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Abstract  
Ion channels modulate cellular excitability by regulating ionic fluxes across biological membranes. 
Pathogenic mutations in ion channel genes give rise to epileptic disorders that are among the most 
frequent neurological diseases affecting millions of individuals worldwide. Epilepsies are triggered 
by an imbalance between excitatory and inhibitory conductances. However, pathogenic mutations 
in the same allele can give rise to loss-of-function and/or gain-of-function variants, all able to trigger 
epilepsy. Furthermore, certain alleles are associated with brain malformations even in the absence 
of a clear electrical phenotype. This body of evidence argues that the underlying epileptogenic 
mechanisms of ion channels are more diverse than originally thought. Studies focusing on ion 
channels in prenatal cortical development have shed light on this apparent paradox. The picture that 
emerges is that ion channels play crucial roles in landmark neurodevelopmental processes, including 
neuronal migration, neurite outgrowth, and synapse formation. Thus, pathogenic channel mutants 
can not only cause epileptic disorders by altering excitability, but further, by inducing morphological 
and synaptic abnormalities that are initiated during neocortex formation and may persist into the 
adult brain.
Key Words: developmental and epileptic encephalopathies; epilepsy; K+ channel; KCNB1; Kv2.1; 
neurodevelopment; potassium channel

Introduction 
The formation of the central nervous system is one of the most critical 
steps in the development of an organism. Particularly crucial is the proper 
patterning of the cerebral neocortex, the most recently developed structure 
of the brain, responsible for higher cognitive functions such as intelligence, 
processing of sensory information, language, and motor function (Kandel 
et al., 2000). Therefore, correct neuronal positioning in the neocortex is 
fundamental to guarantee its normal laminarization and, consequently, 
functionality. To achieve this goal, multiple landmark processes including 
birth and differentiation of neurons from progenitor stem cells, migration of 
neurons to their final destinations, outgrowth of axons and dendrites, axon 
pathfinding, and synapse formation, need to take place in a spatiotemporally 
controlled manner (Kandel et al., 2000). Hence, the neocortex formation is to 
be intended as a series of orchestrated events, biological pathways, and cell-
to-cell interactions. 

Many of the mechanisms underlying cortical development are both hard-
wired in the neurons (activity-independent) and/or regulated by the electrical 
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activity of the emergent circuits (activity-dependent) (Gu et al., 1994; Komuro 
and Rakic, 1996; Hanson et al., 2008). Activity-independent mechanisms 
in neurons are typically implicated in the processes of differentiation, 
migration, neurite outgrowth, and axon guidance. Simultaneously, the 
spontaneous electrical activity of the forming neuronal cells affects neural 
circuit development and guides the layout of early connectivity maps in 
many parts of the brain (Corlew et al., 2004; Crepel et al., 2007; Kirkby et al., 
2013). The electrical activity of biological cells is generated by the controlled 
movement of ions across their membranes. Ionic flows are regulated by a 
fundamental class of integral membrane proteins, the ion channels, that 
provide the physical pathway for ions (Hille, 2001). This argues that ion 
channels, which often are embryonically expressed, play important roles 
in the processes underlying prenatal neurodevelopment. An important 
corollary to this hypothesis is that aberrant channels, for example resulting 
from genetic mutations, can give rise to neurodevelopmental pathologies. 
In fact, gene variants encoding all major families of ion channels can cause 
encephalopathies in which severe developmental delays (SDDs), intellectual 
disability (ID), electroencephalogram abnormalities, and brain malformations 
often co-exist with epileptic seizures (Berg et al., 2010; Guerrini et al., 2023).

Search Strategy and Selection Criteria
Bibliographic searches were performed in November 2022 in PubMed 
(National Library of Medicine, National Institutes of Health) using the following 
keywords: “developmental channelopathy”; “neurodevelopment, sodium 
channel”; “neurodevelopment, calcium channel”; “neurodevelopment, 
potassium channel”; “neurodevelopment, integrin”; “neuronal development, 
channel”. 

