

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88966-914-1
DOI 10.3389/978-2-88966-914-1

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





KV7 CHANNELS: STRUCTURE, PHYSIOLOGY AND PHARMACOLOGY

Topic Editors: 

Thomas Andrew Jepps, University of Copenhagen, Denmark

Vincenzo Barrese, University of Naples Federico II, Italy

Francesco Miceli, University of Naples Federico II, Italy

[image: ]

This Research Topic was in partnership with CAP Partner for the International Kv7 Channels Symposium held in Naples, Italy on September 2019.

Citation: Jepps, T. A., Barrese, V., Miceli, F., eds. (2021). Kv7 Channels: Structure, Physiology and Pharmacology. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88966-914-1





Table of Contents




Editorial: Kv7 Channels: Structure, Physiology, and Pharmacology

Thomas A. Jepps, Vincenzo Barrese and Francesco Miceli

The Gβ1 and Gβ3 Subunits Differentially Regulate Rat Vascular Kv7 Channels

Iain A. Greenwood and Jennifer B. Stott

M-Current Suppression, Seizures and Lipid Metabolism: A Potential Link Between Neuronal Kv7 Channel Regulation and Dietary Therapies for Epilepsy

Naoto Hoshi

Gating and Regulation of KCNQ1 and KCNQ1 + KCNE1 Channel Complexes

Yundi Wang, Jodene Eldstrom and David Fedida

Polyunsaturated Fatty Acids as Modulators of KV7 Channels

Johan E. Larsson, Damon J. A. Frampton and Sara I. Liin

Pharmacological Manipulation of KV7 Channels as a New Therapeutic Tool for Multiple Brain Disorders

Fabio A. Vigil, Chase M. Carver and Mark S. Shapiro

KCNQs: Ligand- and Voltage-Gated Potassium Channels

Geoffrey W. Abbott

Kv7 Channels in Lung Diseases

Gema Mondejar-Parreño, Francisco Perez-Vizcaino and Angel Cogolludo

Cyclic AMP-Dependent Regulation of Kv7 Voltage-Gated Potassium Channels

Jennifer van der Horst, Iain A. Greenwood and Thomas A. Jepps

Heteromeric Channels Formed From Alternating Kv7.4 and Kv7.5 α-Subunits Display Biophysical, Regulatory, and Pharmacological Characteristics of Smooth Muscle M-Currents

Lyubov I. Brueggemann, Leanne L. Cribbs and Kenneth L. Byron

A Novel Kv7.3 Variant in the Voltage-Sensing S4 Segment in a Family With Benign Neonatal Epilepsy: Functional Characterization and in vitro Rescue by β-Hydroxybutyrate

Francesco Miceli, Lidia Carotenuto, Vincenzo Barrese, Maria Virginia Soldovieri, Erin L. Heinzen, Arthur M. Mandel, Natalie Lippa, Louise Bier, David B. Goldstein, Edward C. Cooper, Maria Roberta Cilio, Maurizio Taglialatela and Tristan T. Sands

Two KCNQ2 Encephalopathy Variants in the Calmodulin-Binding Helix A Exhibit Dominant-Negative Effects and Altered PIP2 Interaction

Baouyen Tran, Zhi-Gang Ji, Mingxuan Xu, Tammy N. Tsuchida and Edward C. Cooper

Detrusor Smooth Muscle KV7 Channels: Emerging New Regulators of Urinary Bladder Function

John Malysz and Georgi V. Petkov

The Role of Kv7 Channels in Neural Plasticity and Behavior

Brian C. Baculis, Jiaren Zhang and Hee Jung Chung

The Role of Kv7.2 in Neurodevelopment: Insights and Gaps in Our Understanding

Nina Dirkx, Francesco Miceli, Maurizio Taglialatela and Sarah Weckhuysen

KV7 Channel Expression and Function Within Rat Mesenteric Endothelial Cells

Samuel N. Baldwin, Shaun L. Sandow, Gema Mondéjar-Parreño, Jennifer B. Stott and Iain A. Greenwood

The Functional Availability of Arterial Kv7 Channels is Suppressed Considerably by Large-Conductance Calcium-Activated Potassium Channels in 2- to 3-Month Old but Not in 10- to 15-Day Old Rats

Dongyu Ma, Dina Gaynullina, Nadine Schmidt, Mitko Mladenov and Rudolf Schubert

The S2–S3 Loop of Kv7.4 Channels is Essential for Calmodulin Regulation of Channel Activation

Wenhui Zhuang and Zhiqiang Yan












	
	EDITORIAL
published: 16 April 2021
doi: 10.3389/fphys.2021.679317






[image: image2]

Editorial: Kv7 Channels: Structure, Physiology, and Pharmacology

Thomas A. Jepps1*, Vincenzo Barrese2* and Francesco Miceli2*


1Vascular Biology Group, Department of Biomedical Sciences, University of Copenhagen, Copenhagen, Denmark

2Department of Neuroscience, Reproductive Sciences and Dentistry, University of Naples Federico II, Naples, Italy

Edited by:
Christoph Fahlke, Julich-Forschungszentrum, Helmholtz-Verband Deutscher Forschungszentren (HZ), Germany

Reviewed by:
Marcus Schewe, University of Kiel, Germany

*Correspondence: Thomas A. Jepps, tjepps@sund.ku.dk
 Vincenzo Barrese, vincenzo.barrese@unina.it
 Francesco Miceli, frmiceli@unina.it

Specialty section: This article was submitted to Membrane Physiology and Membrane Biophysics, a section of the journal Frontiers in Physiology

Received: 11 March 2021
 Accepted: 25 March 2021
 Published: 16 April 2021

Citation: Jepps TA, Barrese V and Miceli F (2021) Editorial: Kv7 Channels: Structure, Physiology, and Pharmacology. Front. Physiol. 12:679317. doi: 10.3389/fphys.2021.679317



Keywords: Kv7 channels, KCNQ channel, physiology, pharmacology, ion channels


Editorial on the Research Topic
 Kv7 Channels: Structure, Physiology, and Pharmacology



The Kv7 family of voltage-gated potassium (K+) channels consists of five members (Kv7.1-7.5) encoded for by the KCNQ1-5 genes, respectively. Kv7 channels assemble as tetramers of identical or compatible α subunits, with each α subunit consisting of six transmembrane segments (S1–S6) and cytoplasmic N- and C-termini. The transmembrane segments between S1 and S4 form the voltage-sensing domain (VSD), where the S4 segment is crucial for channel gating as it contains positively charged arginines (Rs), each separated by non-polar residues. The S5 and S6 segments and the interconnecting loop participate to the formation of the pore domain (PD). Kv7 channels are characterized by a long intracellular C-terminus, containing domains necessary for tetramerization and involved in binding and transductional activity by critical regulators, such as phosphatidylinositol 4,5-bisphosphate (PIP2), calmodulin (CaM), syntaxin, A-kinase-anchoring proteins and proteinkinase C, and ankyrin-G (Barrese et al., 2018).

Kv7 channels produce currents that are voltage-activated, slowly activating and non-inactivating, which were first recorded in bullfrog sympathetic neurons (Brown and Adams, 1980). At this time, the molecular identity of the channels was unknown, so the K+ current was termed the “M-current,” which derives from the observation that muscarinic acetylcholine receptor agonist, muscarine, inhibited this voltage-sensitive K+ current (Brown and Adams, 1980). The muscarinic acetylcholine receptors are coupled to Gq proteins, and it is now known that activation of other Gq protein-coupled receptors will also inhibit the M-current by depleting the levels of PIP2 in the membrane (Marrion, 1997; Suh and Hille, 2002; Ford et al., 2003; Zhang et al., 2003). Kv7 channels, unlike other Kv channels, are highly sensitive to PIP2, which acts as a cofactor that mediates coupling of the VSD with the PD. Thus, without PIP2, membrane depolarization does not cause pore opening (Delmas and Brown, 2005; Zaydman et al., 2013).

Several years later, Kv7.1 (KCNQ1) expression was first identified in the heart (Barhanin et al., 1996; Sanguinetti et al., 1996), where it is responsible for the slowly activating delayed rectifier K+ current “IKs.” Mutations in KCNQ1 (or its ancillary subunit, KCNE1) cause a large number of hereditary arrhythmias that are manifest as a prolongation of the QT interval in electrocardiograms (LQT1 syndrome: Wang et al., 1996; Herbert et al., 2002). In 1998, KCNQ2 and KCNQ3 (encoding Kv7.2 and Kv7.3 proteins, respectively) were cloned, and mutations in these genes were associated to a form of epilepsy called Benign Familial Neonatal Convulsions (BFNC: Biervert et al., 1998; Charlier et al., 1998; Singh et al., 1998). Wang et al. (1998) demonstrated that the kinetic properties of the Kv7.2/7.3 heteromeric channel resembled closely those of the native M-current, which was also inhibited by muscarine. Later, Kv7.4 (KCNQ4) was identified on the basal membrane of the outer hair cells of the inner ear and auditory nerves, with mutations to the channel associated with autosomal dominant deafness (DFNA2; Kubisch et al., 1999; Kharkovets et al., 2000, 2006; Søgaard et al., 2001). Finally, Kv7.5 (KCNQ5) was identified as a molecular correlate of the M-current by forming heteromultimers with Kv7.3 (Lerche et al., 2000; Schroeder et al., 2000; Shah et al., 2002).

Many cell types throughout the body depend functionally on Kv7 channel expression, with mutations to these channels, or their ancillary subunits, underling multiple diseases. Research interest in these channels continues to grow as their involvement in disease and potential as therapeutic targets becomes more apparent (Figure 1).
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FIGURE 1. Number of publications produced per year containing the terms “M-current,” “KCNQ(X),” or “Kv7(.X).” Data obtained from www.pubmed.ncbi.nlm.nih.gov.


With such a large and continuously growing interest in Kv7 channel research, a special Research Topic in Frontiers in Physiology was created following the International Kv7 Channels Symposium in Naples, Italy, 2019. This Research Topic has collected 17 articles, including seven original research papers, three mini-reviews, and seven full reviews from prominent scientists in the field. The collection of papers in this Research Topic expands the current knowledge on the structure, pathophysiology, and pharmacology of Kv7 channels.


KV7 CHANNEL REGULATION

Kv7 channels are voltage-gated channels and Wang et al. summarize the most recent knowledge on Kv7.1 assembly, kinetics of activation and inactivation, voltage-sensor pore coupling, and regulation by KCNE subunits as well as other signaling molecules. As well as being voltage-dependent, several endogenous small molecules can modulate Kv7 channel activity. The study by Greenwood and Stott builds on previous work showing G-protein βγ subunits are obligatory for Kv7.4 channel activity. In particular, Gβ3 was shown to be necessary for Kv7 activity in rat renal vascular smooth muscle cells. Larsson et al. review the regulation of Kv7 channels by Polyunsaturated Fatty Acids (PUFAs). In particular, PUFAs increase the current and produce a leftward shift in the voltage-dependence through both direct and indirect mechanisms. CaM is often regarded an essential auxiliary subunit of Kv7 channels that modulates function. The work by Zhuang and Yan identifies structural determinants that are necessary for CaM and PIP2 regulation. Their work shows that the third EF hand (EF3) of CaM is required for the calcium-dependent regulation of Kv7.4 activation, and that the S2–S3 loop of Kv7.4 is essential for the regulation mediated by CaM. Tran et al. described two variants of the CaM-binding Helix A of Kv7.2 channels in two patients with developmental and epileptic encephalopathy (DEE). Functional studies revealed that these two variants suppressed channel current density and impaired CaM and PIP2 regulation, a result consistent with the severe DEE phenotype associated with these mutations. Interestingly, the novel Kv7.2/7.3 channel-selective opener, SF0034, rescued current amplitudes of the mutated channels suggesting a potential therapy for KCNQ2 encephalopathy.

Abbott reviews our current perception of Kv7 channels as simply voltage-dependent channels, questioning whether they should be considered ligand-gated channels that are also sensitive to voltage in certain cell types. The review presents our current knowledge on the regulation of Kv7 channels by voltage, KCNE subunits, PIP2, and CaM, as well as neurotransmitters such as GABA and GABA-related endogenous metabolites β-hydroxybutyric acid (BHB) and γ-amino-β-hydroxybutyric acid (GABOB). Van der Horst et al. discuss another voltage-independent regulatory mechanism in their review focusing on the complex regulation of Kv7 channels following cAMP-activation in multiple cell types.



PHARMACOLOGICAL TARGETING OF KV7 CHANNELS IN NEUROLOGICAL DISEASES

Hoshi discusses the molecular mechanisms controlling suppression of the M-current in neurones, the relevance of lipid metabolism as well as the potential therapeutic implications in epilepsy and contribution of these mechanisms to the anti-seizure effect of valproic acid. These findings, along with those highlighted in the Abbott review about the direct binding of BHB to Kv7.3 channels, validate the therapeutic potential of Kv7 channel activation in epilepsy, as also demonstrated by the Miceli study. Miceli et al. describe the first missense loss-of-function (LoF) pathogenic variant within the S4 segment of Kv7.3, identified in three individuals with BFNE. Functional studies revealed that homomeric Kv7.3 M240R channels were not functional, whereas heteromeric channels incorporating wild type Kv7.2, wild type Kv7.3, and Kv7.3 M240R subunits (at cDNA ratio of 1:0.5:0.5, respectively), a stoichiometry reproducing the genetic combination occurring in the affected family members, displayed a depolarizing shift in activation gating. Interestingly, the functional deficit caused by both mutations could be restored partially by the pharmacological activation of Kv7 current. In particular, the application of BHB, a ketone body generated during the ketogenic diet (KD), reversed channel dysfunction induced by the mutation in Kv7.3, thus providing the rationale for the use of KD in patients carrying LoF variants in Kv7.2 or Kv7.3.

Mutations in KCNQ2 and KCNQ3 have more recently been associated with DEE (Weckhuysen et al., 2012). The clinical heterogeneity described in patients carrying mutations in Kv7.2 and Kv7.3 cannot be explained only with the severity of channel dysfunction, as the degree of developmental delay does not completely correlate with the frequency or severity of seizures. The review by Dirkx et al. discusses that Kv7 channels might have a crucial role beyond the control of neuronal firing. In particular, the differential expression and function of Kv7 channels during development might regulate fundamental steps such as differentiation, proliferation, and synaptogenesis that, if altered, profoundly modify brain structure and function. However, the heterogenous phenotype found in many epileptic patients might be explained with the close relationship and reciprocal influence between neuronal excitability, structural alterations, and neuronal plasticity. Baculis et al. review the current knowledge regarding the activity-dependent regulation of Kv7 channels at the synaptic level, and their contribution to intrinsic and synaptic plasticity. Such evidence also provides the molecular basis for the role of Kv7 channels in cognition and behavior, and further interesting insight into the association of KCNQ2 and KCNQ3 variants with developmental disorders and intellectual disability.

Robust evidence generated in the past two decades have convincingly expanded the spectrum of pathophysiological roles of Kv7 channels beyond epilepsy. These data have been the basis for novel therapeutic approaches for the treatment of several neurological diseases. Vigil et al. review the studies investigating the efficacy of Kv7 modulators in stroke, traumatic brain injury, drug addiction and mood disorders, and highlight the pharmacodynamic and pharmacokinetic issues (such as subunit selectivity and brain-specific delivery) that should be addressed to obtain more effective therapeutic treatments for these diseases.



