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Abstract

KCNQ2 and KCNQ3 pathogenic channel variants have been associated with a spectrum 

of developmentally regulated diseases that vary in age of onset, severity, and whether it 

is transient (i.e Benign Familial Neonatal Seizures) or long lasting (i.e Developmental and 

Epileptic Encephalopathy). KCNQ2 and KCNQ3 channels have also emerged as a target for 

novel antiepileptic drugs as their activaton could reduce epileptic acivity. Consequently, a great 

effort has taken place over the last two decades to understand the mechanisms that control 

the assembly, gating, and modulation of KCNQ2 and KCNQ3 channels. The current view that 

KCNQ2 and KCNQ3 channels assemble as heteromeric channels (KCNQ2/3) forms the basis of 

our understanding of KCNQ2 and KCNQ3 channelopathies and drug design. Here, we review 

the evidence that supports the formation of KCNQ2/3 heteromers in neurons. We also highlight 

functional and transcriptomic studies that suggest channel composition might not be necessarily 

fixed in the nervous system, but rather is dynamic and flexible, allowing some neurons to 

express KCNQ2 and KCNQ3 homomers. We propose that to fully understand KCNQ2 and 

KCNQ3 channelopathies, we need to adopt a more flexible view of KCNQ2 and KCNQ3 channel 

stoichiometry, which might differ across development, brain regions, cell types, and disease states.
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Introduction

Over the last five years, trio-based whole-exome or targeted sequencing studies have 

identified numerous genes that contribute to the risk of neurodevelopmental disorders 

including KCNQ2 and KCNQ3 potassium channels [1–3]. Although the role of KCNQ2 

and KCNQ3 in benigh forms of pediatric epilepsy was known since the late 90s[4], it 

Corresponding Author: Anastasios Tzingounis, Physiology and Neurobiology, University of Connecticut, 75 North Eagleville Rd, 
Storrs, CT, 06268, USA, Tel: 860-486-7916, anastasios.tzingounis@uconn.edu.
*these authors contributed equally.
Author Contributions
All authors were involved in conceptualizing, writing, and editing this review.

Statement of Ethics
The authors have no ethical conflicts to disclose.

Disclosure Statement
The authors have no conflicts of interest to declare.

HHS Public Access
Author manuscript
Dev Neurosci. Author manuscript; available in PMC 2022 April 01.

Published in final edited form as:
Dev Neurosci. 2021 ; 43(3-4): 191–200. doi:10.1159/000515495.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was the targeted sequencing in 2012 of patients with unresolved epilepsy that first led 

to the discovery that KCNQ2 channel dysfunction is also associated with severe forms 

of epilepsy[5]. Since then, multiple studies have implicated KCNQ2 and KCNQ3 channel 

dysfunction in multiple monogenic neurodevelopmental disorders[6, 7].

Thus, work from many groups have now shown that KCNQ2 or KCNQ3 loss of function (i.e 

reduced potassium channel activity) could lead to early-onset epilepsy in children, that could 

be either benign or severe depending on the nature of the pathogenic variant[6]. Loss-of

function variants usually alter KCNQ2 and KCNQ3 gating, trafficiking or even subcellular 

localization. However, researchers have recently identified multiple KCNQ2 and KCNQ3 

gain-of-function variants in patients with epileptic encephalopathy and autism spectrum 

disorders (https://gene.sfari.org/database)[8, 9, 3], respectively. KCNQ2 and KCNQ3 gain

of-function, reviewed in detail elsewhere[10], leads to greater KCNQ2 and KCNQ3 activity 

in heterologous cells[8]. This boosted KCNQ2 and KCNQ3 activity presumably results to 

reduce neuronal excitability. However, how decreasing neuronal excitability also leads to 

neuronal hypersychrony is not yet known.

