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1   |   INTRODUCTION

The KCNQ2 and KCNQ3 genes encode the Kv7.2 and 
Kv7.3 subunits of voltage-gated potassium channels. The 
homomeric (Kv7.2) and heteromeric (Kv7.2/Kv7.3) po-
tassium channels generate the M current (IM).1 The M 
current is a slow activating and non-inactivating voltage-
gated potassium current that regulates neuronal excitabil-
ity by preventing repetitive neuronal firing.2-4 Variants 
in the KCNQ2 gene cause self-limited familial neonatal 
epilepsy (SeLFNE)5-7 or developmental and epileptic en-
cephalopathies (DEEs),8 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.9 However, epileptic seizures can occur later in life 

in patients with SeLFNE and developmental delay may 
be present.10,11 Patients with KCNQ2-related DEE pre-
sent severe motor and cognitive disabilities together with 
epileptic seizures and an abnormal electroencephalogra-
phy (EEG) studies,12 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.7,13 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 KCNQ2 variants may have 
opposite functional consequences. Insights gained from 
studies using transfected cells such as Chinese Hamster 
Ovary (CHO) or Xenopus laevis oocytes14,15 provide a new 
understanding of the mechanisms at the cellular level, 
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Abstract
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 20 years, KCNQ2 models have been developed to elucidate 
pathological mechanisms and to identify new therapeutic targets. The diversity 
of Kcnq2 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 
disorders.
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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 20 years, Kcnq2 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 Kcnq2 mouse models were created to study 
SeLFNE, when it was the only phenotype associated with 
autosomal dominant genetic variants in patients.5 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 Kcnq2. Yang and colleagues identified a 300 kb 
heterozygous deletion of the Kcnq2 gene obtained by N-
ethyl-N-nitrosourea (ENU) mutagenesis.16 The deletion 
includes part of the Kcnq2 and Chrna4 genes, the latter 
being a gene also causing an epilepsy phenotype.17 An 
identical deletion was discovered later in two patients 
with SeLFNE.18 A second SeLFNE model was created 
through the heterozygous deletion of the Kcnq2 gene.19-21 
These mice have modeled for the first time important as-
pects of a Kcnq2-related disorder such as neuronal hyper-
excitability and epileptic behavior. Homozygous Kcnq2 
knockout (KO) pups die within a few hours after birth.16,21 
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.16

To explore the consequences of the absence of Kv7.2 
and circumvent the early lethality of homozygous KO an-
imals, a homozygous deletion of Kcnq2 in late-stage em-
bryos was studied.22 In addition to proving that Kcnq2 is 
required for M-channel activity from the embryonic stages, 
this study showed an increased transcription of the Kcnq3 
and Kcnq5 genes, suggesting a compensatory mechanism 
following the loss of Kcnq2 expression.22 Recently, several 
models with Kcnq2 deletion restricted to cortical pyrami-
dal neurons and CA1 excitatory and inhibitory neurons 
were produced.23-26 They showed that Kcnq2 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.23-25 The conditional 
deletion of Kcnq2 in inhibitory interneurons has also been 

investigated,26,27 and these studies suggested that the M 
current could remodel excitatory networks. Crispr/Cas9 
editing was used to delete Kcnq2 and Kcnq3 in hypocre-
tin (Hcrt) neurons. The downregulation of the M current 
increases the hyperexcitability of Hcrt neurons and leads 
to sleep instability during aging in mice.28 Very recently, 
a Kcnq2 conditional KO model25 was crossed with Emx1-
Cre mice to obtain a knock out of Kcnq2 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.29 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,30 but also in the C-terminal domain 
(Figure  1). The p.(A306T) and p.(Y284C) variants were 
first identified in patients with SeLFNE.5 When studied in 
Xenopuslaevis oocytes, they reduced IM amplitude by 20%–
40%.31 The two variants have been studied in homozygous 
and heterozygous states. Homozygous Kcnq2A306T/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, 

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.
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displayed an interesting low seizure threshold but no pro-
found alterations in M-current amplitude.32-35 Of interest, 
the heterozygous or homozygous p.(Y284C) variant can 
enhance γ-aminobutyric acid (GABA) release in CA1 in-
terneurons early after birth and can contribute to an ex-
citatory GABAergic neurotransmission.36

Other variants such as p.(G279S), p.(I205V), p.(T274M), 
and p.(M547V) were identified in patients with DEE.8 
Most of these variants have shown, in heterologous mod-
els, a dominant negative effect.15,31 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,37 
whereas the expression of p.(M547V) was restricted to 
excitatory pyramidal neurons and astrocytes of the fore-
brain.38 The transgenic model produced by Peters et al.37 
was developed prior to the recognition that KCNQ2 vari-
ants could lead to DEE, and was initially used to test 
the role of Kcnq2 in neuronal excitability, not its role in 
disease.