KV7 CHANNELS CAN NO LONGER BE REGARDED AS “CARDIAC” AND “NEURONAL” CHANNELS

Since they were first discovered in neurones and cardiac myocytes, Kv7 channels are often termed the “cardiac” Kv7 channel (Kv7.1) and the “neuronal” Kv7 channels (Kv7.2-7.5). However, Kv7 channels are now recognized to play important physiological roles in many cell types, highlighted by several papers in this Research Topic. Kv7 channels are key determinants of vascular smooth muscle contractility. The study by Brueggemann et al. suggests a Kv7.4:Kv7.5 stoichiometry of 2:2, with alternating Kv7.4 and Kv7.5 α-subunits as the predominating channel in rat mesenteric artery smooth muscle cells. As mentioned previously, the study by Greenwood and Stott investigates the βγ subunit regulation of Kv7 channels in rat renal arteries. Ma et al. investigate the interactive regulation of the Kv7 and large-conductance Ca2+-sensitive K+ (BK) channels in rat arteries, showing that in adult arteries the functional impact of Kv7 channels increases after blocking BK channels. This study also showed aged-related changes in Kv7 channel activity, with blockade of BK channels having no effect on Kv7 channel activity in arteries from young rats. Keeping within the vascular wall, Baldwin et al. provide the first evidence of Kv7.4 and Kv7.5 channels within rat mesenteric endothelial cells and found they were involved in nitric oxide release in these vessels. Kv7 channels are expressed in a variety of non-vascular smooth muscle, and the review by Malysz and Petkov highlights the expression and functional role of Kv7 channels in urinary bladder smooth muscle. Mondejar-Parreño et al. review the impact of Kv7 channels on multiple aspects of pulmonary physiology. In their review, the role of Kv7 channels in several pulmonary diseases is discussed, as well as the therapeutic potential of targeting these channels.



CONCLUSION

This Research Topic underscores the important physiological roles and pharmacological potential of Kv7 channels in multiple tissues. The papers in this Research Topic highlight the complexities of the Kv7 voltage- and ligand-gated potassium channels, and that there is still much to discover about the myriad of cell-dependent physiological roles for these channels.
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Within the vasculature Kv7 channels are key regulators of basal tone and contribute to a variety of receptor mediated vasorelaxants. The Kv7.4 isoform, abundant within the vasculature, is key to these processes and was recently shown to have an obligatory requirement of G-protein βγ subunits for its voltage dependent activity. There is an increasing appreciation that with 5 Gβ subunits and 12 Gγ subunits described in mammalian cells that different Gβxγx combinations can confer selectivity in Gβγ effector stimulation. Therefore, we aimed to characterize the Gβ subunit(s) which basally regulate Kv7.4 channels and native vascular Kv7 channels. In Chinese Hamster Ovary cells overexpressing Kv7.4 and different Gβx subunits only Gβ1, Gβ3, and Gβ5 enhanced Kv7.4 currents, increasing the activation kinetics and negatively shifting the voltage dependence of activation. In isolated rat renal artery myocytes, proximity ligation assay detected an interaction of Kv7.4 with Gβ1 and Gβ3 subunits, but not other isoforms. Morpholino directed knockdown of Gβ1 in rat renal arteries did not alter Kv7 dependent currents but reduced Kv7.4 protein expression. Knockdown of Gβ3 in rat renal arteries resulted in decreased basal K+ currents which were not sensitive to pharmacological inhibition of Kv7 channels. These studies implicate the Gβ1 subunit in the synthesis or stability of Kv7.4 proteins, whilst revealing that the Gβ3 isoform is responsible for the basal activity of Kv7 channels in native rat renal myocytes. These findings demonstrate that different Gβ subunits have important individual roles in ion channel regulation.

Keywords: G protein βγ subunits, Kv7 channels, vascular smooth muscle, G protein signaling, potassium channel


INTRODUCTION

The Kv7 family of voltage gated potassium channels are crucial regulators of membrane excitability (Haick and Byron, 2016; Barrese et al., 2018). Within the vasculature this role extends itself to regulating cell contractility where the activity of these channels subdues the activity of voltage gated calcium channels and thus the entry of Ca2+− the primary contractile stimulus. This has been evidenced in several vessel types where pharmacological blockade of Kv7 channels results in increased contractility of vessels in ex vivo preparations (Chadha et al., 2012; Lee et al., 2015; Stott et al., 2015), and reduced renal blood flow in vivo (Salomonsson et al., 2015). Of the 5 Kv7 isoforms (Kv7.1–Kv7.5), the Kv7.4 channel has been most implicated in the regulation of vascular reactivity – molecular knockdown of this isoform increases vessel contractility whilst decreasing the ability to respond to vasodilators (Chadha et al., 2012, 2014; Stott et al., 2016, 2018), and it is Kv7.4 expression which is reduced in hypertensive animal models (Jepps et al., 2011). Due to their importance in vascular reactivity, uncovering mechanisms which govern native vascular Kv7 channel activity has been of key interest and recently G protein βγ subunits (Gβγ) were shown to be crucial regulators of basal Kv7 channel activity (Stott et al., 2015). These two strongly bound proteins were originally identified as components of heterotrimeric G proteins, which couple to G protein-coupled receptors (GPCR). However, Gβγ subunits were acknowledged to be important signaling mediators with the discovery that muscarinic acetylcholine induced hyperpolarization of cardiomyocytes occurred via Gβγ-mediated activation of the KACh channel (Kir3.1/3.4) (Logothetis et al., 1987). Subsequently it has been shown that Gβγ regulate other ion channels [CaV2 (Herlitze et al., 1996), TRPM3 (Badheka et al., 2017; Dembla et al., 2017; Quallo et al., 2017)] as well as numerous enzymes (e.g., adenylyl cyclase, PI-3 Kinase (Federman et al., 1992; Stephens et al., 1994; Ford et al., 1998).

Proximity ligation assays (PLA) studies with Kv7.4 and Gβ antibodies revealed a high level of channel-Gβγ interaction in unstimulated smooth muscle cells and structurally different inhibitors of Gβγ effector sites (e.g., gallein, M119K, GRK2i) attenuated heterologously expressed Kv7.4 channels and smooth muscle Kv7 currents in the absence of receptor stimulation (Stott et al., 2015). These findings revealed that Kv7.4 is constitutively regulated by an obligatory interaction with Gβγ. However, there are 5 Gβ (1–5) and 12 Gγ (1–5, 7–13) subunits described in mammals, and subunits display specificity in forming dimer pairs with the Gβxγx composition known to alter GPCR behavior and effector coupling (Macrez-Lepretre et al., 1997; Bayewitch et al., 1998a, b; McIntire et al., 2001; Khan et al., 2015). Moreover, there are preferential associations for GPCR-ion channel couplings e.g., Gβγ inhibition of N-type calcium channels after α2-adrenoceptor stimulation is more effective when the receptor is coupled with Gβ1 or Gβ2 (Mahmoud et al., 2012), whilst β1-adrenoceptor coupling to Kir3.2 displays a preference for Gβ5 containing dimers (Robillard et al., 2000). We aimed to determine if a specific Gβ subunit was responsible for the basal regulation of Kv7.4 in native arterial smooth muscle cells and ascertain the effect of the five different Gβ isoforms on heterologously expressed Kv7.4. Our data reveal a striking difference between different Gβ isoforms that impacts on vascular responsiveness.



RESULTS

Stott et al. (2015) showed that intracellular perfusion of heterogeneous Gβγ subunits isolated from bovine brain enhances heterologously expressed Kv7.4 currents, produces a leftward shift in the voltage dependence of activation and reduces the rate of activation of these currents. These findings were replicated in CHO cells transiently transfected with Kv7.4, where intracellular perfusion with 250 ng/ml of Gβγ subunits significantly increased voltage dependent currents compared with control (Figure 1). Gβ1–4 show a high degree of homology, whereas Gβ5 is the most structurally distinct Gβ subunit. To determine the effect of individual Gβ subunits from the structurally similar Gβ1–4 group on Kv7.4 currents, we examined the effect each of these subunits on heterologously expressed Kv7.4 channels. Chinese Hamster Ovary (CHO) cells transfected with both Kv7.4 and Gβ1 or Gβ3 plasmids significantly increased K+ currents compared to cells expressing Kv7.4 and the empty vector [e.g., 12.4 ± 1.6 pA/pF to 27.9 ± 7.7 (Gβ1) and 22.5 ± 4.2 (Gβ3) at 40 mV] (Figure 2). For both Gβ subunits this effect on Kv7.4 was accompanied by a leftward shift in the voltage dependence of activation [from −2.3 mV to −9.1 mV (Gβ1) and −5.9 mV (Gβ3)] (Figure 2D) and an increase in the rate of activation of the currents over a range of voltages [from 576 ± 45.4 ms to 316.7 ± 53.7 ms (Gβ1) and 310 ± 49.2 ms (Gβ3) at 40 mV] (Figure 2E). These effects on kinetics are analogous to the effect of Gβγ subunits isolated from bovine brain on Kv7.4 (Stott et al., 2015). In contrast, neither Gβ2 nor Gβ4 affected heterologously expressed Kv7.4 currents [11.9 ± 3.8 pA/pF (Gβ2) and 14.4 ± 5.7 pA/pF (Gβ4) at 40 mV] (Figures 3A,B). Interestingly, however, the structurally distinct Gβ5 also significantly enhanced Kv7.4 currents (26.3 ± 6.8 pA/pF at 40 mV), produced a leftward shift in the voltage dependence of activation (−8.1 mV) and increased the rate of activation of the currents (319 ± 34 ms) (Figures 3C–F).
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FIGURE 1. Gβγ enhances Kv7.4 currents in CHO expression system. Top panels show representative traces of currents generated in cells expressing Kv7.4 either with the control intracellular solution (left) or with 250 ng/ml Gβγ purified from bovine brain (right). Zero current is indicated by the dashed line. Mean IV relationship of Kv7.4 currents in control (n = 7) or with 250 ng/ml Gβγ (n = 4) is shown in bottom panel. Data was analyzed by Bonferroni post hoc test following a two-way ANOVA. p < 0.01 is denoted (∗∗) and p < 0.005 is denoted (∗∗∗).
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FIGURE 2. Gβ1 and Gβ3 positively modulate Kv7.4 currents. (Ai) Diagram of voltage step protocol used to examine IV relationships. (Aii–iv) Representative traces of currents generated in cells expressing Kv7.4 with an empty vector (EV) (ii), Gβ1 (iii) or Gβ3 (iv). Zero current is indicated by the dashed line and point used for determination of voltage dependence of activation is indicated by the arrow. Mean data is shown in panel (B) (Gβ1, n = 14) and panel (C) (Gβ3, n = 13). (D) Voltage dependence of activation to determine V1/2 of Kv7.4 with EV (−2.4 ± 2.3 mV), Gβ1 (−9.12 ± 3.9 mV), and Gβ3 (−5.9 ± 3.3 mV). (E) Time dependence of activation of Kv7.4 currents when expressed with EV, Gβ1, and Gβ3 from −20 mV to 40 mV. Data was analyzed by Bonferroni post hoc test following a two-way ANOVA. p < 0.05 is denoted (∗), p < 0.01 is denoted (∗∗) and p < 0.005 is denoted (∗∗∗).
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FIGURE 3. Gβ2, Gβ4, and Gβ5 effects on Kv7.4 currents. IV relationships of Kv7.4 currents in empty vector (EV) or when co-transfected with Gβ2 (A, n = 12), Gβ4 (B, n = 10) or Gβ5 (C, n = 12). (D) Representative traces of currents cells expression Kv7.4 + EV (upper panel) or with Gβ5 (lower panel). Zero current is indicated by the dashed line and point used for determination of voltage dependence of activation is indicated by the arrow. (E) Voltage dependence of activation curves to determine V1/2 of Kv7.4 with EV (−2.4 ± 2.3 mV) and Gβ5 (−8.1 ± 3 mV). (F) Time dependence of activation of Kv7.4 currents when expressed with EV or Gβ5 from −20 mV to 40 mV. Data was analyzed by Bonferroni post hoc test following a two-way ANOVA. p < 0.05 is denoted (∗), p < 0.01 is denoted (∗∗), and p < 0.005 is denoted (∗∗∗).


To uncover the Gβx subunit(s) responsible for the basal activity of the native vascular Kv7 channel, we first examined the expression of the three Gβ isoforms which enhanced Kv7.4 currents – Gβ1, 3, and 5. Immunofluorescence performed on isolated rat renal artery myocytes showed strong expression of both Gβ1 and 3 in the cytosolic and sub-membranous regions (Figures 4A,B). Interestingly, expression of Gβ5 was confined to the nucleus of these cells (Figure 4C). To ascertain which subunits interacted with Kv7.4 in rat renal myocytes we further undertook a series of PLA studies. It has been shown that proteins can influence ion channels from distances ≤200 nm (Tajada et al., 2017), and PLA detects protein-protein interactions well within this range at ≤40 nm. PLA was performed in rat renal artery myocytes either in control or after treatment with 50 μmol/L gallein. Gallein disrupts Gβγ interactions and so was used as a pharmacological control in determining positive interactions. PLA punctae detected for the combinations of both Kv7.4-Gβ1 (8.2 ± 0.8 puncta/cell) and Kv7.4-Gβ3 (18.7 ± 2 puncta/cell) which were significantly reduced by gallein treatment [change to 3.8 ± 0.4 (Gβ1) and 8.8 ± 1.8 (Gβ3) puncta/cell] (Figure 5). PLA experiments with Kv7.4-Gβ5 PLA antibody combinations did not detect any gallein sensitive PLA puncta (2.7 ± 0.8 puncta/cell to 2.0 ± 0.4 puncta/cell) (Figure 5). These data reveal an association of Kv7.4 with Gβ1 and Gβ3 in vascular smooth muscle cells.
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FIGURE 4. Immunofluorescence of specific Gβ subunits in rat renal artery myocytes. Representative images showing staining in isolated rat renal artery myocytes of Gβ1 (A), Gβ3 (B), and Gβ5 (C), all in red pseudocolour. Nuclear staining by DAPI is shown in blue pseudocolour, while membrane staining by Wheat Germ Agglutinin (WGA) is shown in green pseudocolour. Scale bar: 10 μm.
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FIGURE 5. Proximity Ligation Assay detection of Kv7.4 interactions with specific Gβ subunits. (A) Representative images of renal artery myocytes investigated for interactions between Kv7.4 and Gβ1, Gβ3 or Gβ5 in control (upper panels) or after treatment with 50 μmol/L gallein (lower panels). (B) Mean data of number of PLA puncta/cell before and after 50 μmol/L gallein treatment for Kv7.4- Gβ1 (i, n = 30–31, N = 5), Kv7.4- Gβ3 (ii, n = 15–33, N = 3–4), and Kv7.4- Gβ1 (iii, n = 11–12, N = 2). “n” = number of cells and “N” = number of animals. Scale bars represent 10 μm. PLA data was analyzed by one-way ANOVA with Bonferroni post hoc analysis where p < 0.005 is denoted (∗∗∗).