In general, no cellular mechanisms have been proposed that fully explain the symptoms 

of patients carrying KCNQ2 and KCNQ3 loss or gain of function pathogenic variants, nor 

have any therapies been established. A leading hypothesis explaining the general genotype–

phenotype relationship between KCNQ2 and KCNQ3 variants and neurodevelopmental 

disorders is based on a model in which KCNQ2 and KCNQ3 form heteromers (KCNQ2/3), 

and dysfunction of these heteromers leads to disease[7]. In this review, we discuss the 

data that have led to this model and explore the consequences of KCNQ2 and KCNQ3 

channel composition regarding the genotype and phenotype relationships of KCNQ2- and 

KCNQ3-associated neurodevelopmental disorders.

KCNQ2 and KCNQ3: a brief history

In 1980, Brown and Adams recorded a slow-activating voltage-gated potassium current that 

was blocked by muscarine in sympathetic neurons, which they termed the M-current[11]. 

Since then, studies have demonstrated the M-current in almost all regions of the central and 

peripheral nervous system[12–14]. Along with apamin-sensitive SK channels, the M-current 

also forms the medium afterhyperpolarization that follows brief bouts of activity or an action 

potential afterdepolarization[15, 16]. In 1998, researchers identified the channel subunits 

that underlie the classical M-current; KCNQ2 and KCNQ3 heteromeric channels[17], 

which were previously identified through positional cloning in patients experiencing benign 

familial neonatal seizures[4]. The KCNQ channel family includes three other members: 

KCNQ1, KCNQ4, and KCNQ5[4]. KCNQ1 is present at minimal levels in the brain, while 

KCNQ4 is predominantly located in the inner ear, raphe nuclei, and some brainstem nuclei. 

The role of KCNQ5, which is ubiquitously expressed in the forebrain, has not been a major 

focus with the exception of a few studies. Previous work has identified KCNQ5 variants 

in patients with epilepsy[18] and more recent studies have suggested KCNQ5 variants as 

a possible locus for neuropsychiatric disorders[19]. KCNQ5 and KCNQ3 can also form 

heteromers that resemble the M-current[20, 21]; but the curent consensus is that KCNQ2/3 

and not KCNQ3/5 heteromers mediate the classical the M-current[14, 7].
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The current dogma is that KCNQ2 and KCNQ3 channels form heteromers (KCNQ2/3), 

which act as the predominant KCNQ channels in the central nervous system[17, 22]. 

As we discuss below, this viewpoint is supported by various findings, starting with the 

original study demonstrating that KCNQ2 and KCNQ3 form heteromers with properties 

that best resemble those of the native current in superior cervical ganglion neurons[17, 22, 

23]. Most notably, KCNQ2/3 heteromers exhibit the same pharmacology as the native M

current, i.e., both KCNQ2 and KCNQ3 show similar sensitivities to extracellular application 

of Tetraethylammonium (TEA), XE991, and linopirdine, which are known M-current 

blockers[17, 22, 23].

Further evidence indicating that KCNQ2/3 heteromers mediate the M-current has arisen 

from a series of observations in heterologous cells, which showed that the expression 

of KCNQ2 and KCNQ3 homomers was very limited. In particular, KCNQ3 expression 

in oocytes led to no or very low (barely above background) voltage-activated potassium 

currents, whereas KCNQ2 expression led to small currents with a much lower density than 

KCNQ2/3 heteromers[24]. Initially, reports indicated that the co-expression of KCNQ2 and 

KCNQ3 channels could lead to an almost ten-fold higher current density than the expression 

of KCNQ2 channels alone[17, 25, 24]. However, subsequent studies have suggested that this 

increase could be smaller, closer to three- or four-fold rather than ten-fold. Independent of 

the precise amplification difference, co-expression of KCNQ2 with KCNQ3 leads to a larger 

current density than expression of KCNQ2 or KCNQ3 channels alone. This effect is not 

restricted to expression systems, but extends to neurons as well. For instance, Rasmussen 

et al (2007) [26] showed that co-transfecting KCNQ2 with KCNQ3 in cultured pyramidal 

neurons led to a 15-fold increase in the M-current density, much larger than that obtained by 

expressing KCNQ2 or KCNQ3 alone.