Loss-of-Function and Gain-of-Function Mutant 
Channels Cause Epileptic Disorders  
The notion that ion channels are involved in epileptic disorders began to 
emerge at the end of the 20th century, when genetic screening of patients 
affected by idiopathic epilepsies mapped mutations in genes encoding 
the neuronal nicotinic acetylcholine receptor, the voltage-gated sodium 
(Na+), potassium (K+), and calcium (Ca2+) channel (Steinlein et al., 1995; 
Ophoff et al., 1996; Biervert et al., 1998; Charlier et al., 1998; Sing et al., 
1998; Wallace et al., 1998; Escayg et al., 2000; Sugawara et al., 2001). As 
the list of pathogenic variants increased, correlations began to emerge 
between the functional effects of a mutation and its underlying pathology. 
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In general, mutations in ion channel genes can give rise to two types of 
proteins: loss-of-function (LOF) or gain-of-function (GOF) variants. Roughly, 
a LOF mutant is a channel that, under the same experimental conditions 
(voltage, concentration of ligand, etc.), conducts a smaller current compared 
to the wild type (WT) channel, and vice versa, a GOF mutant is a channel 
that conducts a larger current than WT. Thus, LOF and GOF mutants should 
produce distinct, if not opposite, effects on excitability. For example, a LOF 
mutation in a voltage-gated K+ channel should make the cell hyperexcitable 
and thus, is expected to be pro-epileptic since K+ channels mediate the 
repolarization phase of the action potential (AP). In contrast, a GOF mutation 
should render the cell hypoexcitable and consequently, be anti-epileptic. The 
opposite should be true for the channels that depolarize the cell, such as 
sodium (Na+), calcium (Ca2+), and non-selective cation channels. Nonetheless, 
the distinction between LOF and GOF is blurry, and for any channel gene, 
both types can be pathogenic.

Gain-of-Function and Loss-of-Function Na+ 
Channel Variants Cause Encephalopathies 
Gain-of-function and loss-of-function mutations in the genes encoding for 
the alpha subunits of voltage-gated Na+ channels family 1 (Nav1.x) are known 
to cause autism spectrum disorders, ID, and developmental and epileptic 
encephalopathies (DEEs), a group of severe conditions characterized by 
developmental delays, that often present with seizures and epileptiform 
abnormalities (Scheffer et al., 2017; Bar et al., 2020; Reynolds et al., 2020; 
Zaman et al., 2020; Miao et al., 2021). Intriguingly, a significant percentage 
of Nav1.x LOF variants cause seizures, a fact apparently not consistent 
with their expected anti-epileptic action. Studies in mice showed that the 
pyramidal neurons of the prefrontal cortex and striatum that express Nav1.2 
are intrinsically hyperexcitable (Spratt et al., 2019, 2021; Zhang et al., 2021). 
In those neurons, the diminution of Na+ influx is compensated by a decrease 
in K+ conductances. This results in incomplete neuronal repolarization 
between consecutive APs along with reduced AP backpropagation into 
dendrites that cause increased firing frequency and impaired synaptic 
functionality. The Nav1.x channels provide one of the best examples of the 
functional heterogeneity through which GOF and LOF variants dysregulate 
excitability. However, adding to the complexity, ictogenic Na+ channel alleles 
are often coupled with brain abnormalities known as malformations of 
cortical development (MCDs) (Kessi et al., 2020). For example, Barba et al. 
reported the clinical cases of six patients diagnosed with Dravet syndrome, 
an autosomal dominant genetic epileptic encephalopathy characterized by 
prolonged febrile seizures (Barba et al., 2014). The patients carried mutations 
in the SCN1A gene that encodes Nav1.1--that are consistent with both LOF 
and GOF products (missense, truncated, spliced)--and presented multiple 
MCDs, including bilateral periventricular nodular heterotopia in two patients, 
focal cortical dysplasia in three, and multifocal micronodular dysplasia in the 
left temporal lobe in one. Pluripotent stem cell derived neural progenitor 
cells and GABAergic inter-neuronal cells from Dravet syndrome patients 
exhibited transcriptional changes in Nav1.1 haploinsufficient GABAergic 
cells, likely giving rise to immature neural differentiation and maturation 
(Schuster et al., 2019). In mice heterozygous in Scnaq1 Knockout--a model of 
Dravet syndrome--the axon caliber within the corpus callosum was reduced 
compared to control littermates, even in the absence of seizures (Richards et 
al., 2021). 