In order to assess the role of Gβ1 and Gβ3 on native vascular Kv7 currents, we performed morpholino directed knockdown of each subunit and examined the Kv7 currents by electrophysiology. Control cells produced K+ currents which had a modest sensitivity to the Kv7 channel blocker linopirdine (10 μmol/L) with currents at +40 mV being reduced from 7.2 ± 0.8 pA/pF to 4.2 ± 0.4 pA/pF (Figure 6A). Gβ1 morpholino knockdown cells produced K+ currents of the same magnitude as control (6.41 ± 1 pA/pF at 40 mV), whereas K+ currents in Gβ3 morpholino knockdown cells were significantly reduced (3.8 ± 0.7 pA/pF at 40 mV) (Figure 6B). Kv7 inhibition with 10 μmol/L linopirdine significantly reduced K+ currents in Gβ1 cells (from 6.41 ± 1 pA/pF to 3.2 ± 0.6 pA/pF at 40 mV) (Figure 7A). Immunofluorescence confirmed that Gβ1 morpholino knockdown reduced Gβ1 expression (Figure 7B), and did not affect Gβ3 expression (Figure 7C). However, total Kv7.4 abundance was also reduced in Gβ1 knockdown cells (Figure 7D). In cells treated with Gβ3 morpholino, 10 μmol/L linopirdine had no significant effect on K+ currents (from 3.8 ± 0.7 pA/pF to 2.8 ± 0.4 pA/pF at 40 mV) (Figure 8A). Immunofluorescence confirmed knockdown of Gβ3 (Figure 8B), whilst no effects on Gβ1 or Kv7.4 expression was seen (Figures 8C,D).
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FIGURE 6. K+ currents in renal artery myocytes – effects of linopirdine and β1 or β3 morpholino. (A) Representative images of whole cell K+ currents recorded in rat renal artery myocytes in control (i) or in the presence of 10 μm/L linopirdine (ii), and mean data [iii, n = 17 N = 4 (control), n = 9 N = 4 (linopirdine)]. Zero current is indicated by the dashed line. (B) Representative images of whole cell K+ currents recorded in rat renal artery myocytes after morpholino knockdown of Gβ1 (i) or Gβ3 (ii) and mean data [iii, n = 10 N = 4 (Gβ1), n = 8 N = 4 (Gβ3)]. Zero current is indicated by the dashed line. “n” = number of cells and “N” = number of animals. Data was analyzed by Bonferroni post hoc test following a two-way ANOVA. p < 0.05 is denoted (∗), p < 0.01 is denoted (∗∗), and p < 0.005 is denoted (∗∗∗).
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FIGURE 7. Gβ1 knockdown effects on renal artery myocytes. (A) Mean data of whole cell K+ currents recorded in rat renal artery myocytes in Gβ1 morpholino in control (n = 10, N = 4) or in the presence of 10 μm/L linopirdine (n = 8, N = 4). Mean fluorescence intensity of (B) Gβ1 (n = 20–22, N = 4) (C) Gβ3 (n = 15, N = 3) or (D) Kv7.4 (n = 14, N = 3) in renal artery myocytes in control morpholino or Gβ1 morpholino. “n” = number of cells and “N” = number of animals. Electrophysiology data was analyzed by Bonferroni post hoc test following a two-way ANOVA. IF data was analyzed by one-way ANOVA with Bonferroni post hoc analysis. p < 0.01 is denoted (∗∗) and p < 0.005 is denoted (∗∗∗).
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FIGURE 8. Gβ3 knockdown effects on renal artery myocytes. (A) Mean data of whole cell K+ currents recorded in rat renal artery myocytes in Gβ3 morpholino in control (n = 8, N = 4) or in the presence of 10 μm/L linopirdine (n = 5, N = 4). Mean fluorescence intensity of (B) Gβ3 (n = 20–23, N = 4) (C) Gβ1 (n = 20–21, N = 4) or (D) Kv7.4 (n = 15, N = 3) in renal artery myocytes in control morpholino or Gβ3 morpholino. “n” = number of cells and “N” = number of animals. Electrophysiology data was analyzed by Bonferroni post hoc test following a two-way ANOVA. IF data was analyzed by one-way ANOVA with Bonferroni post hoc analysis. p < 0.01 is denoted (∗∗).




DISCUSSION

Several ion channels have now been shown to be regulated by Gβγ subunits revealing the importance of Gβγ subunit-channel regulation in different physiological processes. However, with the increasing recognition of the importance of individual Gβxγx combinations in conferring selectivity in effector regulation, defining these properties is a new frontier in Gβγ research. This study demonstrates for the first time the importance of individual Gβ subunits on Kv7.4 channel function. We show that Kv7.4 channel activity can be regulated by several Gβ isoforms in a cell expression system (Gβ1, 3, and 5), but that in native vascular myocytes specific roles for different subunits are described. Gβ1 subunits appear to regulate the synthesis or stability of Kv7.4, whereas Gβ3 regulate basal channel activity in rat renal artery myocytes.


Gβγ Specificity

With 5 Gβ (1–5) and 12 Gγ (1–5, 7–13) subtypes expressed in mammals, a growing body of evidence has demonstrated specific functions for different subunits, but it remains an oft overlooked aspect of Gβγ regulation. Gβ subunits are highly homologous and between Gβ1, 2, 3, and 4 there are 79–90% sequence similarities (Khan et al., 2013). Gβ5 is the least homologous and shows 51–52% homology when compared to all other subtypes. However, different subunits clearly exert different regulations and here we show specificity in the Gβ isoforms which can regulate Kv7.4 and native vascular Kv7 channels. Only Gβ1, 3, and 5 mirrored the effect on Kv7.4 currents previously reported for purified Gβγ (i.e., increased current amplitude, leftward shift in voltage dependence of activation and increased rate of activation) (Stott et al., 2015). Gβ2 and 4 were without effect. Of the 3 Gβ isoforms that enhanced Kv7.4 channels, only Gβ1 and 3 interacted with Kv7.4 in a gallein-dependent manner in renal artery myocytes. Moreover, only Gβ3 knockdown impaired native Kv7 channel currents analogous to treatment with gallein reported previously (Stott et al., 2015). It is interesting that although Gβ1 enhanced Kv7.4 currents in an overexpression system, knockdown of Gβ1 had no effect on Kv7 currents in renal artery myocytes even though there is a decrease in Kv7.4 protein in these cells. It is likely that the reduction in Kv7.4 is not severe enough to affect overall current density in the acute knockdown protocol over 48 h that we performed. However, our findings clearly indicate that Gβ1 regulates the expression of Kv7.4 at some level (discussed in detail below). Overall the results from our over-expression and native studies suggest that even though Gβ1 can regulate Kv7.4 currents, in myocytes that role is played by Gβ3 and this could indicate that Gβ3 is the preferential regulator of Kv7.4.

Another consideration is that native Kv7 channels present in rat renal artery myocytes could well be a hetero-tetramer with Kv7.5 subunits (Brueggemann et al., 2014; Chadha et al., 2014), and currents produced by these hetero-tetramers are also enhanced with application of Gβγ isolated from bovine brain (unpublished data). It is unclear if differential regulation by different Gβ seen here for Kv7.4 would also apply to the Kv7.4/7.5 channel although it seems likely. It is also known that vascular Kv7 channels undergo regulation by other molecules e.g., KCNE subunits (Jepps et al., 2015). It is possible that in the native system where such complexities exist, these different factors contribute to the Gβ regulation of the channel. Further studies will investigate how different regulators and channel compositions alter Gβ subunit regulation, but it is clear from our study is that Gβ3 basally regulates the native Kv7 current in renal artery myocytes. This is of interest in the area of the vascular biology of hypertension, where a polymorphism in Gβ3 has been associated with a hypertensive phenotype (Semplicini et al., 2015). This polymorphism produces a truncated version of the Gβ3 protein, but it remains to be seen how this might regulate Kv7.4 or native vascular Kv7 channels. Finally, the role of Gβ5 remains unclear as we did not find this to be associated with Kv7.4 in rat renal artery myocytes, but it is possible that this may be an important regulator of Kv7.4 channels in other cell types.

It is important to note that our study has not investigated the role of Gγ in Kv7.4 channel regulation and this could well be an important determinant as described recently for Kir channels (Tabak et al., 2019). Certainly, in overexpression studies the Gγ natively expressed in these cells could be a determinant in the behavior of the Gβ subunits expressed. Subunits have been shown to exhibit preferences in forming Gβxγx dimers (Pronin and Gautam, 1992; Schmidt et al., 1992; Dupre et al., 2009) whereas Gβ5 is thought to preferentially couple not to Gγ, but to a Regulator of G protein Signaling (RGS7) (Cabrera et al., 1998). There have also been differing reports about the coupling of Gβ3, with some reports showing that it can function without Gγ (Schmidt et al., 1992; Dingus et al., 2005; Poon et al., 2009). This is likely due to differences in experimental methods used, but what is clear is that what can theoretically interact in vitro may not be what actually occurs in situ. Gγ subunits are much more diverse, and some have argued that the diversity in Gβγ signaling is due to the Gγ in the dimer, rather than the Gβ. However our studies are complemented by work in native cells and we clearly show definitive roles for Gβ1 and 3 here and we demonstrate that disabling this subunit affects Kv7 channels. However, further studies will begin to examine the role of Gγ in these processes.



Gβγ in Trafficking

We describe here that knockdown of Gβ1 decreases Kv7.4 abundance in renal artery myocytes. This was an unexpected finding from a control experiment, but displays another different facet of Gβ regulation. As discussed above, the decrease in Kv7.4 was not severe enough to affect Kv7 current density, but it is possible that a longer period of knockdown would give more information on this relationship. Knockout of Gβ1 has been shown to be embryonic or perinatally lethal so this is not possible (Okae and Iwakura, 2010). However, these findings are supported by previous findings where Gβ1 regulate protein expression – knockdown increases Gβ4 expression (Hwang et al., 2005) and also alters Kir expression levels (Zylbergold et al., 2014). As it stands it is impossible to know at what level Gβ1 regulates Kv7.4 expression in myocytes without a much more detailed investigation into Kv7.4 protein synthesis and stability in these cells, but insights from previous work shows us that Gβγ can variously be involved in transcription, translation, trafficking and degradation of proteins and their genes (Khan et al., 2016). Knockdown studies have also demonstrated that Gβ subunits are involved in the expression of Gγ subunits – Gβ1 knockdown results in decreased Gγ5 expression, whilst Gγ2, 5, and 12 were decreased by Gβ2 knockdown (Hwang et al., 2005) – but this may be not be a direct regulatory effect but due to a result of removing the binding partners of these Gγ subunits ceases their production.

These findings underlie how the identity of the Gβ subunit is crucial for different aspects of ion channel regulation. That we demonstrate that two closely related Gβ subunits have two different regulatory capacities for Kv7.4 channels in the vasculature is quite striking, and is important in changing the way we think about Gβγ regulation. This work is significant in the growing move away from viewing Gβγ as homogenous dimer pairs to viewing these subunits as complex, disparate entities with specific regulatory responsibilities within cells.



MATERIALS AND METHODS


Ethical Approval

All experiments were performed in accordance with the United Kingdom Animals (Scientific Procedures) Act 1986.


Cell Culture

Chinese Hamster Ovary (CHO) cells were maintained in Dulbecco’s modified Eagle’s medium – high glucose solution supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin in an incubator with 5% CO2. Cells were split into six well plates for transfection for electrophysiology experiments. Cells were transfected with Kv7.4 and either Gβ1–5 or an empty vector (EV). Plasmids were mixed with Lipofectamine 2000 in Opti-MEM for 20 min before being added to cells. A total of 3 μg of plasmid was transfected in a 1:1 ratio for 24 h. Cells were briefly trypsinised on the day of experiments and plated on 13 mm coverslips in media at room temperature for 30 min and were then stored in the fridge for use within 8 h.



Animals

Male Wistar rats (175–225 g, Charles River United Kingdom) were kept in a 12 h light/dark cycle with free access to food and water. Animals were culled on the day of experiment by Schedule 1 cervical dislocation. Renal arteries (RA) were dissected of adherent fat and connective tissue and stored on ice in a physiological saline solution (PSS) containing (in mmol/L); 4.5 KCl, 120 NaCl, 1.2 MgSO4.7H2O, 1.2 NaH2PO4.2H2O, 25 NaHCO3.5 D-Glucose, and 1.25 CaCl2.



Morpholino Knockdown

To study the role of Gβ1 and Gβ3 in native Kv7 currents, knockdown in RA was performed by transfection with morpholino nucleotides as described in vessels previously (Stott et al., 2018). Gβ1 and Gβ3 morpholino nucleotides and mismatched control nucleotides (5 μmol/L, Genetools) were mixed with Lipofectamine 2000 (Life Technologies, United Kingdom) in Opti-MEM and left at room temperature for 2 h. RA were transfected with this mix in Dulbecco’s modified eagle’s medium F-12 with 1% penicillin/streptomycin at 37°C for 48 h.



Cell Isolation

Freshly dissected renal arteries were used for isolation of individual myocytes for proximity ligation assay, whereas vessels incubated in control or morpholino for 48 h were used for electrophysiology. Vessels were bathed for 10 min in a nominally Ca2+ free solution (in mmol/L: 6 KCl, 120 NaCl, 1.2 MgCl2, 12 D-glucose and 10 HEPES, pH 7.4 with NaOH). Vessels were then incubated at 37°C for 20 (incubated) or 23 (fresh) min in Ca2+ free solution containing in mg/ml: 1.5 collagenase, 0.75 thermolysin, 1 trypsin inhibitor and 1 bovine serum albumin (all Sigma Aldrich, United Kingdom). Vessels were then washed in Ca2+ free solution for 10 min and then triturated to liberate myocytes. The cell solution was plated on 13 mm coverslips in a 24 well plate and supplemented with an equivalent volume of 2.5 mmol/L Ca2+ solution to allow the cells to adhere.



Immunofluorescence

Freshly isolated myocytes from renal arteries from vessels transfected with control or Gβ1 and Gβ3 morpholino were prepared as above. Cells were fixed with 3% PFA on ice for 20 min and stored in PBS at 4°C. Cells were treated with 0.1 mol/L glycine for 5 min and then incubated in blocking solution (PBS containing 0.1% Triton X-100 and 1% bovine serum albumin) for 1 h at RT before being incubated overnight at 4°C with the following primary antibodies: (i) rabbit anti-Kv7.4 antibody (dilution 1:100, Abcam, Cambridge, United Kingdom); (ii) rabbit anti-Gβ1 (dilution 1:100, Genetex, #GTX114442); mouse anti-Gβ3 (dilution 1:100, Abnova #H00002784-MO1) (iii) rabbit anti- Gβ5 (dilution 1:200, Abcam, #ab185206). Samples were then washed with PBS and incubated for 1 h with donkey anti-rabbit or donkey anti-mouse secondary antibodies conjugated to Alexa Fluor 568, respectively (dilution 1:100, Thermo-Fisher, Paisley, United Kingdom). All antibodies were diluted in blocking solution. Subsequently, samples were washed with PBS and mounted using VECTASHIELD Antifade Medium containing DAPI for nuclei counterstaining (Vector Laboratories, Peterborough, United Kingdom). Coverslips were analyzed using a Zeiss LSM 510 Meta argon/krypton laser scanning confocal microscope (Carl Zeiss, Jena, Germany). Corrected total cell fluorescence (CTCF) was calculated using ImageJ software as elsewhere described (Burgess et al., 2010).



Proximity Ligation Assay

Freshly isolated cells were used as described above. 1 mL of solution containing 2.5 mmol/L CaCl2 was added to each well and cells were placed in an incubator (37°C, 5% CO2) for 30 min to equilibrate. Cells then underwent treatment: 50 μmol/L gallein or DMSO control (30 min). Gallein was used as a pharmacological control for identifying positive interactions with Gβx subunits, and only interactions which were sensitive to gallein were considered as true interactions. Coverslips were immediately fixed with 3% PFA on ice for 20 min and stored in PBS at 4°C. For the proximity ligation assay, cells were permeablised with 0.01% Triton X-100 for 5 min. The Duolink in situ PLA detection kit (Sigma-Aldrich, United Kingdom) was used to detect single molecule interactions for Kv7.4 (anti-mouse (N43/6, RRID:AB_2131828, UC Davis/NIH NeuroMab Facility) or anti-rabbit (Abcam, Cambridge, United Kingdom) and G protein β subunits; anti-Gβ1 (rabbit, Genetex, #GTX114442), anti-Gβ2 (rabbit, Cusabio, #CSB-PA009604ESR2HU), anti-Gβ3 (mouse, Abnova #H00002784-MO1), and anti-Gβ5 (rabbit, Abcam, #ab185206). Experiments were performed as per manufacturer’s instructions; primary antibodies were incubated at 1:200 overnight at 4°C. Red fluorescent oligonucleotides produced as the end product of the procedure were visualized using a Zeiss Confocal LSM 510. Images were analyzed using ImageJ software using the particle detector tool. The number of puncta per cell was calculated as the average of two mid sections in each cell.



Electrophysiology

All current recordings were made using Axopatch 200B amplifier (Axon Instruments) at room temperature. Whole –cell electrical signals were generated and digitized at 1 kHz using a Digidata 1322A hosted by a PC running pClamp 9.0 software (Molecular Devices). For recordings cells were placed in an external solution containing (in mmol/L); 140 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, and 10 HEPES. Patch pipettes with a resistance of 4–12 MΩ were filled with a pipette solution containing (in mmol/L); 110 K gluconate, 30 KCl, 0.5 MgCl2, 5 HEPES, and 0.5 EGTA. Cells were held at −60 mV and currents amplitude was monitored by application of a test pulse to 40 mV every 20 s. To generate current-voltage relationships a voltage step protocol was used from a holding potential of −60 mV testing a range of voltages from −70 to 40 mV in 10 mv increments at 15 s intervals.