In subsequent years, researchers sought to understand the mechanisms that control 

KCNQ2/3 current levels in neurons. This work has shown that the magnitude of the 

KCNQ2/3 current in neurons depends on three primary factors. (i) Membrane potential. 

KCNQ2 and KCNQ3 channels are slow activating non-inactivating voltage-gated potassium 

channels whose probability of opening depends on the membrane potential[17, 25]. 

KCNQ2/3 channels start activating below the threshold for action potentials reaching peak 

activation above −20 mV, thus acting as a break[27] (Figure 1). (ii) Membrane PIP2 levels. 

KCNQ2 and KCNQ3 channels can be considered as voltage-gated as well as PIP2-activated 

potassium channels[13, 28]. KCNQ2 and KCNQ3 channels do not function in the absence 

of the phospholipid PIP2[28]. However, the affinity of KCNQ2 and KCNQ3 for PIP2 

differs substantially, with KCNQ2 channels having a ~10-fold lower affinity than KCNQ3 

channels[29]. As PIP2 can independently gate KCNQ2 and KCNQ3 channels, the PIP2 

affinity of KCNQ2/3 is not simply an intermediate between that of KCNQ2 and KCNQ3; 

rather, it shows a two-component concentration relationship[30]. (iii) Co-expression of 

KCNQ2 with KCNQ3. Co-expression of these two channels leads to increased trafficking 

to the membrane[24, 31]. KCNQ3 channels are primarily localized in the endoplasmic 

reticulum (ER). Tetramerization of KCNQ2 with KCNQ3 channels masks an ER retention 

motif in KCNQ3 channels, allowing efficient expression in the membrane[32, 33]. Notably, 

not all studies have shown a lack of expression of KCNQ3 channels in the plasma 

membrane. Multiple groups have recorded KCNQ3 homomeric channels in cells other than 
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oocytes, such as HEK293T or CHO cells[34, 35, 8]. However, the magnitude of the KCNQ3 

current is typically smaller than that of KCNQ2 homomeric and KCNQ2/3 heteromeric 

channels. Additionally, Shapiro and colleagues found that KCNQ3 channels express well 

on the surface, but enter a quiescent silent conformation due to instability of the selectivity 

pore[36, 37]. Co-expression of KCNQ2 channels with KCNQ3 stabilizes KCNQ3 pore 

residues, allowing for robust KCNQ2/3-mediated currents. Work by many groups have 

also shown calmodulin has a key role in KCNQ2 channel trafficking, heteromeridization 

with KCNQ3 as well as regulation of KCNQ2/3 PIP2 affinity. A discussion on the role of 

calmodulin and KCNQ2/3 channels expression and properties can be found in other expert 

reviews[38, 14, 39].

KCNQ2 and KCNQ3 heteromers in neurons: animal models

Further support for the KCNQ2/3 model stems from studies using animal models. 

The expression of KCNQ2-dominant-negative subunits decreases the M-current of CA1 

pyramidal neurons by almost 75–80%, suggesting that the native M-current is mediated by 

KCNQ2-containing channels in the hippocampus[40]. Additionally, KCNQ2 deletion leads 

to perinatal lethality within one hour[41]. Death is due to failure to breathe. Following 

birth, Kcnq2 homozygous knockout mice initiate breathing but die within an hour due to 

pulmonary atelectasis (i.e lungs are deflated)[41]. The cellular mechanisms and cell types 

responsible for the failure to breathe in the absence of KCNQ2 channels is unknown. In 

contrast to Kcnq2 knockout mice, Kcnq3 knockout mice survive to adulthood[42]. This 

result is likely due to the differential effect of KCNQ2 or KCNQ3 ablation on the M-current 

in neurons. For instance, conditional deletion of KCNQ2 channels from CA1 excitatory 

neurons leads to an ~85% loss of M-current, whereas deletion of Kcnq3 reduces the 