Pathogenic Ion Channel Alleles Give Rise to 
Electrical and Anatomical Disturbances 
The ability to induce severe encephalopathy via a variety of mechanisms, 
from dysregulated neuronal excitability to neuroanatomical defects, is not 
a prerogative of Na+ channels but, rather, a general feature of neuronal 
ion channels. Non-selective cation channels, such as the N-methyl-D-
aspartate receptor, a ligand-gated channel broadly expressed in the brain, 
provide compelling examples of how channels can cause both electrical and 
anatomical disturbances (Endele et al., 2010; Hamdan et al., 2011; Carvill et 
al., 2013; Lesca et al., 2013; Lemke et al., 2014, 2013; Platzer et al., 2017; 
Fry et al., 2018). Mature N-methyl-D-aspartate receptors are heteromers 
composed of two GluN1 subunits and GluN2 and/or GluN3 subunits that, 
upon binding of glutamate and glycine, conduct Ca2+, Na+, and K+ ions that 
increase cellular excitability (Salussolia et al., 2011). Several studies have 
identified pathogenic variants in both GluN1 and GluN2 genes that alter the 
biophysical and pharmacological properties of the receptors (for example, 
they alter the ligand sensitivity) and simultaneously produce severe MCDs, 
primarily polymicrogyria (overfolded cerebral cortex) along with SDDs, 
ID, autism, and movement disorders. In a study examining the functional 
properties of pro-epileptic alpha1 subunit of γ-aminobutyric acid type-A 
receptor subunits present in a cohort of French Canadian families, Lachance-
Touchette et al. (2014) found that those mutations altered the morphology of 
GABAergic boutons and spine formation. The authors concluded that a simple 
LOF model could not explain the pathogenic effects of different γ-aminobutyric 
acid type-A receptor mutations, which turned out to be specific to the 
mutation. Meganathan et al. (2021) examined the effects of copy number 
variants of the alpha-7 nicotinic acetylcholine receptor subunit (CHRNA7 

gene) using induced pluripotent stem cells obtained from an autistic child (AP), 
his asymptomatic mother and unrelated controls. Remarkably, while the copy 
number variants were associated with dysregulated excitability in both AP and 
asymptomatic mother neurons, the AP cells alone exhibited other defects not 
imputable to the conducting functions of the channel (non-ionic functions), 
including increased proliferation and impaired differentiation, maturation, 
and migration. This finding suggests that those non-ionic defects, rather than 
altered excitability, were the primary cause of the autistic traits in the AP 
patient. A multi-center study focused on calcium channel Cav2.2 LOF (CACNA1B 
gene) variants linked to DEEs reported that all affected individuals presented 
with epileptic encephalopathy, SDDs, and a hyperkinetic movement disorder, 
while some patients also had postnatal microcephaly and hypotonia (Gorman 
et al., 2019). Knocking out Cav1.2 significantly impaired neurite outgrowth 
in mice (Ehlinger and Commons, 2017; Kamijo et al., 2018). Moreover, 
expression of a GOF Cav1.2 mutant found in Timothy syndrome (an autosomal 
dominant disorder characterized by physical malformations, neurological 
and developmental defects, and autism spectrum disorders) led to impaired 
radial migration of Layer II/III excitatory neurons, along with neuroanatomical 
alterations and differences in serotonin metabolism.