Reagents

Gβ1 plasmid was kindly gifted by Dr. Kim Jonas. Gβ2–5 were purchased from Addgene (catalog nos. 36113, 36114, 54469, and 54470). Gallein and linopirdine were obtained from Tocris (Bristol, United Kingdom). Gβγ subunits isolated from bovine brain were purchased from Merck Millipore.



Statistics

All values are expressed as mean ± SEM. All statistical analyses and non-linear regression curve fitting were performed with GraphPad Prism 7 software. In experiments which utilize native rat myocytes “n” represents the number of cells analyzed and “N” represents the number of subjects. Analyzes of immunofluorescence data were performed by Student’s t-test, and Proximity Ligation Assay data by one-way ANOVA multiple comparisons test with Bonferroni post hoc analysis. Analyses of electrophysiological data used two-way ANOVA with Bonferroni post hoc analysis. Differences were considered significant at p < 0.05.
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Neuronal Kv7 channel generates a low voltage-activated potassium current known as the M-current. The M-current can be suppressed by various neurotransmitters that activate Gq-coupled receptors. Because the M-current stabilizes membrane potential at the resting membrane potential, its suppression transiently increase neuronal excitability. However, its physiological and pathological roles in vivo is not well understood to date. This review summarizes the molecular mechanism underlying M-current suppression, and why it remained elusive for many years. I also summarize how regulation of neuronal Kv7 channel contributes to anti-seizure action of valproic acid through inhibition of palmitoylation of a Kv7 channel binding protein, and discuss about a potential link with anti-seizure mechanisms of medium chain triglyceride ketogenic diet.
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INTRODUCTION

The M-current is a low voltage-activated potassium current generated by combination of neuronal KCNQ/Kv7 subunits (Kv7.2, 7.3, 7.4, and 7.5; Jentsch, 2000; Delmas and Brown, 2005; Greene and Hoshi, 2017). Since the activation threshold of neuronal Kv7 channels is near the resting membrane potential, activation of this channel strongly antagonizes membrane depolarization, and neuronal firing. Several neurotransmitters and hormones suppress neuronal Kv7 channel activity via Gq-coupled GPCRs, a phenomenon commonly known as M-current suppression, which diminishes its negative regulation, and creates temporal increase in neuronal firings (Delmas and Brown, 2005). Because M-current suppression causes drastic increase in neuronal excitability, M-current suppression has been considered to have a significant impact on central nervous functions. However, because there were no tools to prevent M-current suppression until very recently, physiological and pathological roles of M-current suppression in vivo are not well understood. Since this is a special issue for Kv7 channels covering various aspects, this review will focus on M-current suppression and its contribution to anti-seizure action of valproic acid.



MOLECULAR MECHANISM OF M-CURRENT SUPPRESSION

Despite its clear physiological effects on neuronal excitability, elucidating molecular mechanism underlying M-current suppression took many years. The first proposed candidate was a protein kinase C (PKC)-mediated mechanism, where activation of PKC by phorbol esters can suppress M-current (Higashida and Brown, 1986). It seemed to be a plausible mechanism because Gq-coupled receptors activate phospholipase C (PLC), which then activates PKC. However, follow up studies from several labs showed that PKC inhibitors do not disrupt M-current suppression, which undermined this mechanism (Bosma and Hille, 1989; Shapiro et al., 2000; Stemkowski et al., 2002).

A next proposed mechanism was by intracellular calcium. Treatments that rise intracellular calcium has been shown to suppress the M-current (Yu et al., 1994; Selyanko and Brown, 1996; Cruzblanca et al., 1998). In addition, calmodulin, a calcium sensing protein, was identified as an auxiliary subunit for Kv7 channels (Wen and Levitan, 2002; Yus-Najera et al., 2002). Furthermore, co-expression of the calcium insensitive mutant calmodulin diminished calcium-induced M-current suppression (Gamper and Shapiro, 2003). These studies clearly demonstrate that intracellular calcium can suppress the M-current and mediates M-current suppression induced by some receptors. However, inhibiting calcium responses failed to disrupt M-current suppression induced by m1 muscarinic receptors (Shapiro et al., 2000) or by purinergic ATP receptor (Stemkowski et al., 2002), which suggests that this is not the universal mechanism.

Next candidate mechanism involves phosphatydilinositol-4,5-bisphosphate (PIP2). Phosphoinositides are minor acidic phospholipids with an inositol sugar head (Falkenburger et al., 2010). Depending on the positions and numbers of phosphorylation of the inositol sugar head, phosphoionsitides show distinct physiological functions on various biological processes ranging from endocytosis, cell growth, to membrane protein regulation at various membrane compartments (Suh and Hille, 2008). PIP2 is the lipid substrate for PLC, but it is also an essential co-factor for various transporters and ion channels (Falkenburger et al., 2010). Kv7 channel family is one example of these proteins, and cannot transduce potassium ion without PIP2 binding (Suh and Hille, 2008; Sun and MacKinnon, 2020). Since PIP2 is consumed by PLC upon Gq-coupled receptor activation, depletion of PIP2 can generate M-current suppression (Suh and Hille, 2002; Zhang et al., 2003). In addition, enzymatic increase in PIP2 concentration at the plasma membrane can partially disrupt M-current suppression, which supports the PIP2 depletion hypothesis (Suh et al., 2006). However, this also raises a question: if PIP2 is an essential co-factor for many ion channels and transporters, how can PIP2 regulate M-current without having off-target side effects?

Soon after this discovery, a related but distinct pathway was found involving a scaffold protein, AKAP79/150 (79 human/150 rodent). AKAP79/150 is a scaffold protein that anchors protein kinase A (PKA), PKC, protein phosphatase 2B (PP2B/calcineurin) and calmodulin, and has identified as a Kv7.2 binding protein (Hoshi et al., 2003). AKAP79/150 locates at the inner surface of the plasma membrane through PIP2 binding and attached fatty acid by protein palmitoylation (Dell’Acqua et al., 1998; Wong and Scott, 2004; Keith et al., 2012). It has been shown that activation of muscarinic acetylcholine receptor requires Kv7.2 channel anchored PKC via AKAP79/150 for M-current suppression (Hoshi et al., 2003; Hoshi et al., 2005; Kosenko et al., 2012). The identified pathway is summarized as follows (Figures 1A,B; Kosenko et al., 2012): activation of Gq-coupled receptor activates AKAP79/150 anchored PKC and phosphorylates Kv7.2 subunits. PKC phosphorylates target serine residues of Kv7.2 subunits including one located at the calmodulin binding site. Phosphorylation of the conserved serine residue at the calmodulin binding site interferes with calmodulin binding, which leads to a change in CaM-Kv7 configuration that reduces the affinity of Kv7.2 subunit toward PIP2. Thus, Kv7 channel activity is suppressed. This Kv7.2-AKAP79/150-calmodulin complex also provides a molecular mechanism illustrating calcium-induced M-current suppression. Namely, calcium-bound calmodulin changes CaM-Kv7.2 configuration and reduces affinity of Kv7.2 to PIP2 (Figure 1C; Kosenko and Hoshi, 2013). Together, Kv7.2 channel complex integrates distinct signals to decrease in sensitivity of Kv7 channel toward PIP2, which leads to M-current suppression. This mechanism explains how a ubiquitous cofactor, PIP2, can selectively regulates Kv7 channels.
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FIGURE 1. Summary of Kv7.2 channel protein complex and its changes during M-current suppression, modified from ref (Kosenko et al., 2012). (A) Kv7.2 channel complex at the resting state. (B) Suppressed Kv7.2 channel through AKAP79/150-PKC pathway. Kv7.2 subunit is phosphorylated by AKAP79/150 anchored PKC when Gq-coupled receptors are activated. Phosphorylated Kv7.2 subunits release CaM, which reduces PIP2 binding to Kv7.2 subunit reducing functioning channels. (C) Suppressed Kv7.2 channel through intracellular calcium. Some Gq-coupled receptors suppress M-current via increase in intracellular calcium. Calcium-bound CaM changes configuration of Kv7.2 binding, which reduces PIP2 binding to Kv7.2 subunit.


The Kv7.2-AKAP79/150-PKC protein complex not only provided insights as to how distinct stimuli suppress the M-current, but it also explains why PKC inhibitors could not disrupt M-current suppression in past studies. It revealed that AKAP79/150 binding to PKC protects PKC molecules from commonly used PKC inhibitors (Hoshi et al., 2010). In summary, PIP2 is an important regulator of Kv7 channel activity. Reduction of PIP2 level or sensitivity of Kv7 channel to PIP2 can reversibly induce M-current suppression.



INHIBITION OF S-PALMITOYLATION OF AKAP79/150 CONTRIBUTES TO ANTI-SEIZURE EFFECTS OF VALPROIC ACID THROUGH Kv7.2 CHANNELS

Valproic acid is a branched short chain fatty acid, and is one of the most commonly prescribed anti-epileptic drugs used for many decades (Perucca, 2002). Various mechanisms have been proposed to explain its anti-seizure effects such as enhancement of inactivation of sodium channel, increase in GABA content in the brain, changing fatty acid metabolism, and inhibition of HDAC (Perucca, 2002; Silva et al., 2008). However, the exact mechanism of action is not well understood to date. Recently, multi-day treatment with valproic acid has been shown to disrupt M-current suppression, which contributes to its anti-seizure action in vivo (Kay et al., 2015). In this mechanism, valproic acid inhibits a subset of protein palmitoylation in the brain including AKAP79/150. Because palmitoylation of AKAPa79/150 is required for phosphorylation of Kv7.2 subunit by AKAP79/150-anchored PKC, deficient palmitoylation preserves the M-current from suppressive neurotransmitters during seizures, which prevents aggravation of seizures (Kay et al., 2015; Figure 2A). A follow-up study using Kv7.2 mutant knock-in mice that lack the target PKC acceptor serine, Kv7.2(S559A), showed no further anti-seizure effect of valproic acid treatment (Greene et al., 2018), which confirmed that valproic acid acts on the AKAP79/150-PKC-Kv7.2 pathway. This study also suggests that neuronal Kv7 channel is the major effector for non-acute anti-seizure action of valproic acid treatment.
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FIGURE 2. Summary of events induced by valproic acid treatment on Kv7.2 channel complex. (A) Valproic acid treatment inhibits S-palmitoylation of AKAP79/150. Palmitoylation-deficient AKAP79/150 cannot mediate PKC phosphorylation of Kv7.2 subunit, which preserves M-current during seizures. (B) Summary of S-palmitoylation cycle and a potential action of valproic acid in this process. Valproic acid treatment may deplete free cytosolic CoA and interfere with generation of palmitoyl-CoA. A similar mechanism may be applicable to MCT therapy. See text for detail.




REGULATION OF AKAP79/150 PALMITOYLATION AND FAT METABOLISM IN NEURON

S-Palmitoylation is a posttranslational modification that attaches long-chain fatty acids (C14,16, and 18), predominantly palmitic acid (C16), to cysteine residues through a thioester bond (Linder and Deschenes, 2007). Palmitoylation of proteins facilitates membrane localization at various membrane compartments. For the plasma membrane, protein palmitoylation facilitates its localization at the lipid raft, signaling hot spot (Linder and Deschenes, 2007). S-palmitoylation is characterized by cycles of palmitoylation and de-palmitoylation of the same protein molecules in response to cellular stimuli, which distinct itself from other one-time lipid modifications such as myristoylation (Linder and Deschenes, 2007). S-palmitoylation is mediated by DHHC palmitoyl acyltransferases utilizing long fatty acid-CoA as substrates (Fukata and Fukata, 2010). Among 23 members of DHHC enzymes, DHHC2 has been shown to mediate palmitoylation of AKPA79/150 (Woolfrey et al., 2015). Palmitoylation of AKAP79/150 at dendrites in neurons are regulated by neuronal activities, which correlates well with glutaminergic synaptic strength (Keith et al., 2012). Stimuli that cause long-term potentiation of synapses increase palmitoylation of AKAP79/150, while stimuli that cause long-term depression of synapses enhance de-palmitoylation. These findings suggest that palmitoylation of AKAP79/150 is in a dynamic equilibrium, which requires constant supply of palmitoyl-CoA.

Despite the fact that 60% of brain weight is lipid, neurons have a surprisingly low capacity for lipid metabolism including beta-oxidation in mitochondria or lipid synthesis (Belanger et al., 2011; Schonfeld and Reiser, 2013; Bruce et al., 2017; Romano et al., 2017). In addition, acyl-CoA in neurons is maintain at very low concentration, otherwise leads to neurodegeneration (Ellis et al., 2013). This low capacity of processing lipids in neurons implies that substrates for lipid processes including membrane synthesis or palmitoylation must be supplied directly and promptly from the cerebrospinal fluid or surrounding astrocytes rather than synthesized inside the neurons (Belanger et al., 2011). Increasing evidence suggests that neuron-astrocyte metabolic coupling plays an important role for supplying fatty acids, and removing excess lipid from neurons (Belanger et al., 2011; Ioannou et al., 2019). Therefore, if valproic acid changes substrate supplies such as palmitic acid, it would have drastic effects on neurons, which suggests that the site of action for valproic acid can be metabolically active non-neuronal cells such as astrocytes.



CROSSROAD FOR S-PALMITOYLATION, VALPROIC ACID AND MEDIUM CHAIN FATTY ACIDS

Valproic acid has various pharmacological effects, as mentioned earlier, and conditions that complicate pinning down its mechanism of action. For instance, the optimal therapeutic serum concentration of valproic acid is 300 to 700 μM (Perucca, 2002), which is significantly higher than other therapeutic compounds that function as ligands at a sub-micromolar range. Even though a concentration of valproic acid in the cerebrospinal fluid is 10 ∼ 30% of those in the serum (Loscher and Nau, 1983), valproic acid is most likely not a high-affinity ligand for target proteins. In addition, there are several processes where valproic acid can interfere with palmitoylation without acting as an enzyme inhibitor.

One potential mechanism is interference with coenzyme A (CoA) conjugation with long-chain fatty acids in the cytoplasm. Because valproic acid is a fatty acid, it is conjugated to CoA for processing. It is known that the cytosolic CoA is used for lipid synthesis, membrane trafficking and protein modification, and its concentration in mammalian cells is between 20–140 μM, while mitochondrial CoA, which is involved in energy production, is 2–5 mM (Leonardi et al., 2005). It has been shown that valproic acid can deplete free CoA and interfere with lipid metabolism including beta oxidation (Silva et al., 2008). In addition, in vitro study shows that valproic acid inhibits long fatty acid acyl transferase in brain microsomes by reducing palmitoyl-CoA (Bazinet et al., 2006). Therefore, high occupancy of CoA by valproic acid may interfere with supply of palmitoyl-CoA.

On the other hand, decreasing the palmitoyl-CoA pool in neurons may be achieved by conditions unrelated to valproic acid. Similar scenarios discussed above may be applied to shorter fatty acids that are not suitable as a substrate for palmitoylation. Dietary therapies known as ketogenic diet have been used to treat drug refractory epilepsy. These diets are composed of a high fat diet, reduced carbohydrate intake, and induction of ketosis (Warren et al., 2018). A modern improvement of ketogenic diet was addition of medium chain fatty triglycerides (MCT) in the therapy, which are rich in octanoic acid (C8), and decanoic acid (C10). MCT was originally added to the regimen because they are more ketogenic than long chain triglycerides (Huttenlocher et al., 1971). However, it has been shown that both octanoic acid (Wlaz et al., 2012), and decanoic acid (Chang et al., 2016) have anti-seizure effects without inducing ketosis. In addition, it has been shown that MCT diet can raise serum concentration of octanoic acid to 300 μM and decanoic acid to 100 μM (Haidukewych et al., 1982), which is above concentration of cytosolic CoA and similar to the therapeutic concentration of valproic acid. Furthermore, triheptanoin, a triglyceride contains three heptanoates (C7), also has anti-seizure effects (Borges and Sonnewald, 2012), which generates three heptanoyl-CoA per compound. These pieces of emerging evidence suggest that medium chain fatty acids themselves are anticonvulsants. Various hypotheses are proposed as a mechanism for anti-seizure effects of these medium chain fatty acids ranging from changing energy production, neurotransmitter balance and ion channel activities (Warren et al., 2018). However, I would like to point out that carbon numbers of these anticonvulsant medium chain fatty acids (C7-C10) are outside of the acceptable carbon length of S-acyltransferase (C12-C18) that mediate protein palmitoylation (Rana et al., 2018). If these medium chain fatty acids can dominate cytosolic acyl-CoA pool and reduce palmitoyl-CoA, it would suppress palmitoylation of AKAP79/150 and have a similar outcome achieved by valproic acid. Only difference would be that medium chain fatty acids can be metabolized in various cells other than hepatocytes.