M-current by ~50%[43]. Additionally, the total KCNQ3 protein level in the hippocampus 

is significantly lower in Kcnq2 conditional knockout mice[43] as well as in Kcnq2 deleted 

fast-spiking parvalbumin interneurons[44], unlike KCNQ2 protein levels in Kcnq3 null 

hippocampi. However, ablation of KCNQ2 might not lead to KCNQ3 protein loss in all cell

types as shown for dentate gyrus granule cells and nodes of Ranvier of peripheral sensory 

neurons[45, 46]. In another study, Brown and colleagues demonstrated that deletion of 

KCNQ2 channels abolishes the M-current in sympathetic neurons[47]. In addition to mouse 

studies, recent work in humans has identified epilepsy patients that lack both copies of 

functional KCNQ3 channels[48]. Currently, no patients with homozygous KCNQ2 variants 

have been identified. Therefore, clinical data and mouse studies support a model in which 

KCNQ2 channels are required for M-current expression in contrast to KCNQ3 channels, 

which might act to boost the probability of opening and PIP2 affinity of KCNQ2 channels.

Although previous data support the current KCNQ2/3 model, this model might not 

apply for all cell types and nervous system regions. For instance, in a subpopulation of 

dorsal root ganglion neurons[45], large sciatic nerve axons[49], and cortical vasoactive 

intestinal polypeptide (VIP) interneurons[50], KCNQ2, but not KCNQ3, channels are 

expressed, suggesting that the KCNQ stoichiometry might not be constrained to KCNQ2/3 

heteromers. Additionally, conditional deletion of Kcnq2 from granule cells of the dentate 

gyrus diminished the M-current by only 50%[46]. This result was due to compensation 

through increased expression of KCNQ3 channels, which led to the formation of KCNQ3 
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homomers or KCNQ2/3 heteromers with a 1:3 KCNQ2:KCNQ3 channel stoichiometry[46]. 

Additionally, Sun et al. (2019) found that vagal bronchopulmonary neurons express Kcnq3 
mRNA, with no detectable expression of Kcnq2 or Kcnq5 mRNA[51]. Consistent with this 

finding, the M-current properties in these neurons match those of KCNQ3 homomers. Thus, 

these recent data suggest that despite their low level of expression, KCNQ3 homomers may 

mediate M-like currents in neurons. How could this be possible? As mentioned earlier, 

KCNQ3 channels can form functional channels that may traffic to the surface, just not 

as readily as their KCNQ2 counterparts. Importantly, the cell types for which KCNQ3 

homomeric expression has been indicated also have a very high input resistance, potentially 

allowing a small number of KCNQ3 channels to exert an influence on the membrane 

potential[52].

KCNQ2 and KCNQ3 channel composition across development and cell types

Recent data showing that KCNQ2, KCNQ2/3, and KCNQ3 can mediate M-like currents 

in some cell types raise some pertinent questions: How should we navigate the genotype–

phenotype relationship of pathogenic KCNQ2 and KCNQ3 variants? Should we explain 

everything through the lens of KCNQ2/3 heteromers or should we adapt a more dynamic 

and flexible KCNQ stoichiometry depending on the expression pattern of KCNQ2 and 

KCNQ3 for different time points, cell types, and regions?

To answer these questions, we must first determine the developmental expression profile 

and pattern of KCNQ2 and KCNQ3 channels in the nervous system. In particular, we must 

identify the extent and timing of the co-expression of KCNQ2 and KCNQ3 channels. 

The current model regarding the developmental profile of KCNQ2 channels suggests 

that KCNQ2 channels are expressed first, followed by a delayed ramp-up of expression 

of KCNQ3 channels[53]. Consistent with this view, Brown and colleagues found that 

Kcnq3 mRNA levels increase substantially from E18/19 to P45 (with Kcnq2 mRNA 

levels remaining constant) in sympathetic neurons[23] (see also Tinel et al (1998)[54] for 