The p.(I205V) variant was introduced transiently using 
in utero electroporation to model KCNQ2 dysfunction 
only.24 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.39 As observed 

in the conditional KO (cKO) model, the p.(I205V) model 
displayed an increased excitability in L2/3 pyramidal 
cells.24,25 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.37-40 
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.41 In ad-
dition, studies of the p.(G279S) variant allowed highlight-
ing of the role of Kcnq2-related neuronal hyperexcitability 
in the forebrain for the perception of visceral pain,42 on 
the fear memory trace,43 and to study the relationship 
between the peptide hormone ghrelin and Kcnq2 in the 
context of dopaminergic neurotransmission.44 Kcnq2-
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 Kcnq2 dysfunction 

F I G U R E  1   Location of pathogenic variants introduced in Kcnq2 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.77 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/clinv​ar/) and Weckuysen et al. (2012),8 Pisano et al. (2015),12 for p.(I205V), 
Weckuysen et al. (2012),8 Milh et al. (2013),78 Milh et al. (2015),79 Millichap et al. (2016),80 Hortigüela et al. (2017),81 Zhang et al. (2017),82 
Olson et al. (2017)83 for p.(T274M), Sharawat et al. (2019)84 for p.(G279S), Singh et al. (1998),5 Singh et al. (2003)85 for p.(Y284C); Singh 
et al. (1998),5 Singh et al. (2003),85 Soldovieri et al. (2014),63 Dimassi et al. (2016)86 for p.(A306T), Weckuysen et al. (2012)8 for p.(M547V) 
corresponding to p.(M546V) in Homo sapiens.
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were used to mimic SeLFNE and the expression of 
Kcnq2 was manipulated to reproduce haploinsufficiency. 
Although the constitutive heterozygous deletion of Kcnq2 
was the first and most widely used model, the Szt1 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 Kcnq2 
was restricted in time or space (e.g., first postnatal week, 
parvalbumin positive (PV+) or Hcrt expressing neurons).

Several knock-in models also have limitations when 
the Kcnq2 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 Kcnq2 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.13,45 Spontaneous cortical hyperac-
tivity and epileptic seizures are thus expected in Kcnq2 
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.46 In addition, they were used to evaluate R
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2818  |      BRUN et al.

the correlation between a Kcnq2 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 Kcnq2G279S, Kcnq2T274M/+, and Tg Kcnq2M547 
mice displayed a spontaneous epileptic phenotype.37-39 
Spontaneous generalized tonic-clonic seizures were ob-
served in these models using infra-red videos and/or dur-
ing EEG recording.

In the Kcnq2T274M/+ model, all seizures are general-
ized tonic-clonic and most are fatal: 91% of spontaneous 
deaths concerned Kcnq2 heterozygous knock-in ani-
mals.39 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.39 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 
Kcnq2 KO animals.22

The cKcnq2M547/+ mice showed spontaneous seizures 
such as dorsal extensions and violent jumping and run-
ning between P60 and P85.38 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.38

Partial seizures were observed in Tg Kcnq2G279S 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.37 Of interest, the conditional model deficient 
for Kcnq2 in pyramidal neurons25 also showed partial sei-
zures with rearing, jumping, and falling. The EEG analy-
sis revealed that the Kcnq2 cKO mice exhibited episodes of 
polyspikes events, documenting cortical hyperexcitability 
showing the importance of Kv7.2 in pyramidal neurons.25 
This type of “silent seizure” only seen during EEG re-
cording with no motor correlates is found in the youngest 
patients.45

Concerning the p.(A306T) and p.(Y284C) SeLFNE 
variants, spontaneous epileptiform activity was observed 
only in homozygous animals.34,35 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.47 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.34 
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., ≥60 Hz) using transcorneal electrodes.16 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.47 Thresholds 
for clonic, tonic, or psychomotor (partial) seizures were 
determined in Kcnq2 mouse models and compared to WT 
mice. Heterozygous Szt1, Kcnq2A306T/+, and Kcnq2+/− ani-
mals showed a lower seizure threshold compared to their 
WT counterparts.16,20,34,48 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.16,48 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.10 Singh and colleagues evalu-
ated seizure thresholds in aging Kcnq2A306T/+ 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.34 The 
sensitivity to AEDs in Kcnq2 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.49,50 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.48
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      |  2819BRUN et al.