Based on the discussion above, the purpose of the ketogenic diet therapy for anti-epileptic treatment may not be creating a ketosis, but may be producing shorter fatty acids, which changes palmitoylation profiles in neurons. In summary, identification of palmitoylation as a contribution factor for anti-seizure action of valproic acid provides a prototypical mechanism for linking lipid metabolism and anti-seizure action. Further studies are required to determine whether MCT ketogenic therapy induce similar changes in palmitoylation profile of neuronal proteins.
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The IKs channel complex is formed by the co-assembly of Kv7.1 (KCNQ1), a voltage-gated potassium channel, with its β-subunit, KCNE1 and the association of numerous accessory regulatory molecules such as PIP2, calmodulin, and yotiao. As a result, the IKs potassium current shows kinetic and regulatory flexibility, which not only allows IKs to fulfill physiological roles as disparate as cardiac repolarization and the maintenance of endolymph K+ homeostasis, but also to cause significant disease when it malfunctions. Here, we review new areas of understanding in the assembly, kinetics of activation and inactivation, voltage-sensor pore coupling, unitary events and regulation of this important ion channel complex, all of which have been given further impetus by the recent solution of cryo-EM structural representations of KCNQ1 alone and KCNQ1+KCNE3. Recently, the stoichiometric ratio of KCNE1 to KCNQ1 subunits has been confirmed to be variable up to a ratio of 4:4, rather than fixed at 2:4, and we will review the results and new methodologies that support this conclusion. Significant advances have been made in understanding differences between KCNQ1 and IKs gating using voltage clamp fluorimetry and mutational analysis to illuminate voltage sensor activation and inactivation, and the relationship between voltage sensor translation and pore domain opening. We now understand that the KCNQ1 pore can open with different permeabilities and conductance when the voltage sensor is in partially or fully activated positions, and the ability to make robust single channel recordings from IKs channels has also revealed the complicated pore subconductance architecture during these opening steps, during inactivation, and regulation by 1−4 associated KCNE1 subunits. Experiments placing mutations into individual voltage sensors to drastically change voltage dependence or prevent their movement altogether have demonstrated that the activation of KCNQ1 alone and IKs can best be explained using allosteric models of channel gating. Finally, we discuss how the intrinsic gating properties of KCNQ1 and IKs are highly modulated through the impact of intracellular signaling molecules and co-factors such as PIP2, protein kinase A, calmodulin and ATP, all of which modulate IKs current kinetics and contribute to diverse IKs channel complex function.

Keywords: KCNE1, KCNQ1, IKs, activation gating, calmodulin, single channels, PKA


THE WORLD OF KV7.1 AND ITS ACCESSORY SUBUNITS

Potassium ion channels are categorized structurally and functionally into four major classes; calcium-activated, inward rectifying, tandem two-pore domain, and voltage-gated potassium (Kv) channels, and are known to play an essential role in cell signaling in both excitable and non-excitable cells. Within the Kv7 channel family, which belongs to the voltage-gated potassium channels class, the tetrameric voltage-gated KCNQ potassium channel subfamily is comprised of five known isoforms, Kv7.1−7.5 (KCNQ1-5). Recent research has improved our understanding of the gating and regulatory mechanisms of the first isoform, Kv7.1, commonly referred to as KCNQ1, alone and in complex with its regulatory subunit KCNE1. While reviews published about 5 years ago have dealt with these topics in detail, in this review we aim to incorporate recent experiments and new insights that allow us to refine the conceptual framework established by these authors (Zaydman and Cui, 2014; Liin et al., 2015; Nakajo and Kubo, 2015; Cui, 2016).

Expression of KCNQ1 has been detected throughout the body including in the heart, inner ear, pancreas, kidney, colon and intestine, stomach, and thyroid gland (Robbins, 2001; Liin et al., 2015; Nakajo and Kubo, 2015; Cui, 2016). When expressed alone, KCNQ1 produces a fast activating and deactivating current (Figure 1) which undergoes a mostly hidden inactivation, revealed as a hook in the tail current (Sanguinetti et al., 1996; Pusch et al., 1998; Tristani-Firouzi and Sanguinetti, 1998; Hou et al., 2017). The inactivation is quite apparent when KCNQ1 is expressed in mammalian cells (Meisel et al., 2018; Westhoff et al., 2019), but much less apparent when expressed in oocytes (Hou et al., 2017). This fast activating and deactivating KCNQ1 current has a very low conductance (Figure 1B; Yang and Sigworth, 1998; Hou et al., 2017), but has yet to be positively identified with any endogenous current(s) in the body (Abbott, 2014). Unlike other members of the KCNQ channel subfamily, KCNQ1 has been reported to associate with all five single transmembrane domain KCNE β-subunits, KCNE1-5, which modify channel kinetics to a greater or lesser extent (Barhanin et al., 1996; Melman et al., 2002b; Eldstrom and Fedida, 2011). The sometimes dramatic modulation of KCNQ1 kinetics by specific KCNE subunits, and the expression of different KCNE subunits in various tissues to a large degree underlie the diverse physiological roles that KCNQ1 plays throughout the body (Sanguinetti, 2000). KCNE1 co-expression with KCNQ1 increases current expression and greatly slows activation and deactivation kinetics. Both KCNE2 and KCNE3 in combination with KCNQ1 induce constitutively open channels not only across, but also beyond both ends of the physiological voltage range, with KCNE3 producing currents with much larger current amplitudes (Schroeder et al., 2000b). KCNE4 and KCNE5 on the other hand have an inhibitory effect when combined with KCNQ1 and decrease current amplitude under physiological conditions (Schroeder et al., 2000a; Angelo et al., 2002; Grunnet et al., 2002).


[image: image]

FIGURE 1. IKs channel gating depends on the stoichiometric ratio of KCNE1:KCNQ1. Representative single channel (above) and whole cell currents (below) with single channel all-points amplitude histograms of active sweeps (lower right) are shown for EQ (orange), EQQ (blue), EQQQQ (green), and KCNQ1 (black) expressed alone (A–B) or in combination with wild-type KCNE1-GFP (C, all panels). The predicted stoichiometry of KCNE1:KCNQ1 in each case is shown above. Arrows on histograms indicate the peak of the major Gaussian fit. Whole cell protocol: 4 s pulses from –80 mV to between –80 and +100 mV, followed by a repolarizing step to –40 mV for 1 s. Single channel protocol: 4 s pulses from –60 mV (–80 mV for EQQQQ) to +60 mV for 4 s, repolarized to –40 mV for 0.75 s. In A-C, topologies of expected channel Q1 and E1 complexes indicated as large hollow and small filled circles, respectively. (D) V1/2 of activation (n = 3–11; *p < 0.05) as indicated. Mean G-V plots from peak tail currents: KCNQ1 (black), EQQQQ (green), EQQ (blue), and EQ (orange) expressed alone (E) and in the presence of KCNE1 (F; filled symbols). (G) Slope conductance for each construct showing peak open amplitudes in the presence of KCNE1 (4:4 stoichiometry, EQ, EQQ, EQQQQ and KCNQ1 in the presence of KCNE1) and EQQ alone. Conductance not measured for EQQQQ or KCNQ1 alone. All error bars in this and other figures denote mean ± SE. Figure adapted from Murray et al. (2016), Figures 1–3. Reproduced with permission of CC-BY 4.0.


As well as the KCNEs, KCNQ1 is also regulated by several other molecules including PIP2, ATP, calmodulin (CaM) and PKA (Loussouarn et al., 2003; Matavel and Lopes, 2009; Zaydman et al., 2013; Thompson et al., 2017) which in turn further increase the flexibility of current complexes and contribute to their importance throughout body systems. KCNE1 confers significant changes on KCNQ1 tetramer properties via a variable complex stoichiometry, and modulation of biophysical mechanisms underlying voltage gating, such as voltage sensor domain (VSD) activation, pore domain (PD) opening and VSD-PD coupling as well as mechanisms of inactivation. In addition, the roles that other modulator proteins can have at the structural interface between KCNQ1 VSD activation and the time course of PD gating further contributes to the known diversity of IKs behavior. By understanding gating mechanisms both in the presence and absence of KCNE1 we can begin to better understand the physiology of the channel complex and the pathophysiology of the various diseases associated with IKs, and also perhaps eventually develop better therapeutic treatments for patients suffering from consequential arrhythmia syndromes.



KCNE1 MODULATION OF KCNQ1 KINETICS IN HEALTH AND DISEASE

How KCNQ1 and its accessory subunit KCNE1 traffic and assemble to form complexes with unique physiological roles is still a subject of some debate. Overall, two main theories for trafficking and assembly exist, one involves KCNE1 and KCNQ1 trafficking separately, KCNE1 by a vesicular route and KCNQ1 trafficking by an endoplasmic reticulum or sarcoplasmic reticulum route (Poulsen and Klaerke, 2007; Jiang et al., 2017; Kaur et al., 2020). Once at the plasma membrane the two subunits then assemble. In this case, it has also been suggested that KCNE1 can dissociate from KCNQ1 and be replaced by either new KCNE1 or KCNE2, the latter of which has been shown to traffic independently to the cell surface (Jiang et al., 2009). Alternatively, assembly of KCNE1 and KCNQ1 occurs early during biogenesis, perhaps in the endoplasmic reticulum, following which the complex traffics together to the plasma membrane (Krumerman et al., 2004; Chandrasekhar et al., 2006), likely through the endoplasmic reticulum − plasma membrane junction and driven by KCNQ1 (Oliveras et al., 2020).

The impact of KCNE1 co-assembly on KCNQ1 is the most studied and best understood of the accessory subunits. KCNE1 co-expression depolarizes the voltage dependence of activation (G-V) of KCNQ1 by about +50 mV, slows activation 1000-fold, and delays deactivation kinetics (Sanguinetti et al., 1996), as shown in Figure 1. A fully saturated 4:4 octameric complex of KCNE1 and KCNQ1 (EQ in Figure 1A) has the slowest activation kinetics compared with KCNQ1 alone (Figure 1B) and the most positive half-activation potential (G-V V1/2, Figure 1E). KCNE1 increases the macroscopic current by increasing the underlying single-channel conductance and stabilizing the open pore (Werry et al., 2013; Figure 1A, upper panels, note different current scaling), while eliminating the inactivation seen in KCNQ1 channels (Tristani-Firouzi and Sanguinetti, 1998; Hou et al., 2017; Meisel et al., 2018; Figures 1A,B). These pore effects of KCNE1 are accompanied by changes in the Rb+/K+ selectivity (Pusch et al., 2000; Zaydman et al., 2014) and in the pharmacological effects of various drugs (Busch et al., 1997; Abitbol et al., 1999; Yu et al., 2013; Wrobel et al., 2016; Hou et al., 2019; Wang et al., 2020) and fatty acid analogs (Larsson et al., 2018; Liin et al., 2018).

Functionally, the co-assembly of KCNE1 with KCNQ1 reproduces most of the characteristics of the delayed rectifier potassium current, IKs, in the heart, although the occurrence of mutations in the other KCNE subunits (2−5) in clinical cases of LQTS (Eldstrom and Fedida, 2011) and lone atrial fibrillation (Olesen et al., 2014) indicate that the full exposition of IKs likely requires a more complete understanding of the contributions of KCNE subunits other than KCNE1 to the channel complex. IKs together with IKr, the hERG channel, and possible accessory subunits of its own (Abbott et al., 1999) form the main repolarizing currents of the cardiac action potential (Barhanin et al., 1996; Wang et al., 1996; Sanguinetti et al., 1996). Specifically, IKs has been reported to create a “repolarization reserve” at fast heart rates, when channels can open and current summates between beats to generate a large repolarizing current which shortens the action potential and facilitates diastolic filling of the ventricles. As KCNE1 delays activation to such a large degree, the open probability of the channel reaches only about 0.2 after 4 s at room temperature (Werry et al., 2013), which suggests that IKs channels remain 99.6% closed during the normal heartbeat (Ruscic et al., 2013) and limits their major contribution to action potential repolarization to sympathetic activation during times of stress.

Due to the critical role of IKs in heart rhythm regulation, unsurprisingly, many mutations in KCNQ1 and KCNEs have been functionally linked to life-threatening long and short QT syndromes as well as atrial fibrillation (Wang et al., 1996; Chen Y. H. et al., 2003; Moss and Kass, 2005; Olesen et al., 2014; Steffensen et al., 2015; Peng et al., 2017). IKs current has, however, also been reported in the inner ear where it plays an important role in maintaining endolymph K+ homeostasis. The flow of potassium ions into hair cells within the cochlea depolarizes them and results in downstream hearing transduction to the brain. Some homozygous mutations in KCNE1 have been found to cause Jervell and Lange-Nielson syndrome (JLNS), a LQT syndrome with deafness (citealpBR61; Chouabe et al., 1997). Interestingly, other homozygous LQT mutations do not seem to be associated with deafness (Jackson et al., 2014).



STRUCTURAL PROPERTIES OF KCNQ1

The KCNQ1 α subunit like that of nearly all other Kv channel is comprised of six transmembrane segments, S1-S6 (Lee et al., 2009), and together four KCNQ1 monomers co-assemble as a tetramer to form the KCNQ1 channel. Transmembrane helices S1-S4 form the VSD with the S5-S6 helices forming the pore domain (PD) of the channel in a domain-swapped manner that is the VSD of one domain regulates the PD of the adjacent subunit (Long et al., 2005a; Sun and MacKinnon, 2017). The S4 segment of KCNQ1 contains a net total charge of +3 which arises from positively charged arginine residues, and this is unlike other Kv channels which contain two extra gating charges. During gating, salt bridges between a conserved glutamate (E160) in S2, and positive charges in S4 (R228) present at rest, are broken and reformed with R231 and R237 (see below section on Electromechanical Coupling) as the S4 moves outward (Cui, 2016). Aqueous clefts allow extracellular or intracellular accessibility to most of these charges at rest and during channel activation as the gating charges in the S4 segment sense and move in response to changes in transmembrane voltage. The PD on the other hand contains an ion selectivity filter made up of a series of highly conserved amino acids in potassium channels, GYGDXX. In addition to the six transmembrane segments which make up the VSD and PD, the KCNQ1 monomer also contains four intracellular helices. In order to open the pore of the KCNQ1 tetramer, alone, or in complex with KCNE1, the VSD must activate, and this means that upon membrane depolarization the S4 segment moves extracellularly with some degree of rotation to transfer charges across the electric field from the inside to the outside across a charge transfer center (Tao et al., 2010). How the four VSDs within the tetramer act, whether independently, or together to open the channel pore is controversial, but it is generally understood that this translation of the S4 segment is first transferred to the S4-S5 linker. In response to this movement in the linker, the cytoplasmic lower halves of the S6 segment, which normally form a barrier to ion passage, pull apart which leads to pore opening (reviewed in Labro and Snyders, 2012). Potassium ions can then enter the selectivity filter and dehydrate, transiting the filter in coordination with backbone carbonyl oxygen atoms, along what is referred to as a “low resistance pathway” for efficient conduction of potassium ions (Doyle et al., 1998).