Kcnq2 and Kcnq3 transcriptic changes across development in mouse brain). In parallel, the 

sensitivity of the M-current to extracellular application of TEA also decreases, consistent 

with the incorporation of KCNQ3 channel subunits in KCNQ2-mediated complexes. We 

note that KCNQ3 has a much lower TEA affinity than KCNQ2 channels[55] (M-current 

TEA affinity is conferred by KCNQ2 channels[55]). However, the strongest evidence for 

an earlier expression of KCNQ2 channels comes from studies using human brain tissue, 

which have shown that KCNQ2 protein expression starts at 22–24 gestational weeks[56], 

whereas KCNQ3 protein levels are not detectable until 29 gestational weeks[56]. Moreover, 

researchers have observed simultaneous expression of KCNQ2 and KCNQ3 from late 

fetal life to infancy, independent of the region[56]. Consistent with the dual expression 

of KCNQ2 and KCNQ3 channels in late embryonic life, Yus-Najera et al (2003)[57] found 

that KCNQ2 co-immunoprecipitates from rat brains with KCNQ3 as early as postnatal day 2 

(P2), suggesting that KCNQ2 and KCNQ3 heteromers may form as early as the first week of 

life in rodents, a time point corresponding to the last trimester in utero in humans.

Whereas data on KCNQ2 and KCNQ3 protein levels and M-currents in early development 

are scarce, there is a wealth of data from large transcriptomic studies. Sestan and colleagues 
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have compiled mRNA data from human brains across development, starting from post

conception day 50 through 10000 days[58]. They report that Kcnq2 and Kcnq3 mRNA is 

expressed early on (day 50; (http://development.psychencode.org/#), and these levels remain 

constant across development in multiple brain regions independent of gender. Similarly, in 
situ hybridization of Kcnq3 from the Allen Brain Atlas has shown that Kcnq3 mRNA levels 

start to increase from embryonic day 15.5 (E15.5) and E18.5 peaking at P4 following a small 

decline to adult levels (https://developingmouse.brain-map.org/). Overall, the current data 

indicate that the expression of KCNQ2 and KCNQ3 channels begins in early development, 

with KCNQ2 channels starting at a slightly earlier time point.

With a few exceptions, the data thus far do not provide any information regarding the 

coexpression of these channels in a single cell type across development. Therefore, we 

assessed a recent study that determined the RNA transcriptome in the mouse dentate 

gyrus of the hippocampus[59]. This region undergoes neurogenesis postnatally, allowing 

exploration of the transcriptome across different cell types and different developmental time 

points. Hochgerner et al. (2018)[59] determined the transcriptome of over 20,000 cells 

across multiple development points in mice (E16.5 to P132), providing a timeline of cell

type development in the dentate gyrus of the hippocampus. Figure 2 shows a visualization 

of the single-cell RNA data from this dataset for Kcnq2 and Kcnq3. One can see that 

the expression pattern of Kcnq2 and Kcnq3 is highly similar to that of both Kcnq2 and 

Kcnq3 co-expressed in mature pyramidal neurons and granule cells. However, some notable 

differences exist. First, a clear differential expression of KCNQ2 and KCNQ3 channels 

occurs in Cajal-Retzius cells (CRs). In particular, Kcnq2, but not Kcnq3, is primarily 

expressed in CRs. If confirmed by FISH and immunohistochemistry, this finding could 

be very important, as CRs play a fundamental role in the development of the cortex, 

acting as the primary source of reelin, a glycoprotein involved in instructing the radial 

migration of projection neurons[60, 61]. Additionally, CRs, and unlike the neocortex, persist 

postnatally in dentate gyrus[60]. Thus, hippocampal CRs might initiate a cascade of events 

that can reshape network excitability across multiple developmental time points. Second, 

as granule cells progress from neuroblasts to immature cells, they express both Kcnq3 and 

Kcnq2 mRNA early on; which might explain the propensity of KCNQ3 to compensate for 

the loss of KCNQ2 in granule cells[46]. Third, in contrast to granule cell development, 

a greater proportion of immature juvenile CA3 pyramidal neurons express Kcnq3 mRNA 

before Kcnq2 mRNA. Interestingly, the application of retigabine, a KCNQ activator[62], 

does not increase the amplitude of the classical M-current in CA3 pyramidal neurons 

from P1 rats[63], unlike its effect on the M-current in juvenile rats that readily express 

KCNQ2/3 heteromers[63]. Carver et al. (2019)[46] also observed this lack of M-current 

potentiation caused by retigabine when they deleted KCNQ2 channels from granule cells. 