Gain-of-Function and Loss-of-Function 
K+ Channel Variants Are Implicated in 
Developmental Encephalopathy 
M current (so-called due to its sensitivity to muscarinic agonists) is a voltage-
dependent non-inactivating K+ current, that activates at sub-threshold 
potentials (around –70 mV) (Brown and Adams, 1980). M current repolarizes 
the membrane during the firing of APs and, thus, acts as a brake of neuronal 
excitability. The molecular correlates of the M current are the voltage-gated 
K+ channels of the sub-family 7, KCNQ2, KCNQ3, and KCNQ5, which form 
heteromers to form M channels (Wang et al., 1998; Lerche et al., 2000; 
Schroeder et al., 2000). Mutations in KCNQ2, KCNQ3, and KCNQ5 genes 
have been found to cause benign familial neonatal seizures and epileptic 
encephalopathies (Nappi et al., 2020). Given the role of M current as a 
brake of neuronal excitability, one would expect KCNQx LOF mutations to 
be associated with severe epilepsies and GOF mutations with more benign 
clinical manifestations. However, this turns out not to be the case (Miceli et 
al., 2015; Lehman et al., 2017; Millichap et al., 2017; Mulkey et al., 2017; 
Rosti et al., 2019; Sands et al., 2019; Nappi et al., 2022, 2020). For example, 
an international team led by Sands et al. (2019) functionally characterized 
KCNQ3 mutations found in the genomes of 11 DEE patients presenting SDDs 
and autistic features, with or without seizures. All variants gave rise to GOF 
mutants. Similarly, de novo LOF and GOF missense mutations in KCNQ5 were 
identified in patients with ID and other neurological abnormalities, with or 
without seizures (Lehman et al., 2017). A systematic review of the literature 
of K+ channel variants implicated in ID, including KCNMA1, KCNN3, KCNT1, 
KCNT2, KCNJ10, KCNJ6, KCNJ11, KCNA2, KCNA4, KCND3, KCNH1, KCNQ2, 
KCNAB1, KCNQ3, KCNQ5, KCNC1, KCNB1, KCNC3, and KCTD3, showed that 
the majority gave rise to mutants with both LOF and GOF properties, and 
only a small fraction of mutants with LOF or GOF attributes alone (Kessi 
et al., 2020). A review of 37 KCNMA1 alleles--KCNMA1 encodes the large 
conductance calcium-activated potassium channel--from 69 patients affected 
by severe encephalopathies presenting movement disorders, seizures, 
SDDs, and ID, highlighted the lack of apparent differences in the seizure 
phenotype between individuals carrying LOF or GOF variants (Miller et al., 
2021). Most importantly, K+ channel gene variants can give rise to MCDs. 
One of these genes is KCNB1, which encodes a delayed rectifier and voltage-
gated K+ channel expressed in the brain, pancreas, and other organs (Sesti et 
al., 2014). In addition to conducting an outward K+ current that modulates 
the excitability of pyramidal neurons in the cortex and hippocampus, KCNB1 
(alias Kv2.1) possesses multiple non-ionic functions (Forzisi and Sesti, 2022). 
For example, KCNB1 forms non-conducting clusters that participate in the 
organization of points of contact between the endoplasmic reticulum and 
the plasma membrane (Trimmer, 1991; Scannevin et al., 1996; Murakoshi 
and Trimmer, 1999; Kirmiz et al., 2018; Schulien et al., 2020;). Further, KCNB1 
forms macromolecular complexes with integrins that will be discussed in 
some detail in this review (Yu et al., 2017). Genetic studies show that the 
severity of the clinical manifestations of KCNB1 encephalopathies is graded: 
typically, all patients present with SDDs and ID, and the majority (~80%) 
have seizures. In addition, roughly 30% of patients also have MCDs, including 
periventricular white matter abnormalities, progressive brain atrophy, and 
mild cerebellar volume loss, just to mention some (de Kovel et al., 2017; 
Latypova et al., 2017; Marini et al., 2017; Bar et al., 2020; Uctepe et al., 
2022). Púa-Torrejón et al. (2021) performed a retrospective study of four 
patients from three families with KCNB1 encephalopathy. All individuals had 
mild-to-moderate ID. One patient displayed progressive cortical atrophy. 
Three of them developed epilepsy. Generally, patients presenting with 
magnetic resonance imaging abnormalities have a severe DEE phenotype. 
However, clinical cases of LOF or GOF KCNB1 variants giving rise to mild 
phenotypes, MCDs (periventricular heterotopia, polymicrogyria, and 
abnormal corpus callosum), and no seizures are also well documented (Veale 
et al., 2022; Hiraide et al., 2023).