CO-ASSEMBLY OF KCNQ1 WITH KCNE1

The subunit assembly ratio of KCNE1 to KCNQ1 has been a matter of debate over the past several years, with some groups reporting a fixed KCNE1:KCNQ1 ratio of 2:4 and others reporting a variable stoichiometry between 1:4 and 4:4 depending on the concentration of KCNE1. In biochemical studies involving subunit counting and also in fluorescence photobleaching, the suggestion is that the stoichiometry is fixed at 2:4 (Chen H. et al., 2003; Morin and Kobertz, 2008; Plant et al., 2014). However, there are also suggestions that the number of KCNE1 subunits bound to KCNQ1 can be variable, based on the fact that the gating of KCNQ1 is dependent on the expression level of KCNE1 (Cui et al., 1994; Wang et al., 1998; Yu et al., 2013), the pharmacological properties (Yu et al., 2013) and other single subunit counting experiments which support a variable stoichiometry of up to 4:4 (Nakajo et al., 2010). Recent experiments using linked constructs of KCNE1 and KCNQ1 which force the stoichiometry of KCNE1 to KCNQ1 from between 1:4 to 4:4 (Figure 1) have definitively established the ability of the two proteins to assemble in different stoichiometries (Nakajo et al., 2010; Murray et al., 2016). Current activation becomes progressively slower as more KCNE1 subunits are added into the KCNQ1 ion channel tetramer compared with KCNQ1 alone (Figure 1A, right to left panels). Changes in macroscopic channel kinetics show the G-V curve of IKs becoming progressively depolarized with more KCNE1 subunits in the IKs complex (Figures 1D,E), and increased single channel conductance and latency to first opening in 4:4 compared with 1:4, 2:4, and 0:4 complexes (Murray et al., 2016; Hou et al., 2017; Figure 1A, upper panels). Co-expression of KCNE1 along with the fixed 2:4 and 1:4 constructs leads to incorporation of the free KCNE1 into spare sites in the channel complex and recapitulation of the whole cell and single channel kinetics, G-V curve and conductance of the 4:4 fully saturated heteromeric channel (Figures 1C–G). The use of targeted unnatural amino acid expression to incorporate different numbers of cross-linkable KCNE1 subunits into IKs complexes and predictably change the UV-induced current decay rate provides further strong support for the variable stoichiometry model of KCNQ1 and KCNE1 assembly (Murray et al., 2016; Westhoff et al., 2017). Interestingly, in support of these conclusions, the recent cryo-EM structure of KCNQ1+KCNE3 was captured in a 4:4 stoichiometry (Sun and MacKinnon, 2020).

Having established the potential for different numbers of KCNE1 forming complexes with KCNQ1 in oocytes and mammalian cell expression systems, the stoichiometry of association is by no means as clear physiologically in different mammals, including humans. The half-activation voltage and deactivation rates for IKs vary between dog, guinea-pig and rabbit (Chinn, 1993; Liu and Antzelevitch, 1995; Lei and Brown, 1996), all mammals used to model human cardiac electrophysiology, which suggests the possibility that different species have different KCNQ1:KCNE1 stoichiometries underlying their IKs. In human myocytes (Bosch et al., 1998; Virag et al., 2001) the kinetics, and in iPSC-CM the drug sensitivity to ML277 suggests an unsaturated ratio of 2:4 KCNE1:KCNQ1 (Yu et al., 2013), although the maturity and uniformity of iPS cells is generally not yet fully understood (Pourrier and Fedida, 2020). As well, different primary sequences for the KCNE1 subunits may contribute to the different physiological expression and kinetics of IKs in different species. An understanding of the stoichiometry of IKs is extremely important, as determining the exact numbers of regulatory subunits impacts the efficacy of pharmacological drugs, which has consequences for the treatment of cardiac arrhythmic disorders associated with mutations in KCNQ1 and KCNE1. Most activators of the IKs channel complex such as stilbenes, ML277, L-364,373 and zinc pyrithione, with the exception of mefenamic acid (Abitbol et al., 1999; Doolan et al., 2002; Magyar et al., 2006; Wang et al., 2020), phenylboronic acid (Mruk and Kobertz, 2009), and some polyunsaturated fatty acids (Larsson et al., 2018; Liin et al., 2018; Bohannon et al., 2020) are reported to have limited efficacy on both partially and fully saturated IKs complexes (Yu et al., 2013). Post-translational modification of KCNQ1 during β-adrenergic stimulation is also stoichiometrically graded with a response to cyclic adenosine monophosphate (cAMP) requiring at least one KCNE1 (Thompson et al., 2018b). A variable stoichiometry model for IKs therefore allows for great flexibility in the modulation of KCNQ1 kinetics and the IKs current.



EVOLUTION OF ACTIVATION MODELS FOR KCNQ1 AND IKs

Mechanistically, our understanding of the gating properties of voltage-dependent potassium channels such as KCNQ1 and IKs originates from analyses carried out on Shaker channels and the squid axon. The Markov state models used to simulate the activation of KCNQ1 and KCNQ1+KCNE1 channels, and to understand VSD involvement in pore opening, originate in the Eyring rate theory models of Eyring et al. (1949); Hodgkin and Huxley (1952). The basic assumptions of their model for the squid axon potassium channel included the idea of four identical and independent gating particles that, if positively charged, would cross the electric field from the interior of the axon to the outside before the channel could open. This led to a five-state sequential gating scheme comprising four closed states and an open state, many key features of which are still relevant almost 70 years later, not least because the cloning of potassium channels has revealed a tetrameric structure of VSDs that fits neatly into the Hodgkin-Huxley model scheme (Jan and Jan, 1989). In voltage-dependent Shaker channels it is generally accepted that, like in the original Hodgkin and Huxley model, the delay seen in Shaker channel activation requires that more than one VSD transition must occur before channel opening, and thus that all four identical VSDs must undergo independent conformational changes when the channel is closed. Unlike the original model, each VSD in the case of Shaker channels is preferred to undergo two independent conformational changes (resting to intermediate to activated) before the VSD becomes activated (Zagotta et al., 1994). Once all four VSDs are activated, the channel undergoes a final or multiple concerted transition(s) (Schoppa and Sigworth, 1998; Ledwell and Aldrich, 1999) from closed to open. This final transition(s) is required because channel opening after the activation delay is slower than predicted from a strict Hodgkin-Huxley model, and this makes the overall activation scheme cooperative as the opening transition depends on the state of all four subunits, which implies interaction between them (Sigworth, 1994; Zagotta et al., 1994; Horrigan et al., 1999).

These concepts from squid axon and Shaker potassium channels were first adapted into KCNQ1 and IKs channels by Silva and Rudy (2005). The activation delay observed suggests that the VSDs of KCNQ1 and IKs, much like those of Shaker, must also undergo at least two transitions during VSD activation, prior to PD opening. As such, both initial KCNQ1 and IKs models assumed a scheme where four VSDs transition independently through two conformational changes prior to full activation, and then undergo a single concerted step to allow PD opening. To simulate slow activation in IKs, the first VSD transition in the KCNQ1 model from resting to intermediate states was slowed. Both the second VSD transition rate as well as the transition between the first and second open state were further modified to be rapid. Together, these modifications ensured that more channels would remain in the resting state for a longer time and slow IKs activation. Experimentally, a delay in KCNQ1 deactivation was also seen, suggesting the presence of multiple open states between the inactivated state and the last closed state for the KCNQ1 gating model. In KCNQ1 and IKs this leads to models with 15 closed states, and different open states, and in the case of KCNQ1 alone, an inactivated state. Five open states were introduced for KCNQ1 alone, and two for IKs to account in part for activation delay and for multi-exponential deactivation kinetics. The Silva and Rudy IKs gating model was later briefly modified in 2013 to account for single channel conductance behaviors seen in IKs (Werry et al., 2013). In this model, four VSDs are postulated to independently undergo the first transition following which a sub-conducting level may be reached after at least one VSD undergoes a second independent transition to a fully activated conformation.



ADVANCED EXPERIMENTAL METHODS GIVE NEW INSIGHT INTO ACTIVATION MODELS

The Silva and Rudy models, like the Hodgkin and Huxley models, are classical in the sense that data from direct interrogation of VSD movement, either gating current measurements, or VCF, and from single channel measurements were not available at the time that the models were developed. In the past decade, however, data from VCF and other techniques has been collected that has improved our understanding of the underlying molecular events during KCNQ1 and IKs activation. Cysteine accessibility was initially used to show that KCNE1 and KCNE3 stabilized VSDs in the resting or active conformations, respectively, via alteration of the voltage sensor equilibrium to favor specific states (Nakajo and Kubo, 2007; Rocheleau and Kobertz, 2008). As a more direct means to follow voltage sensor movement, VCF tracks changes in emission from fluorophores attached to the extracellular end of the S4 segment as its environment changes during voltage sensing (Mannuzzu et al., 1996), and while the signals from different fluorophores can vary, it has generally been shown to give a reliable measure of S4 displacement in a variety of Kv channels (Larsson et al., 1996; Cha and Bezanilla, 1997; Claydon and Fedida, 2007; Horne et al., 2010). Gating currents provide a quantitative measure of net charge displacement during channel activation, and have supported the corresponding VCF studies in KCNQ1 alone (Ruscic et al., 2013; Barro-Soria et al., 2014). Pore dynamics and the existence of subconductance states were inferred some years ago from noise analysis and multi-channel patches (Romey et al., 1997; Sesti and Goldstein, 1998; Yang and Sigworth, 1998), but an accurate measure of IKs conductance and the ratio of KCNQ1 to IKs conductance remained elusive until the single channel kinetics were characterized more recently (Werry et al., 2013; Murray et al., 2016) and the detailed subconductance architecture of IKs channels during activation was revealed in wild-type channels, and in LQTS disease mutants (Eldstrom et al., 2015).



VOLTAGE SENSOR FLUORESCENCE FROM KCNQ1 ALONE

Fluorescence-voltage (F-V) relationships for KCNQ1 and IKs have usually been obtained after removal of extracellular cysteines in the S3 and S6 domains, and the mutation and labeling of G219C in the S3-S4 linker with Alexa Fluor 488 C5-Maleimide (Alexa488) (Osteen et al., 2010; Barro-Soria et al., 2014; Hou et al., 2017; Westhoff et al., 2019). The C214A/G219C/C331A construct shows a V1/2 of ionic current activation that is ∼10 mV hyperpolarized to WT, but otherwise has unchanged current kinetics. Tetramethyl rhodamine (TMR) has also been used as a fluorophore, as have other locations in the S3-S4 loop, K218, and V221. A comparative study showed that these give similar, but not identical F-V relationships, with TMR exhibiting a fluorescence quenching upon depolarization, and the Alexa488 at 221C site giving the most hyperpolarized F-V relationship (Barro-Soria et al., 2014). Examples of Alexa488 fluorescence from KCNQ1 alone are shown in Figure 2A, along with ion currents. There is general consensus that when expressed without KCNE1 the fluorescence waveforms and the fluorescence-voltage relationship (F-V, representing VSD movement) of KCNQ1 overlap quite well with the time course of current activation and better with the G-V (representing pore opening) curves, respectively (Figure 2C, black symbols) (Osteen et al., 2010; Nakajo and Kubo, 2014). This overlap suggests that each VSD movement contributes in a 1:1 ratio to channel conductance (Osteen et al., 2010). In support of this conclusion that KCNQ1 channels can open when only a single VSD is activated, using the mutant I268A KCNQ1 channel, Ma et al. reported a larger than expected voltage-independent constitutive current in resting channels, which was explained by the authors as spontaneous transitions between closed and open states of the channel in the absence of any VSD movement (Ma et al., 2011). Similarly, in the mutant L353K KCNQ1 channel which locks the PD open − thus also creating a constitutive current − the VSDs are still capable of visiting a fully resting conformation (Zaydman et al., 2014). In other words, much like the mutant I268A KCNQ1 channel, the mutant L353K channel suggested that PD opening is possible with less than four, and perhaps zero activated VSDs.
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FIGURE 2. Voltage sensor movement (F-V) and pore opening (G-V) of KCNQ1 in the absence and presence of KCNE1. Fluorescence (left) and current recordings (right) are shown for G219C-KCNQ1 in the absence (G219C Q) (A) and presence of KCNE1 (G219C Q + E1) (B). Expected channel Q1 and E1 complex topologies shown as large and small filled circles, respectively. A three-step protocol was used for current and fluorescence: 4 s pre-pulses to –140 mV (not shown), followed by 5 s steps to potentials between +80 and –180 mV, with a final repolarization step to –40 mV for 1 s. (C) Mean G–V and F–V plots obtained in the absence (G219C Q F-V: black circles; G219C Q G-V: black triangles) and presence of KCNE1 (G219C Q + E1 F-V: red circles; G219C Q + E1 G-V: red triangles). The G219C Q + E1 F-V was fit with a double Boltzmann function to obtain F1 and F2 components. Other F-V and G-V curves were fit with a single Boltzmann function. Fluorescence and current data were replotted from Westhoff et al. (2019), Figure 8 with permission.


Based on these experiments, a 15-state allosteric Markov gating scheme which allows PD opening and channel subconductance states even before the activation of a single VSD, was put forward to explain KCNQ1 gating (Osteen et al., 2010). No distinction was made between a model where all four VSDs moved in concert to allow PD opening, and one where VSDs moved independently, and the PD transitioned to the fully open state through subconductance levels. Although this model predicted PD opening when only one VSD was activated, and simulated experimental data well, the presence of a second voltage sensor step was not directly addressed, rather the model suggested that a second subunit movement occurred that represented pore opening to larger sublevels with each voltage sensor activated. The presence of two VSD steps during KCNQ1 channel activation as suggested in Shaker and IKs (Zagotta et al., 1994; Silva and Rudy, 2005) was addressed in subsequent experiments. Two fluorescence components were observed for KCNQ1 alone and interpreted to mean that the VSDs each underwent two transitions during activation as originally suggested by Silva and Rudy and analyzed in more detail in mutational studies (Wu et al., 2010; Nakajo and Kubo, 2014; Zaydman et al., 2014). Constitutive currents through both a pair of charge-reversing mutations that arrested the VSDs in either intermediate E160R/R231E (E1R/R2E) or activated E160R/R237E (E1R/R4E) states, showed that channel opening could occur when zero to four VSDs were in either intermediate or activated states. Combined with the concept that the channel can also open when all four VSDs are in the ground resting state, a 30-state allosteric model was proposed, where the VSD could either be in resting, intermediate or activated states and the PD could either be closed or open. Allosteric coupling between the voltage sensor and PD was also further decomposed in this model to its elementary components, “k” which represents PD opening and VSD activation and, “θ” which represents VSD-PD coupling.



KCNQ1 VOLTAGE SENSOR FLUORESCENCE IN THE PRESENCE OF KCNE1

There is a clear consensus that independent voltage sensor movement is allosterically coupled to PD opening in KCNQ1 channels expressed alone. When KCNQ1 is co-expressed with KCNE1, understanding activation has proven more complex. What is generally accepted in all studies is that KCNE1 dramatically increases the voltage separation between the voltage sensor fluorescence F-V and the G-V, and the fluorescence signal itself is clearly divided into two activating components, F1 and F2 (Osteen et al., 2010, 2012; Barro-Soria et al., 2014; Nakajo and Kubo, 2014; Zaydman et al., 2014; Westhoff et al., 2019). The V1/2 of the F1 component, which comprises about 2/3 of the fluorescence signal, is hyperpolarized to close to −100 mV in the presence of KCNE1, while the V1/2 of the F2 component is at ∼+20 mV, close the V1/2 of the G-V which is depolarized 40−50 mV in the presence of KCNE1 (Figures 2B,C). Gating charge movement shows a similar hyperpolarization when KCNQ1 is co-expressed with KCNE1, overlaying the voltage dependence of F1 and confirming that the hyperpolarized F1-V represents S4 displacement (Barro-Soria et al., 2014). It has not yet been possible to resolve gating currents that correlate with the F2 movement, and this is attributed to the slow time course of F2-dependent charge movement. However, external MTSET modification of cysteine residues placed near the top of S4 show two-step modification with depolarizations to 0 mV or above, and thus support the idea of two VSD movements during IKs activation (Barro-Soria et al., 2014). The position of the F1-V at much more negative potentials than the G-V suggests independent movement of VSDs to an intermediate state from which they do not open in the presence of KCNE1 (Zaydman et al., 2014). The voltage dependence of the second voltage sensor fluorescence component, F2, is aligned with the G-V and thus more closely associated with the activated state of the voltage sensor and pore opening.