As noted above, deletion of Kcnq2 from granule cells leads to the emergence of an M

current produced by either KCNQ3 homomers or KCNQ2/3 heteromers, following a 1:3 

KCNQ2:KCNQ3 ratio. Together, this raises the possibility that immature CA3 pyramidal 

neurons might express a more KCNQ3 enriched M-current. This could be directly tested 

in the future using application of TEA. Fourth, newly formed and mature oligodendrocytes 

primarily express Kcnq3 mRNA, rather than Kcnq2 mRNA. Currently, the role of KCNQ3 

channels has not been explored in relation to oligodendrocyte excitability and myelination.
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Taken together, the current data indicate that different cell types may express very different 

KCNQ2 and KCNQ3 channel compositions as development progresses, the model of 

KCNQ2 first followed by KCNQ2/3 heteromers might not apply to all cell-types. Thus, 

genotype–phenotype relationships viewed simply through the lens of KCNQ2/3 heteromers 

are more likely to reflect adult brains rather than developing cells.

Beyond the forebrain

In our interpretation of the genotype–phenotype relationship through the prism of KCNQ2/3 

heteromers, one caveat is that our current knowledge on KCNQ2 and KCNQ3 mRNA and 

protein colocalization stems from work primarily performed in sympathetic neurons and in 

neurons in the neocortex and hippocampus, with only limited information on subcortical 

regions (see for example [64–66]), spinal cord[67, 68], and the peripheral nervous system 

[45]. In the hippocampus and cortex, KCNQ2 and KCNQ3 colocalization in excitatory 

and inhibitory cells is highly prevalent, with very few exceptions. A notable exception is 

the VIP interneuron GABAergic cell, a cell type that controls the activity of interneuron 

networks[69, 50]. VIP interneurons express KCNQ2 but very limited number of KCNQ3 

channels, as demonstrated at the single cell mRNA (see Allen brain atlas)[70] and protein 

level[50]. Although the majority of cells in the forebrain and thalamus express both KCNQ2 

and KCNQ3 channels[71], this trend may not occur in subcortical regions. For instance, 

a previous immunohistochemistry study using a KCNQ3 antibody found low expression 

of KCNQ3 channels in the brainstem[72]; moreover, the Allen Brain Atlas shows limited 

expression of Kcnq3 mRNA in the brainstem (https://mouse.brain-map.org/), consistent with 

earlier in situ hybridization reports showng weak Kcnq3 expression [54, 71].

In addition to the possibility that regions of the brainstem may not express KCNQ2 and 

KCNQ3 channels equally, a subset of neurons in the peripheral nervous system may 

also exhibit varying expression levels. A recent transcriptome analysis of adult vagal 

sensory ganglia showed that KCNQ2 and KCNQ3 channels are not always found in 

the same cell populations[73]. Most notably, KCNQ3 channels were highly enriched in 

polymodal nodose ganglion cells whereas KCNQ2 was enriched in Piezo2-expressing 

nodose neurons, which are important for sensing pulmonary volume and stretching (https://

ernforsgroup.shinyapps.io/vagalsensoryneurons/). Additionally, a recent report showed that 

KCNQ2 channels are enriched in neurons important for locomotion in the spinal cord[68], a 

finding similar to previous work that found robust expression of KCNQ2 but of KCNQ3 in 

spinal cord neurons[67, 68]. The differential enrichment of KCNQ2 channels over KCNQ3 

channels in the brainstem and some vagus neurons may also contribute to the very different 

symptoms exhibited by patients carrying Kcnq2 and Kcnq3 gain-of-function mutations[7]. 