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K+ Channels Play a Crucial Role in Prenatal 
Neurodevelopment 
Many hypotheses have been formulated to explain the apparent paradox of 
K+ channel GOF mutants producing severe encephalopathies with MCDs (Niday 
and Tzingounis, 2018). Models based on ionic mechanisms alone fall short 
of accounting for the lack of seizures and/or the MCDs in several patients. 
K+ channels are robustly expressed during prenatal brain development, and 
deficits in neuronal migration are a primary cause of malformations of cortical 
development associated with seizures. This supports an argument that one 
possible mechanism by which pathogenic K+ channel mutants cause severe 
encephalopathies is by impairing neonatal neurodevelopment (Moffat et 
al., 2015). The first evidence corroborating this hypothesis came from work 
from Bando et al. (2014), who showed that knockdown of 2 pore K+ channels 
KCNK2, KCNK9, or KCNK10, impaired the migration of cortical excitatory 
neurons destined to the Layer II/III during the formation of the neocortex. 
KCNK9 is not the only K+ channel that can give rise to a migratory phenotype. 
KCNB1, a channel we have previously seen having strong epileptic potential, 
was found to impair the migration of glutamatergic neurons in the neocortex 
(Bortolami et al., 2022). It turns out that KCNB1 channels control migratory 
processes through their non-ionic functions.

K+ Channels Form Macromolecular Complexes 
with Integrins 
Ion channels barely exist as isolated entities in the lipid membrane. Usually, 
functional channels are heteromeric complexes containing both conducting 
(alpha) and accessory (beta, gamma, etc.) subunits (Abbott, 2021). In addition, 
channels can form macromolecular complexes with signaling molecules and 
receptors of different classes (Forzisi and Sesti, 2022). One common type of 
those complexes is macromolecules resulting from the assembly of integrins 
with K+ channels, dubbed integrin-K+ channel complexes or IKCs (Forzisi and 
Sesti, 2022). Integrins are one of the main transmembrane cell adhesion 
molecules and are known for their role in binding the extracellular matrix, 
to regulate the cell cycle, the organization of the actin cytoskeleton, cell 
proliferation, differentiation, apoptosis, the transport of receptors, and of 
intermembrane proteins. Accordingly, integrins and their signaling machinery 
have an established importance in determining neurodevelopmental 
processes by regulating the activities of cytoplasmic kinases and growth 
factor receptors and by controlling the organization of the actin cytoskeleton. 
For example, the interactions of integrins with Reelin direct the physiological 
cortical placement of pyramidal neurons in the developing neocortex (Dulabon 
et al., 2000). Integrins are essential for neuron-glia recognition processes 
that occur during embryonic neuronal development and are fundamental 
for the maintenance of neuronal migration along glial fibers (Anton et al., 
1999). By retroviral transfer of antisense integrin α6 and α8 sequences in 
the developing chicken central nervous system, Zhang and Galileo (1998) 
showed that integrin α8 plays a main role in cell survival, while α6 is involved 
in the migration of tectal cells into specific laminae. Moreover, Marchetti et 
al. (2010), using in-utero electroporation to introduce short hairpin RNAs 
in the developing brain, demonstrated the importance of α5β1 dimers to 
regulate the radial migration of cortical neurons. The cells that received 
electroporation exhibited abnormal morphology and accumulation in the 
pre-migratory region, underscoring the key role of integrins in the process of 
cortical layer fate determination. 