5.3  |  Chemically induced seizures

Pentylenetetrazol (PTZ), a GABA-A receptor antagonist, 
is used widely to study seizures in animals.51 In Kcnq2+/− 
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.21

SeLFNE models harboring heterozygous p.(Y284C) or 
p.(A306T) variants were challenged by PTZ and kainic 
acid (KA),35 an analog of glutamate.52 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 Kcnq2Y284C/+ mice reveals longer 
and very frequent spike bursts compared to Kcnq2A306T/+ 
that are not different from WT.32 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.15 In 
these heterozygous models, RTB is more effective than 
phenobarbital (PB) in attenuating KA-induced seizures 
and ameliorating the EEG.32

6   |   STUDY OF THE M CURRENT

Kv7 channels have emerged as critical regulators of hip-
pocampal CA1 pyramidal neurons, cortical pyramidal 
neurons, but also PV+ interneurons excitability and spik-
ing behavior.24,25,26,53 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.54-56 Blockade 
of Kv7 channels modulates spiking activity by converting 
simple spikes to high-frequency bursts and attenuating 
spike-frequency adaptation (SFA).57,58

Results obtained using the Szt1 mice model were the 
first direct evidence of decreased neuronal IM amplitude 
and current density in an animal model of Kcnq2 dysfunc-
tion. In the Szt1 mice, the reduction in IM amplitude and 
SFA in CA1 neurons are consistent with the previously 
described decreased seizure threshold and altered phar-
macology sensitivity.48

The Tg Kcnq2G279S 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.37 Like the mAHP, the M current, a potassium 
conductance that increases as neurons approach the AP 
threshold,59 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 

sensitive to the loss of Kv7.3.25 cKO mice showed that 
Kv7.2 subunits are required for the mAHP, whereas Kv7.3 
are not.25 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.24 The p.(I205V) 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 IM and 
an increase of neuronal excitability in hippocampal and 
cortical cells, respectively,37,40 whereas SeLFNE p.(A306T) 
and p.(Y284C) models showed a decrease in IM only when 
the variants were homozygous.34,35 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%,60 supporting a propor-
tional relationship between the severity of epileptic be-
havior and the decrease in IM. 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.61 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.61 This model also showed a resistance 
to chemoconvulsant-induced seizures and prevents status 
epilepticus–induced neuronal death and epileptogenesis.41 
Recent studies highlighted the role of Kcnq2 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.26 Accordingly, removing 
Kcnq2 from parvalbumin-expressing interneurons im-
proved the antiseizure efficacy of RTB.27 In the substan-
tia nigra pars compacta, the ghrelin hormone enhances 
firing of nigral dopaminergic neurons by inhibiting Kv7 
channels,44 and in aged mice, Hcrt neurons showed hy-
perexcitability with lower Kv7.2 expression and impaired 
M current.28 The neuronal hyperexcitability seen in differ-
ent cell types in the cerebral cortex of Kcnq2 models is also 
visible in the spinal cord, where the M current was shown 
to help set the speed of locomotion.62

The consequences of Kcnq2 dysfunction for different 
cell types are summarized in Table 2.
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2820  |      BRUN et al.

T A B L E  2   Consequences of Kcnq2 dysfunction according to the cell type

Reference Experiment Cell type Observations

Peters et al. (2005)37 Brain slice CA1 pyramidal neurons Increase excitability, reduced SFA and attenuated 
mAHP in p.(G279S) neurons

Otto et al. (2006)57 Brain slice CA1 pyramidal neurons Reduction of M-current density and SFA in Szt1 
neurons

Singh et al. (2008)34 Brain slice CA1 pyramidal neurons Reduction in amplitude and increased deactivation 
kinetics in p.(A306T) neurons

Bi et al. (2011)42 Brain slice CA1 pyramidal 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

Soh et al. (2014)25 Brain slice CA1 pyramidal neurons Increase excitability with decreased mAHP and 
prolonged afterdepolarization in Kcnq2-null 
neurons

Robbins et al. 
(2013)22

Primary neurons 
culture

Sympathetic ganglia neurons Increase Kcnq3 and Kcnq5 transcription in Kcnq2-
null neurons

Tomonoh et al. 
(2014)35

Brain slice Hippocampal pyramidal 
neurons

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

Shi et al. (2013)44 Brain slice Nigral dopaminergic neurons Inhibition of ghrelin-induced hyperexcitability in 
p.(G279S) neurons

Yiu et al. (2014)43 Brain slice Lateral amygdala pyramidal 
neurons

Increase of firing rate of lateral amygdala pyramidal 
neurons

Niday et al. (2017)24 Brain slice L2/3 pyramidal neurons Reduction of mAHP, increased AP number and 
frequency, increased input resistance in Kcnq2-
null neurons