Recently, studies have identified a gain-of-function variant (KCNQ3R230C or KCNQ3R230H) 

in multiple patients with autism spectrum disorders[9, 3] (https://gene.sfari.org/database/

human-gene/KCNQ3) and sleep-activated multifocal epileptiform discharges[9]. Kcnq3 
gain-of-function mutations lead to constitutively open KCNQ3 channels across a range 

of hyperpolarized membrane potentials[8, 9]. Similarly, Kcnq2 gain-of-function mutations 

lead to constitutively open channels[8]. However, patients with KCNQ2 gain of function 

primarily suffer from severe respiratory problems and heightened startle reflexes, symptoms 
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that start soon after birth[74], supporting the notion that KCNQ2 channels may be expressed 

at much higher levels in the brainstem and spinal cord than KCNQ3 channels.

KCNQ5, the enigmatic neuronal KCNQ channel

KCNQ5 was the last member of the KCNQ family identified[20, 21]. KCNQ5 like KCNQ2 

and KCNQ3, is expressed in the forebrain and in both glutamatergic and gabaergic cells[72, 

75]. Northern blot analysis in the human brain revealed that KCNQ5 is present in several 

regions including the occipital, frontal and temporal lobe of the cerebral cortex, as well as 

the putamen and hippocampus[20]. However, KCNQ5 channels were not found in thalamus 

and were absent in the dentate gyrus region of the hippocampus[21].

KCNQ5 channels can form heteromers with KCNQ3 channels, but not KCNQ2 channels 

when expressed in oocytes[21]. Thus, the current model is that KCNQ5 channels 

might be primarily found as KCNQ3/5 heteromers in the brain. This is based on the 

finding that co-expressing KCNQ5 with KCNQ3 channels increases the KCNQ5 current 

almost four-fold[20, 21]. Although known M-current blockers such as linopiridine poorly 

inhibit KCNQ5 channels[21], they are readily blocked when co-expressed with KCNQ3 

channels[76] raising the possibility that KCNQ3/5 might form M like currents in some 

neurons.

Previous work using knockin mice expressing a dominant negative KCNQ5 channel 

variant has shown that KCNQ5 channels contribute to the medium and calcium-activated 

slow afterhyperpolarization currents in CA3 pyramidal neurons of the hippocampus[72]. 

Additionally, using the same mouse line as in the earlier study, Jentsch and colleagues 

showed that KCNQ5 channels control excitabilty of interneurons and loss of KCNQ5 

containing channel activity alter hippocampal oscillations[75]. Similarly, an earlier report 

using pharmacology suggested that KCNQ5 channels might control the excitability of some 

glutamatergic synaptic terminals[77].

Consistent with the suggested role of KCNQ5 channels in controlling neuronal excitability, 

Lehman et al (2017)[18] reported that loss or gain of function KCNQ5 channels variants 

could lead to epileptic encephalopathy.

Although KCNQ2 and KCNQ5 might not form heteromers when co-expressed in oocytes, 

co-expression of KCNQ5 along with KCNQ3 and KCNQ2 channels in CHO cells might 

lead to the formation of tri-heteromeric KCNQ2/KCNQ3/KCNQ5 channels[78]. However, 

the functional properties of these channels are not known. What is also not known is the 

subcompartment location of KCNQ5 channels. Some studies have suggested that KCNQ5 

channels are expressed in the pre-synaptic glutamatergic terminals[79, 77]; however, this 

has come in question in follow up work done by another group[75]. KCNQ5 is expressed 

in the soma[75] and recent work suggested expression in dendrites and spines[80], but 

no reports of KCNQ5 channel expression in axons or the axon initial segment. We note 

that some earlier work has suggested the presence of M-like currents and KCNQ channels 

in dendrites[81, 82], but whether these dendritic channels include KCNQ5, KCNQ3/5, or 

KCNQ2/3 channels is not known. Imporantly, deletion of KCNQ2 from forebrain excitatory 

neurons also leads to the reduction in KCNQ5 protein levels[43]; raising the possibility 
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KCNQ2 and KCNQ5 or KCNQ2/KCNQ3/KCNQ5 might be together in a complex in some 

neurons.