As well as the steady-state changes, KCNE1 imposes a discordance between the time course of current and fluorescence signals, which together with the F-V to G-V separation, implies that KCNE1 induces a requirement for movement of multiple voltage sensors before channel opening (Osteen et al., 2010; Barro-Soria et al., 2014). A similar sequential gating scheme to that proposed by Silva and Rudy requiring all four VSDs to be activated prior to PD opening, with a single open state was favored. The overlap of the F2 component of the F-V curve with the G-V suggested that a concerted activation step involving all four VSDs from the intermediate to activated state occurred, after which the channel opened. In other words, the F2 component represented PD opening. This is similar to cooperative gating schemes described for Shaker channels, and early IKs models (Silva and Rudy, 2005) which also invoked a concerted VSD step prior to channel opening. Other groups have explained the presence of F1 and F2 components in the F-V and the wide separation of the F1-V and the G-V in KCNQ1+KCNE1 with a model that not only includes two state transitions for the VSDs, but also assumes independent VSD movement (Zaydman et al., 2014). Although constitutive currents are seen in the KCNQ1 charge reversal (E1R/R2E and E1R/R4E) mutants (which arrested VSDs in the intermediate and activated states, respectively), when these mutants are co-expressed with KCNE1, the E1R/R2E IKs currents are eliminated whereas the E1R/R4E IKs currents increase 10-fold. The absence of E1R/R2E IKs currents suggest that in the presence of KCNE1, the PD cannot open when VSDs are in the intermediate state but can open when 0−4 VSDs are in the activated state. Thus, the second fluorescence step is equated with VSD transitions and not PD opening. From these experiments intermediate-open (IO) states were omitted from the 30-state KCNQ1 model, to generate a model for IKs where at least one VSD must be activated for the PD to open regardless of the state of the other VSDs (Zaydman et al., 2014).



VSD MUTANTS PROVE USEFUL

Several groups have directly addressed the question of a requirement for all voltage sensors to move for the PD to open by using voltage sensor mutations to change the voltage-dependence of VSD movement, or prevent it altogether. R231W and L353K stabilize the channel in the open state and R243W stabilizes the channel in the closed state in the presence of KCNE1, and when mutant KCNQ1 subunits in KCNQ1 concatenated tetramers were co-expressed with KCNE1, a linear relationship between the shift in the voltage dependence of activation and the number of mutated subunits was observed (Meisel et al., 2012). This suggested that each subunit contributed incrementally to channel gating, and that much like KCNQ1 alone, the KCNQ1/KCNE1 channel complex could open when 0−4 VSDs were activated. Mutant cycle analysis of these constructs revealed very low values of inter-subunit free energy coupling values, which is more consistent with weak allosteric gating transitions than conformational changes comprising large and cooperative quaternary rearrangements, and supports the conclusion that a concerted cooperative activation step is not required. Consistent with the results from the R243W mutant in KCNQ1, macroscopic IKs currents were also seen in the depolarizing KCNE1 mutant, F57W, in one, two or four KCNE1 subunits concatenated with KCNQ1 subunits, and the voltage-dependence of activation was progressively depolarized as the number of F57W subunits in IKs complexes was increased. As well, decreased conductance levels were seen in both whole cell and single channel recordings with increasing numbers of mutated subunits (Westhoff et al., 2019), rather like that seen when R243W was expressed in three of four subunits (Meisel et al., 2012).

A more extreme mutation is E160R, thought to prevent S4 translation altogether, rather than just shift the voltage dependence to very positive potentials (Zaydman et al., 2014). Recent experiments have conclusively established that VSDs containing this mutation are essentially held in a ground resting state by the electrostatic repulsion between E160R and R228 (Figure 3A; Westhoff et al., 2019): G229C residues which are buried at rest and can normally be modified by extracellular MTS reagents in wild-type subunits upon activation, cannot be labeled and so remain buried in E160R VSDs despite large depolarizations; G219C residues in E160R VSDs cannot be labeled upon depolarization by Alexa488 or do not undergo environmental change during applied depolarizations and so no change in fluorescence is detected; and E160R-containing subunits are correctly assembled into tetrameric channels as shown by introduced TEA sensitivity. Consistent with the R234W and F57W experiments, after introducing the E160R mutant in one or two, but not four concatenated KCNQ1 subunits, subjectively normal macroscopic IKs currents are observed (Figure 3B), although activation kinetics are changed as the G-V V1/2 is depolarized and the slope is decreased (Figures 3C,D). Similarly, in the presence of KCNE1, the E160R mutation in 1−3 subunits gives whole cell currents with depolarized V1/2s of activation, decreased activation delays (Figures 3E,F) and decreased conductance levels in both whole cell and single channel recordings as more E160R subunits are incorporated into tetramers (Westhoff et al., 2019). Taken together, these results all suggest that a final cooperative concerted voltage sensor transition is not required during the activation process for either KCNQ1 channels (Osteen et al., 2010; Westhoff et al., 2019) or complexes of KCNQ1 and KCNE1 (Meisel et al., 2012; Zaydman et al., 2014; Westhoff et al., 2019). The channel PD can open at rest, when a single voltage sensor reaches an intermediate activated state in KCNQ1 channels, and when it reaches the fully activated state in KCNQ1+KCNE1 channels. However, there are penalties incurred when less than four VSDs activate and these include a greater energy barrier to opening as suggested by the progressive depolarizing displacement of the V1/2 of the G-V, and reduction in the single channel conductance (Meisel et al., 2012; Westhoff et al., 2019).
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FIGURE 3. Functional currents from KCNQ1 and KCNQ1 + KCNE1 channel complexes with one, two or three E160R mutations (A) Cartoons representing possible charge interactions between WT S2 and S4 TMDs during activation and deactivation (left) and E160R mutants when VSD movement is impeded by charge repulsion (right). Channel topology configurations of WT Q1 (black) and E160R mutant (red) subunits, with E1 (gray) are shown adjacent to current traces (B,E). Black lines represent tethers between subunits. Currents were obtained using the same protocol as in Figures 1B–D. In the absence of KCNE1. Currents (B), mean G-V (C), and summary V1/2 of activation (D) for KCNQ1 complexes containing zero (WT QQQQ: purple triangles; WT QQ: green diamonds), one (E160R Q*QQQ; purple circles) or two (E160R Q*Q; green circles) E160R mutant subunits (n = 3–4; *p < 0.05). (E–G) In the presence of KCNE1. Currents (E), mean G-V (F) V1/2 of activation (G) for Q1 + E1 complexes containing zero (WT QQQQ; purple triangles), one (E160R Q*QQQ; purple circles), two (E160R Q*Q; green circles) or three (E160R EQ*QQ*Q*; blue circles) E160R subunits (n = 5–8; ∗p < 0.05). (E, Inset) Expanded view of G-V plots between –50 and +20 mV (∗p < 0.05). Figure adapted from Westhoff et al. (2019), Figures 1, 3.




A CONSENSUS BETWEEN ALLOSTERIC MODELS OF KCNQ1 AND IKs ACTIVATION GATING

A number of different non-cooperative allosteric models have been proposed for the activation gating and PD opening of KCNQ1 and KCNQ1+KCNE1 channel complexes. As noted earlier, models of only KCNQ1 (Osteen et al., 2010) and KCNQ1±KCNE1 (Zaydman et al., 2014; Westhoff et al., 2019) support the activation of single independent VSDs with allosteric coupling to opening of the PD (see below). These are analogous to activation gating models proposed for the related BK and HCN channels which suggest that with each successive VSD activation, the probability of PD opening increases multiplied by an allosteric factor “L” raised to the power of the number of activated subunits (Horrigan et al., 1999; Altomare et al., 2001; Flynn and Zagotta, 2018). In support of these non-concerted models, machine learning methodology applied to atomistic modeling of IKs is able to simulate most aspects of activation gating, including two-step voltage sensor displacement, I-V relationships and subconductance states – in this case determined by the pore energy profile (Ramasubramanian and Rudy, 2018). Modeling also demonstrates that restraining the movement of one, two and three VSDs, does not affect the ability of channels to conduct current in the manner demonstrated experimentally (Meisel et al., 2012; Westhoff et al., 2019), which supports non-concerted coupling between VSDs and the PD. In these simulations KCNQ1/KCNE1 was found to open to prominent subconductance levels. Subconductance was least when KCNQ1 lacked KCNE1 accessory subunits, and the addition of KCNE1 allowed access to progressively larger subconductance states, which effectively reproduced experimental recordings of IKs single channels from fixed channel complexes of differing numbers of KCNE1 subunits (Figure 1; Murray et al., 2016).



VOLTAGE SENSOR DOMAIN – PORE DOMAIN (VSD−PD) COUPLING

This topic has been well reviewed previously and we would encourage readers to consult representative reviews for a broader, more detailed historical coverage (Blunck and Batulan, 2012; Vardanyan and Pongs, 2012; Barros et al., 2019). Here, we will update VSD-PD coupling focused on KCNQ1, considering newer data, particularly from fluorescence (Zaydman et al., 2013; Barro-Soria et al., 2017; Hou et al., 2017, 2019, 2020), single channel recordings (Werry et al., 2013; Hou et al., 2017; Thompson et al., 2017; Westhoff et al., 2019) and recently published cryo-EM structures of KCNQ1 (Sun and MacKinnon, 2017, 2020).



ELECTROMECHANICAL COUPLING

The process of linking the movement of the VSD to pore opening is termed electromechanical coupling. In domain-swapped Kv channels this is accomplished through the S4-S5 linker (S4-S5L) and specific interactions with the C-terminal domain of S6 (Figure 4). Coupling of the VSD and PD can be disrupted by specific mutations or interventions in both of these regions in KCNQ1 and IKs (Choveau et al., 2011; Labro et al., 2011; Ma et al., 2011), and indeed residues in these two locations appear to co-evolve with one another in Kv channels (Lee et al., 2009). Our understanding of how these disparate portions of the channel work together to effect channel opening upon depolarization was greatly facilitated by the publication of the first crystal structure of a domain swapped Kv channel by the MacKinnon lab in Long et al. (2005b). The structure showed the helical S4-S5 linker sitting on a splayed C-terminal portion of the S6 domain. The diameter of the inner vestibule indicates that this is an open conformation of the PD, and as there are no closed-state structures of Kv channels, many studies have hypothesized ways in which S4-S5L can open the closed pore, playing the role of lever or bolt (Blunck and Batulan, 2012; Chowdhury and Chanda, 2012; Barros et al., 2019). In the first case the S4 must drag on the S4-S5L, which sits as a cuff at the helical bundle formed by the four S6 domains crossing one another, and cause the S5 domains to pull the S6 domains apart. In the second case the S4-S5L is theorized to act like a bolt to hold the S6 domains together to constrict the PD, akin to the ligand/receptor model (Choveau et al., 2012), where the removal of the bolt or ligand (S4-S5L) allows the S6 domain to passively open. The mechanism utilized depends on the intrinsic property of the pore, whether it is more stable in the closed state (Shaker, Kv1.2) or more stable in the open state (KCNQ1, HCN2) reviewed in Chowdhury and Chanda (2012), Vardanyan and Pongs (2012). A significant number of VSD and PD mutations give rise to a constitutive component of KCNQ1 current and form part of the evidence that places it in the latter group. In addition, KCNQ1 lacks the glycine hinge and the PVP motif in the bundle crossing (Seebohm et al., 2006; Labro and Snyders, 2012) found in several other Kv channel S6 domains which creates a kink in the helix to make up the narrowest region of intrinsically stable closed pores (Blunck and Batulan, 2012).
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FIGURE 4. S4-S5L interactions of the PIP2 bound hKCNQ1/KCNE3/CaM structure. Each of three subunits of the tetramer is shown in a different color. The S4-S5L of the yellow subunit is shown in magenta for emphasis. Side chains of residues of the S4-S5L and residues within 4Å of these are shown, in addition to E160, R237 and Q234 in the yellow subunit to emphasize the activated state of the VSD. Only some of the more visible side chains are labeled but all residues appearing to interact with the linker include: R116, R174, I198, L239, H240, V241, Q260, E261, L262, and I263 (yellow subunit); E261, Y267, I268, and L271 (green subunit); none (cyan subunit); L75 and Y79 (KCNE3); PIP2. CaM and most of the intracellular portions (illustrated in inset to right), as well as the VSD of the cyan subunit, a third entire subunit and all but one KCNE3 (dark blue) have been removed for clarity. Image made from pdb 6V01 (Sun and MacKinnon, 2020) using PyMOL software (The PyMOL Molecular Graphics System, Version 2.2.3 Schrödinger, LLC).




BEYOND THE MECHANICS, PIP2 IS ESSENTIAL FOR VSD-PD COUPLING

On top of the fundamental mechanical steps, the process of KCNQ1 channel opening is highly regulated. PIP2 depletion is known to decrease IKs channel currents (Loussouarn et al., 2003; Zhang et al., 2003; Park et al., 2005) but this depletion does not prevent S4 movement, as robust fluorescence recordings are still possible (Zaydman et al., 2013; Barro-Soria et al., 2017) and so it was concluded that the loss of PIP2 was uncoupling VSD movement from opening of the pore. Molecular dynamics simulation and other experimental results have mapped the binding site of PIP2 to residues in the S2-S3 and S4-S5L and the cytoplasmic end of the S6, placing PIP2 in a location in which it can interact with both the VSD and PD and thus affect VSD-PD coupling (Thomas et al., 2011; Zaydman et al., 2013; Eckey et al., 2014). In support of these data and conclusions, a cryo-EM structure with PIP2 bound (Figure 4) shows where the lipid is located near positive charges in the N-terminal domain (R116) and S2-S3L (R181, K183, R195, and K197) but also L239 in S4, Q244, W248 and R249 in the S4-S5L as well as K87 of KCNE3.

Mutations that prevent pore closure, and show instantaneous currents during step potential changes are either insensitive to PIP2 depletion (e.g., KCNQ1-L353K; Zaydman et al., 2013) or lose their voltage-dependent component (KCNQ1-I268A; Barro-Soria et al., 2017). An activated pore does appear to reduce some of the energy required to move the voltage sensor as long as coupling is intact. Not having to open the pore in the case of the uncoupled mutant V254M (middle of the S4-S5L, Figure 4) also appears to shift the F-V to slightly more negative potentials, though this was not the case with other uncoupled mutants closer to the PD (Hou et al., 2020).

Molecular dynamic simulations and an NMR structure have shown that KCNE1 sits in the lipid-filled cleft between two adjacent VSDs and the PD, probably not particularly dissimilar to where KCNE3 is found in cryo-EM structures (Figures 4, 5; Sun and MacKinnon, 2020), and based on this positioning is well placed to affect VSD-PD coupling. Consistent with this, mutations in the S4-S5L of KCNQ1 alone such as L251A, V255W, H258A and T247A, have produced similar changes to the activation waveform and G-V as those seen when KCNE1 is present in the complex (Labro et al., 2011). In the presence of KCNE1, the channel complex has also been shown to become more sensitive to PIP2 as a significantly lower concentration of exogenous PIP2 was required to prevent rundown upon excision of membrane patches.
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FIGURE 5. In the PIP2 bound state the KCNQ1 S4-S5L appears to have pivoted out and S6 has expanded into the space vacated. View is from below. Each of three subunits of the tetramer is shown in a different color. The S4-S5L of the yellow subunit is shown in magenta for emphasis. The PIP2-free structure of hKCNQ1/CaM/KCNE3 is on top (6V00) and the PIP2-bound structure is on the bottom (6V01). The asterisks indicate the location of the inner vestibule. Most of the intracellular portions and transmembrane regions of the other subunits have been removed for clarity. Inset: overlay of just the linker and the covalently linked S6 subunit, in PIP2 bound and unbound states highlighting changes related to PD opening. Arrow points in direction of expansion. Image made from pdbs 6V01 and 6V00 (Sun and MacKinnon, 2020) using PyMOL software (The PyMOL Molecular Graphics System, Version 2.2.3 Schrödinger, LLC).