Right-shifted conductance-to-voltage relationship in 
p.(I205V) neurons

Uchida et al. 
(2017)36

Brain slice CA1 excitatory GABAergic 
interneurons

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

Greene et al. 
(2018)41

Primary neurons 
culture

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

Soh et al. (2018)26 Brain slice CA1 and L2/3 PV+ and SST+ 
interneurons

Increase the AP number following suprathreshold 
depolarizing current pulses only in Kcnq2-null 
PV+ interneurons

Verneuil et al. 
(2020)62

Brain slice L1–L2 ventromedial 
interneurons

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

Aiba et al. (2021) Brain slice L2/3 pyramidal neurons Spreading depolarization in cKO neurons

Biba et al. (2022)40 Brain slice L2/3 and 5 pyramidal 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

Jing et al. (2022)27 Brain slice PV+ interneurons Reduction of M-current amplitude in Kcnq2-null 
PV+ interneurons

Li et al. (2022)28 Brain slice Hcrt neurons Depolarized RMP and spontaneous firing activity in 
higher proportion in Kcnq2-null Hcrt neurons

Abbreviations: AP, action potential; CA1, cornu ammonis 1; CPG, central pattern generator; GPSC, GABAergic postsynaptic currents; Hcrt, hypocretin; 
mAHP, medium afterhyperpolarization; PV, parvalbumin; RMP, resting membrane potential; SFA, spike frequency adaptation.
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      |  2821BRUN et al.

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,9,63 showing the existence of rare clinical overlaps.

Cognitive abilities are altered in the Kcnq2T274M/+, Tg 
Kcnq2G279S, and Tg Kcnq2M547V DEE mouse models with 
learning and hippocampus-dependent spatial memory 
deficits for all.37-39 Of note, the hippocampal abnormali-
ties seen by Peters and colleagues have not been seen in 
other models of Kcnq2 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,41 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 XE991.61 
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,64 whereas 
the formation of fear memory was shown to be increased 
in a conditional transgenic model carrying the p.(G279S) 
variant.43 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 Kcnq2G279S, Kcnq2+/−, and Tg Kcnq2M547 
mice displayed marked hyperactivity with an increased lo-
comotor activity.19,37,38 Tests such as open-field or elevated 
plus-maze showed reduced anxiety in Kcnq2+/− and Tg 
Kcnq2M547V mice.19,38 A relationship was assumed between 
the prefrontal cortex (PFC), where Kcnq2 is expressed, and 
the amygdala, which is responsible for increasing anxiety 
and the perception of fear.65 An altered balance of exci-
tation and inhibition in PFC may also be involved in the 
social deficits seen in Kcnq2+/− and Tg Kcnq2M547V mice by 
a social avoidance test, and an increased social dominance 
and aggression for Kcnq2+/− mice.19,66 Furthermore, 
Kcnq2+/− and Tg Kcnq2M547V mice displayed an increase 
in repetitive and compulsive-like behaviors like self-
grooming or increased burying of marbles.19,38 The repet-
itive self-grooming can be correlated with an alteration of 
the activity of the striatum where Kv7.2 is expressed.67,68 
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 

hallmarks of autism spectrum disorder are almost found 
only in DEE patients.69,70 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.71 Patients with SeLFNE 
have a normal neurological development and are sen-
sitive to AEDs with seizure remission within the first 
months of life.9 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 SeLFNE.16,21,34 After 
2012, with the discovery of KCNQ2-related DEE,8 the re-
search projects have been extended to missense variants 
having a dominant-negative effect.37-39 The consequences 
of KCNQ2 variants for IM were first studied using trans-
fected cells such as CHO or Xenopus laevis oocytes.14,15,31 
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.72 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 Kcnq2 models 
and they have provided new insights for the understand-
ing of the pathophysiology of KCNQ2-related epilepsy. 
In Kcnq2Y284C/+ and Kcnq2A306T/+ mouse models, RTB 
ameliorated KA-induced seizures in terms of seizure 
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2822  |      BRUN et al.

frequency and spike bursts on EEG.32 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 Kcnq2I205V mice.24 Thus 
Nav1.6 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.20 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.73 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,74 DNM1,75 or SCN8A-DEE.76 Used alone or 
in combination with pharmacology, these promising 
strategies use mouse models to demonstrate their ef-
ficacy in vivo. These Kcnq2-mouse models combined 
with the use of iPSc technology will be key to support 

F I G U R E  2   Phenotypes in Kcnq2-deficient mouse models. This figure summarizes the data (black lettering) collected in the 
different Kcnq2 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.

 15281167, 2022, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/epi.17405 by C

ochrane France, W
iley O

nline L
ibrary on [27/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



      |  2823BRUN et al.

the preclinical development and hopefully provide the 
much-needed treatments to the patients affected by 
KCNQ2 dysfunction.
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