Considering the high expression of KCNQ2 and KCNQ3 channels in axons[83, 84] and the 

lack of knowledge on whether KCNQ5 channels express in axons, it is currently, unknown 

whether neurons express KCNQ5 as homomers, KCNQ3/5 heteromers or KCNQ2/KCNQ3/

KCNQ5 tri-heteromers. This is an important question to resolve as KCNQ5 incorporation 

to KCNQ2/3 channels might fundamentally change the impact of KCNQ2 and KCNQ3 

pathogenic variants and their pharmacological properties of KCNQ2/3 channels as KCNQ5 

channels have a different pharmacological profie than KCNQ2/3 channels.

Conclusion

The accelerated frequency of KCNQ2 and KCNQ3 pathogenic variant identification over 

the last five years has led to an urgent need to decipher the mechanisms by which KCNQ2 

and KCNQ3 dysfunction lead to neurodevelopmental disorders. The dominant paradigm that 

KCNQ2 and KCNQ3 channels are found as KCNQ2/3 heteromers in neurons has guided 

genotype-phenotype relationships over the last twenty years. Although this has led to an 

improved understanding of KCNQ2 and KCNQ3 channelopathies and development of new 

KCNQ2/3 activators, this framework is based on a limited number of studies focusing on 

very few cell types, brain regions, and developmental time points, primarily adult. As we 

discussed in this review KCNQ2 and KCNQ3 channel composition likely differs during 

development, nervous system region, and from cell type to cell type. Therefore, depending 

on their spatial-temporal expression KCNQ2 and KCNQ3 pathogenic variants would initiate 

unique and differing transcriptional network changes at different brain regions and cell

types. This might result in KCNQ2 and KCNQ3 channel composition remodeling that could 

partially compensate for the loss or gain of KCNQ2/3 channel activity and possibly make 

pharmacological targeting of KCNQ2/3 heteromeric channels inadequate. Future studies 

focusing on understanding the impact of KCNQ2 and KCNQ3 channels across development 

and across the nervous system, central and periphery, are neccessary not only for uncovering 

new biological signatures of KCNQ2 and KCNQ3 pathology but to also develop new 

therapeutic strategies tailored to KCNQ2 and KCNQ3 channelopathy patients. To date, 

the majority of studies have focused on understanding the effect of variants to KCNQ2 

and KCNQ3 channels in heterologous cells and in developing activators for KCNQ2/3 

heteromers. To complement this work, development of new compounds (activators and 

inhibitors) that are selective for KCNQ2 and KCNQ3 channels tested on patient derived 

neurons, organoids, and knockin mouse models may present additional opportunities for new 

therapeutic strategies for KCNQ2 and KCNQ3 channelopathies.
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Fig. 1. 
(A) Example of KCNQ2/3 mediated currents expressed in HEK293T cells at room 

and at near physiological temperature. Notice the slow activation kinetics independent 

of temperature. Bottom panel shows summary of conductance-to-voltage relationship of 

KCNQ2/3 current at room and near physiological temperatures. Independent of temperature 

KCNQ2/3 currents start activating at ~ −60 to −50 mV. The data were fit with a Boltzmann 

equation (unpublished data, Tzingounis).
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Fig. 2. 
Developmetal expression of Kcnq2 and Kcnq3 mRNA in dentate gyrus of the hippocampus. 

Panels show t-distributed stochastic neighbor embedding (t-SNE) plots of dentate gyrus cell 

types across development. Each dot point represents a cell expressing a designated mRNA. 

Panels show the scRNA data for Kcnq2 and Kcnq3 mRNA. The illustration depicts the 

developmental trajectory of the different cell types identified in Dentate gyrus. In particular, 

the t-SNE represents visualisation of 24,185 cells from mice of various ages, perinatal 

(E16.5–P5), juvenile (P18–P23), and adult (P120–P132) mice. Data for this illustration 

obtained from http://linnarssonlab.org/dentate/. See Hochgerner et al (2018) [59] for details. 

GC:granule cells, Pyr:Pyramidal neurons, CRs: Cajal-Retzius cells, OPC:oligodendrocyte 

progenitor cells, NFOL: newly formed oligodenrdocytes, MOL: Mature oligodendrocytes, 

RG: radial glial.
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