IKCs Cause Brain Abnormalities through Non-
Ionic Mechanisms 
One K+ channel known to form IKCs is KCNB1, which assembles with α5β5 
integrin dimers in the neocortex (Figure 1; Yu et al., 2017; Bortolami et al., 
2022). The first evidence that KCNB1 channels are implicated in migratory 
processes through integrins came from a study by Wei et al. (2008), who 
showed that KCNB1 acts to enhance cell adhesion and migration by favoring 
the phosphorylation of focal adhesion kinase (FAK)--an enzyme specifically 
activated by integrins. Those initial findings were later confirmed by an in 
vitro study examining the impact on cell migration and neurite outgrowth 
of IKCs formed with WT, named IKCKCNB1, and several KCNB1 mutants, 
including five variants found in children with DEE (Yu et al., 2019). IKCKCNB1 
are multipronged macromolecules that regulate both ionic fluxes across the 
plasma membrane and intracellular biochemical events through the integrin 
signaling machinery. Thus, IKCKCNB1 signal via FAK, which autophosphorylates 
Tyr397, creating a binding site for Src family tyrosine kinases (Figure 1A; Wei 
et al., 2008; Yu et al., 2017). In turn, FAK-Src complexes connect IKCKCNB1 to 
mitogen-activated protein kinase (Ras-MAPK) pathways, to Akt signaling, and 
to the actin cytoskeleton through the recruitment of actin-binding proteins 
such as Vinculin, Talin, and Paxillin (Forzisi et al., 2022). All five KCNB1 DEE-
susceptibility mutants were LOF: four did not conduct current and a fifth, 
R312H, exhibited a marked rightward shift (~40 mV) in the half-maximal 
voltage for activation, producing macroscopic currents significantly smaller 
than WT currents (Figure 1B; Yu et al., 2019). In contrast, the signaling of 
IKCs formed with the DEE mutants varied to a considerable extent: the more 

IKC signaling was impaired, the more their enhancing effect on cell migration 
and neurite outgrowth was diminished. These results prompted the novel 
concept that IKCKCNB1 may control processes such as cell migration and neurite 
outgrowth through their non-conducting functions (i.e., integrin signaling) 
rather than through their current. This notion was later tested using a knock 
in mouse model harboring the Kcnb1R312H gene variant, which was found in 
two children with DEE (de Kovel et al., 2017; Bortolami et al., 2022). The 
Kcnb1R312H mice exhibited a DEE-like phenotype characterized by frequent 
and spontaneous seizures, anxiety, and compulsive behavior. In addition, 
the glutamatergic neurons of Kcnb1R312H homozygotes displayed marked 
migratory defects. Significant numbers of neuronal progenies remained 
in the deep layers instead of migrating to the upper layers, indicating that 
IKCKCNB1 is required for neuronal migration. Deficits in neuronal migration 
are a primary cause of MCDs and can be associated with seizures (Moffat 
et al., 2015). Accordingly, in adult neocortices of Kcnb1R312H animals, the 
number of intracortically projecting neurons destined to the upper layers was 
markedly decreased because they remained stuck in the deep layers (Figure 
1C). At the level of the single neuron, Kcnb1R312H cortical pyramidal cells 
had disrupted columnar organization of apical dendrites, that were either 
disoriented or reversed and presented excessive arborizations around the 
soma (Figure 1D). There was increased number of immature dendritic spines, 
and synaptic functionality was impaired (Figure 1E). The LOF attributes of 
R312H appear to be responsible for the severe seizure phenotype of the 
Kcnb1R312H animals, which was comparable between the heterozygotes and 
the homozygotes. In contrast, migratory and morphological defects were 
much more marked in the homozygotes compared to the heterozygotes. In 
parallel, the cascades engaged by IKCKCNB1 were significantly down-activated 
in the brains of the homozygotes, whereas they were normally active in the 
brains of the heterozygotes, pointing out to IKC signaling as the likely culprit 
for the neurodevelopmental phenotype. In fact, angiotensin II, a FAK activator, 
suppressed the morphological and synaptic defects of primary Kcnb1R312H 
cortical neurons (Polte et al., 1994; Bortolami et al., 2022). Conversely, the 
inhibition of FAK activity in WT neurons induced morphological and synaptic 
defects equivalent to those of Kcnb1R312H neurons. While the role of the non-
ionic functions of IKCKCNB1 in the context of neurodevelopment appears to be 
sufficiently elucidated, the function of current remains poorly understood. 
One problem is that the interplay between ionic and non-ionic functions is 
synergetic and intrinsically linked in IKCKCNB1. Conformational changes in the 
KCNB1 channel associated with its conducting functions, such as opening and 
closing, are likely to be translated by the integrins into biochemical signals. 
