, et al. Variable clinical expression in patients with mosaicism
for KCNQ2 mutations. Am J Med Genet A. 2015;167A:2314-8.
Millichap JJ, Park KL, Tsuchida T, Ben-Zeev B, Carmant L,
Flamini R, et al. KCNQ2 encephalopathy: features, mutational
hot spots, and ezogabine treatment of 11 patients. Neurol
Genet. 2016;2:€96.

Hortigliela M, Fernandez-Marmiesse A, Cantarin V, Gouveia
S, Garcia-Penas JJ, Fons C, et al. Clinical and genetic features
of 13 Spanish patients with KCNQ2 mutations. ] Hum Genet.
2017;,62:185-9.

Zhang Q, Li J, Zhao Y, Bao X, Wei L, Wang J. Gene mutation
analysis of 175 Chinese patients with early-onset epileptic en-
cephalopathy. Clin Genet. 2017;91:717-24.

Olson HE, Kelly M, LaCoursiere CM, Pinsky R, Tambunan D,
Shain C, et al. Genetics and genotype-phenotype correlations
in early onset epileptic encephalopathy with burst suppression.
Ann Neurol. 2017;81:419-29.

84.

85.

86.

Sharawat IK, Kasinathan A, Sahu JK, Sankhyan N. Response to
carbamazepine in KCNQ2 related early infantile epileptic en-
cephalopathy. Indian J Pediatr. 2019;86:301-2.

Singh NA, Westenskow P, Charlier C, Pappas C, Leslie J, Dillon
J, etal. KCNQ2 and KCNQ3 potassium channel genes in benign
familial neonatal convulsions: expansion of the functional and
mutation spectrum. Brain. 2003;126:2726-37.

Dimassi S, Labalme A, Ville D, Calender A, Mignot C, Boutry-
Kryza N, et al. Whole-exome sequencing improves the diag-
nosis yield in sporadic infantile spasm syndrome. Clin Genet.
2016;89:198-204.

How to cite this article: Brun L, Viemari J-C,
Villard L. Mouse models of Kcng2 dysfunction.
Epilepsia. 2022;63:2813-2826. https://doi.
org/10.1111/epi.17405

85U8017 SUOLIIOD BAIE8.D 3|t |dde aup Aq peusenob afe se[oiLe O ‘@SN JO S9Nl Joj Aeiqi8UljUO /8|1 UO (SUONIPUOD-pUe-SWBI W00 A8 | Im Areiq Ul |uo//Sdny) SUORIPUOD pue swie 1 8y} 89S *[1202/80/22] Uo Akidiauluo A8|iM ‘8oueld sueyood Aq Sov.T Ide/TTTT 0T/I0p/Woo A3 (1M Akelq1|pul|uoy//Sdny wolj pepeojumod ‘TT ‘220z ‘/9TT82ST


https://doi.org/10.1111/epi.17405
https://doi.org/10.1111/epi.17405

	Mouse models of Kcnq2 dysfunction
	Abstract
	1|INTRODUCTION
	2|KNOCKOUT MODELS
	3|KNOCK-­IN MODELS
	4|LIMITATIONS RELATED TO MODEL DESIGN
	5|EPILEPTIC PHENOTYPE
	5.1|Spontaneous epileptiform activity
	5.2|The electroconvulsive threshold (ECT) test
	5.3|Chemically induced seizures

	6|STUDY OF THE M CURRENT
	7|BEHAVIORAL AND COGNITIVE PHENOTYPES
	8|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	ETHICAL STATEMENT
	REFERENCES