Evidence suggests that the IKCKCNB1 current can enhance the biochemical 
cascades engaged by the complex (Yu et al., 2019). Further, the emergence 
of functional connectivity in the neocortex depends on neuronal migration 
(Evsyukova et al., 2013). Thus, it is tempting to speculate that during the 
formation of the neocortex, IKCKCNB1 sense and translate the spontaneous 
electrical activity of emergent circuits into biochemical signals that help guide 
their formation.

Conclusions
Epilepsy is one of the most common neurological disorders affecting tens of 
millions of individuals worldwide (GBD 2015 Disease and Injury Incidence and 
Prevalence Collaborators, 2016). Epilepsy reflects abnormal electrical activity 
and ion channels, given their role in modulating neuronal excitability, are one 
of the most common culprits--to the point that a specific term, channelepsy, 
has been coined (Pandolfo, 2011; D’Adamo et al., 2013). However, the 
fact that both LOF and GOF channel variants are associated with epilepsy 
syndromes and that pro-epileptic alleles of major ion channel families 
are often coupled to brain abnormalities, suggest that a picture in which 
dysfunctional ion channels contribute to epileptogenesis only by promoting 
hyperexcitability and seizures is too simplistic. Rather, it appears that ion 
channels can simultaneously affect the development and the excitability of 
the brain (Berg et al., 2010). This notion has received strong support from the 
recent finding that the K+ channels are key to landmark neurodevelopmental 
processes, including neuronal migration, neurite outgrowth, and synaptic 
formation, and when aberrant, can induce MCDs with strong ictogenic 
potential. Future studies will elucidate the molecular basis for these 
mechanisms in detail.
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Figure 1 ｜ IKCs cause encephalopathy through ionic and non-ionic mechanisms.
(A) IKCs formed with integrin α5β5 dimers and KCNB1 WT (IKCKCNB1) channels recruit FAK 
via α5β5 integrins. FAK autophosphorylates Tyr397 (P) and then binds Src kinases. The 
newly formed FAK-Src dimers phosphorylate Paxillin that links the IKCKCNB1 to Ras-MAPK 
signaling pathways and to the actin cytoskeleton. Ras GTPases and FAK-Src dimers also 
cross-talk with PI3K/Akt signaling which phosphorylates several MAPK components. In 
turn, activated ERK phosphorylates Paxillin. In contrast, IKCs formed with R312H mutant 
channels (IKCR312H) fail to induce phosphorylation of the various signaling components 
including Vinculin, Talin-1, and Paxillin which however, still assemble with the complexes 
by binding to the cytoplasmic tail of integrin β5. (B) IKCs formed with either heteromeric 
WT/R312H or homomeric R312H channels conduct significantly smaller K+ currents 
compared to IKCs formed with WT channels alone. The LOF attributes of the mutant 
IKCs cause cortical hyperexcitability and seizures. (C) Along with impaired IKCR312H 
signaling, Kcnb1R312H mice, primarily the homozygotes, are affected by severe cortical 
neuroabnormalities, with many glutamatergic neurons destined to the Upper Layers 
misplaced in the Deep Layers (yellow). (D) The neurons of Kcnb1R312H mice develop 
shorter dendrites compared to WT neurons, and abnormal arborizations around the 
soma. (E) Synaptic functionality is significantly reduced in the brains of Kcnb1R312H 
homozygotes. This goes on par with the increased numbers of immature spines in the 
pyramidal neurons of those animals. α5β5: Integrin alpha5-beta5; Actopax: actopaxin; 
Akt: protein kinase B; ERK: extracellular signal-regulated kinase; FAK: focal adhesion 
kinase; KCNB1: voltage-gated potassium channel subfamily 2, member 1; MEK: mitogen-
activated protein kinase kinase; P: phosphate; Pax: paxillin; RAF: rapidly accelerated 
fibrosarcoma kinase; Ras: rat sarcoma virus GTPase; Src: Src family kinase; Tal: talin-1; 
Vin: vinculin. Created with BioRender.com.
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