In the last few years the published Cryo-EM structures of KCNQ1 (Sun and MacKinnon, 2017, 2020) have proven very useful in the interpretation of functional data. To date, all the published structures have activated VSDs (E160 is interacting with Q234 and R237, Figure 4) with the PD either uncoupled from the VSD due to a lack of PIP2, or a PIP2- containing structure in which the intracellular gate is open or opening but the filter is too narrow to coordinate a dehydrated potassium ion (Sun and MacKinnon, 2020). Whether there are more steps in the activation pathway that have not been transmitted to the selectivity filter or whether this is a feature of the KCNQ1 pore is at present unknown. The structure of human KCNQ1 with calmodulin (CaM) and KCNE3 created in the absence of PIP2 shows the S4-S5L to have a less structured N-terminal portion (Figure 5, upper panel) than the Kv1.2 S4-S5L, which is all helical. In addition, the linker itself is angled away from S6 which decreases the interaction between these two domains. In the presence of PIP2, several changes were noted and these include: the S6 domains are more splayed open, with the diameter at the putative S6 gate (S349) opening to >3.5 Å; the region after the S6 TMD becomes helical and makes continuous the S6 and HA domains; the interaction between the S2-S3L and CaM is lost and CaM is now reoriented 180 degrees toward the central axis of the channel complex. It is tempting to speculate that perhaps PIP2 is required in the coupling process to displace CaM so that the C-terminus can reorient itself for channel opening (Figures 5, 6).
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FIGURE 6. CaM unbinds from the S2-S3L in the PIP2 bound structure of hKCNQ1/KCNE3/CaM. Each of three subunits of the tetramer is shown in a different color. The S4-S5L of the yellow subunit is shown in magenta for emphasis. Only one CaM molecule is shown in the PIP2-free structure on the left (6V00) and the PIP2-bound structure in the middle panel (6V01) and most of the intracellular portions (illustrated in insets to right), as well as the VSD of the cyan subunit, a third entire subunit and all but one KCNE3 have been removed for clarity. Red arrow points to CaM interaction site on the S2-S3L. Image made from pdb 6V00 and 6V01 (Sun and MacKinnon, 2020) using PyMOL software (The PyMOL Molecular Graphics System, Version 2.2.3 Schrödinger, LLC).


Comparing the charge pairing, with respect to E160 in the VSD, it appears that the same state has been captured in all of the human KCNQ1 structures (Sun and MacKinnon, 2020), with the E160 residue interacting with both Q234 and R237, which would, depending upon the pore conformation correspond with AC (where AC represents a state where the VSD is in the activated state and the pore is closed) (Zaydman et al., 2014) in the case of 6V00 when PIP2 is absent, or activated-open (AO) perhaps in 6V01 when PIP2 is present. In the cryo-EM structures, rearrangement of the interactions of the S4-S5L show it shifting outward, making room for its covalently linked S6 to splay open (Figure 5). The linker no longer makes contact with the neighboring S6 at V355 a residue previously implicated in the coupling process (Choveau et al., 2011) and mutations all along the bottom of S6 have been shown to affect activation, changing voltage dependence and kinetics (Boulet et al., 2007), highlighting the importance of this region as the channel gate (Figure 5). How the channel might reorient as it returns through the intermediate closed and then to the resting state, and how KCNE1 might influence this process will have to await new structures being solved. Until then, experiments utilizing peptides (Choveau et al., 2011), state specific mutations and molecular dynamics will continue to be used to obtain further insight into pore opening processes (Zaydman and Cui, 2014; Hou et al., 2017, 2019, 2020).



IKs PORE OPENINGS SHOW MULTIPLE CONDUCTANCE LEVELS

Even in the absence of single channel recordings it was clear that the openings of IKs were different from most other Kv channels (Yang and Sigworth, 1998). Not only did early data from macropatches suggest a high frequency flicker behavior, but in multi-channel patches sub-conductance behavior was observed. What is the origin of subconductance behavior? It has been proposed that if the pore enters heteromeric states that are sub-conducting and a late step in activation were relatively slow, then sublevels would be evident at all membrane potentials (Chapman et al., 1997) as is observed in IKs (Werry et al., 2013) and mutant Kv1.2 channels (Chapman et al., 1997; Chapman and VanDongen, 2005). IKs activation/opening could be slow for many potential reasons: (1) The movement of S4 is slow due to charge paucity (3 arginines compared to 7 positive charges in Shaker); (2) KCNE1 causes steric hindrance to the late movements of the VSD (i.e. the F2 component, Nakajo and Kubo, 2014), or the S4-S5L as KCNE3 is in direct interaction with the linker in the Cryo-EM structures and data suggest that the location of KCNE1 will not be significantly different (Melman et al., 2001, 2002a, 2004; Barro-Soria et al., 2017); (3) the nature of the S4-S5L, in that it is not all helical but possesses a loop connecting to the S4 domain (Figure 5; Sun and MacKinnon, 2017, 2020); (4) the dependence on PIP2 binding for coupling; (5) a requirement for structural rearrangement of the C-terminal domain and CaM reorientation (Figure 6). Whether it is all or some of these reasons or even additional factors, IKs clearly opens very slowly with currents failing to saturate even on depolarization for 100 s (Pusch et al., 2000). In addition, as discussed earlier, IKs appears relatively unique in another respect, the ability of the pore to open when only an individual VSD in the tetramer has activated (Figure 3; Westhoff et al., 2019), creating another mechanism for subconductance behavior.

Multiple subconductance states and opening levels makes the assignment of a single conductance value for the IKs channel difficult, as noted by Yang and Sigworth, as conductance values will be dominated by the higher sub-conductance states due to the generally higher probability of occupancy of these states at potentials where single channel currents are measured (Yang and Sigworth, 1998). Initially, as was historically typical, single channel data were analyzed using the half-amplitude criterion to assign open levels (Werry et al., 2013), but subsequently sub-conductance levels for IKs have been assigned using a 3/2 rule that was derived from analysis of 26 types of ion channels for assigning multiple conductance states to channels (Pollard et al., 1994). From patches with a well-defined Gaussian distribution and clear peak for the main opening level (see all points histogram for EQ in Figure 1A), which did not appear to be affected by filtering, whether at 200 or 1000 Hz, the remaining sub-conductance states were calculated based on the 3/2 rule (Werry et al., 2013; Murray et al., 2016; Thompson et al., 2017). In support of a 3/2 division, longer lived subconductance occupancies were clearly observed at the predicted levels. Single channels showing prominent subconductance behavior have subsequently been obtained from LQT1 mutants of KCNQ1 (Eldstrom et al., 2015), different stoichiometric ratios of KCNE1 to KCNQ1 (Figure 1A; Murray et al., 2016), during exposure to cAMP or mefenamic acid (Thompson et al., 2017, 2018a; Wang et al., 2020), and as a result of individual VSD movement (Westhoff et al., 2019). All these studies observed that subconductance behavior tended to be more stable at the onset of activity upon depolarization when it is more likely that not all VSDs are activated. Single channels have also been recorded from KCNQ1 in the absence of KCNE1 (Figure 1B; Hou et al., 2017). In this situation conductance of KCNQ1 alone is too small to analyze for subconductance behavior, but in the absence of KCNE1 coupling appears to be fairly tight as the F-V and G-V all but overlap (Osteen et al., 2010), and thus subconductance openings might not be a frequent occurrence in KCNQ1 alone.

When VSDs are stabilized in the activated state via charge reversal between the S2 domain and the S4 domain, E160R/R237E (Hou et al., 2017) or through gain of function mutations (S209F; Werry et al., 2013), or phosphorylation-dependent enhanced activation (Thompson et al., 2017, 2018a), higher sub-conductance levels are more predominant, but in all these instances a fast flickering of channel behavior during bursts is seen (Figures 1A–C). This may reflect the transient occupancy of a closed state not in the activation pathway (Werry et al., 2013), or a pore block that is as yet undefined. For KCNQ1 alone, the fast flicker process is reduced in high Rb+ solutions, which may be part of the reason that these currents through KCNQ1 are bigger than with K+ solutions (Pusch et al., 2000). Once KCNQ1 pairs with KCNE1, the pore architecture appears to be different and Rb+ is no longer as permeable. This is also true of ML277-bound KCNQ1, and may be related to ML277 preventing inactivation of the homomer (Xu et al., 2015), as there is a strong link between inactivation and Rb+ permeability for KCNQ1 (Seebohm et al., 2003). Interestingly, IKs carrying the atrial fibrillation-linked mutation (AF) S140G in KCNQ1, has an increased Rb+ permeability compared with wild-type IKs (Peng et al., 2017). A potential mechanism is suggested by recently published structures where both the region of the S1 domain containing S140 and the N-terminal domain of KCNEs approach the N-terminal portion of the filter helix.



INACTIVATION OF KCNQ1

Unlike IKs which appears not to undergo inactivation, KCNQ1 alone has been suggested to undergo two inactivation processes. A fast inactivation phase is sometimes seen after the initial current activation, but is most clearly revealed and studied as a transient increase in conductance after membrane repolarization to potentials which exceed –50 mV (Pusch, 1998; Hou et al., 2017; Meisel et al., 2018). An additional voltage-dependent slow inactivation phase has also been reported primarily in mutant KCNQ1 channels including the LQTs-associated mutations S338W (S339 in hKCNQ1) and L273F (Gibor et al., 2007; Hou et al., 2017; Meisel et al., 2018). Although various molecular mechanisms for inactivation have been proposed, the two KCNQ1 inactivation processes are in contrast to the classical N-, C- and U-type mechanisms of inactivation.

Fast N-type inactivation, often referred to using the analogy of a “ball-and-chain” mechanism, was originally proposed for sodium channel inactivation, and later for potassium channels, and involves a charged amino-terminal intracellular peptide domain which swings in after channel activation and occludes the PD to prevent ion conduction (Armstrong et al., 1973; Hoshi et al., 1990, 1991; MacKinnon et al., 1993; Aldrich, 2001; Gebauer et al., 2004). In Shaker channels, a single independently acting inactivation particle has been found to be both necessary and sufficient for pore occlusion and prevention of ion conduction (MacKinnon et al., 1993; Zhou et al., 2001). However, the lack of a N-terminal ball structure in KCNQ1 suggests that the channel does not undergo N-type inactivation. C-type inactivation, on the other hand involves conformational changes in the selectivity filter in the outer pore region (Hoshi et al., 1990; Baukrowitz and Yellen, 1996; Cuello et al., 2010) with other hallmarks including inhibition by high external K+ (Lopez-Barneo et al., 1993), as in the case of hERG channels (Baukrowitz and Yellen, 1995; Wang et al., 1997). Whether these conformational changes in the selectivity filter result in pore constriction or subtle pore dilation is presently not understood. The lack of dependence on extracellular K+ for both the fast and slow inactivation processes, and the acceleration of slow inactivation in the presence of high external K+ (Meisel et al., 2018) suggests that KCNQ1 perhaps also does not undergo C-type inactivation (Pusch et al., 1998). Alternatively, it can be argued that KCNQ1 inactivation shares some similarities with C-type inactivation as slow inactivation has been shown to involve conformational changes in the outer carbonyl ring of the selectivity filter (Gibor et al., 2007). Discussed in greater detail later on, selectivity differences for Rb+ and K+ also differ between KCNQ1 which undergoes inactivation, and IKs which does not undergo inactivation (Pusch, 1998; Pusch et al., 2000; Seebohm et al., 2003). Lastly, U-type inactivation implicated in Kv1.5, Kv2.1, and Kv3.1 channels is the least understood of the potassium channel inactivation mechanisms (Klemic et al., 2001; Kurata et al., 2002; Kurata and Fedida, 2006; Cheng et al., 2010, 2011). The term U-type inactivation originates from the U-shaped inactivation-voltage curve which defines an inactivation process that is more complete at intermediate membrane voltages than at more positive potentials. The N-terminus and residues in the S3-S4 and S5-S6 linker have all been shown to play a role in U-type inactivation (Kurata et al., 2002; Cheng et al., 2010, 2011), but with fast inactivation only evident at particular times and potentials, again, U-type inactivation does not seem to underlie inactivation of KCNQ1 (Pusch et al., 1998).

To explain the initial fast inactivation in KCNQ1, a model which consisted of at least two distinct open states with voltage-independent transitions between the last open state and a non-conducting inactivated state was proposed (Pusch et al., 1998). KCNE1 was thought to either slow or prevent the transition to the last open state from which inactivation occurs. The presence of at least two open states was later independently confirmed using intracellular Na+ block. The first open state, accessed when the channels are briefly opened, displayed relative insensitivity to intracellular Na+ block. A stronger more sensitive block by Na+ was reported after the channel was depolarized for a longer interval, thereby driving the KCNQ1 channel into a second open state (Pusch et al., 2001). On the basis of at least two open states, a model which accounted for KCNQ1’s high Rb+/K+ conductance ratio was proposed as a rapid equilibrium process (flicker) between a flicker-open and flicker-closed state (Pusch et al., 2000). At high Rb+ concentrations, the flicker-open state was favored over the flicker-closed state with the flickering rate slowed. A positive correlation between the extent of inactivation and Rb+/K+ conductance ratio was later used to explain inactivation in terms of flicker states (Seebohm et al., 2003). Inactivation was proposed to result when the flicker rate between the second flicker-closed and second flicker-open state was faster than that for the first flicker-closed and first flicker-open state suggesting that the two open states had different Rb+/K+ conductance ratios. As the association of KCNE1 decreases the Rb+/K+ conductance ratio, inactivation is therefore also abolished.

A recent reinterpretation of inactivation in KCNQ1 channels, is based on an activation model with two open states, and is also cognizant of changes in Rb+/K+ conductance ratio (Hou et al., 2017). As each KCNQ1 channel contains four VSDs, the original 30 state full activation gating scheme discussed previously can be simplified into a six-state scheme where the VSD undergoes resting to intermediate, and then to activated transitions, while the PD can open when the VSD is in any state. In prior work, KCNQ1 was found to open initially into the IO state (where IO represents a state where the VSD is in the intermediate state and the pore is open) and then transition to an AO state (activated-open) (Zaydman et al., 2014). However, when the channel is in the AO state, VSD-pore coupling is less efficient and as such, pore opening requires higher voltages than in the IO state. Thus, when channels transition from the IO to the AO state in KCNQ1 during depolarizations to positive potentials, the total current will be reduced over the time spent depolarized, resulting in a process that imitates inactivation, and a “hook” in the tail current upon repolarization as channels return from AO to higher open probability IO states and subsequently close (Hou et al., 2017). Suppression of the IO and AO states by the KCNQ1 mutants F351A and S338F, unsurprisingly also eliminated inactivation.

This novel mechanism for inactivation, due to different mechanisms of VSD-pore coupling which occur in the IO and AO states, also explains why the co-assembly of KCNQ1 with KCNE1 abolishes inactivation. As mentioned previously, since co-assembly with KCNE1 eliminates the IO state, inactivation which arises from transitions between the IO and AO state are therefore also eliminated. As alluded to by the authors, though, this model likely does not account for the second slow inactivation phase seen in numerous KCNQ1 mutant channels. The L273F KCNQ1 mutant has been reported to exhibit both fast and slow inactivation (Gibor et al., 2007; Hou et al., 2017; Meisel et al., 2018) and the incorporation of the L273F mutant into increasing numbers of KCNQ1 subunits incrementally stabilizes a second inactivated state by progressively slowing down the inactivation recovery kinetics (Meisel et al., 2018). From this work Meisel and colleagues proposed that slow inactivation gating of mutant KCNQ1 channels likely occurs through an allosteric mechanism. Presently, it is not well understood if this slow inactivation is only seen in mutant KCNQ1 channels. If this slow inactivation is seen in WT KCNQ1 channels, how this allosteric mechanism fits into the presently understood mechanisms for KCNQ1 activation gating and fast inactivation also remains to be determined.



MODULATORS OF KCNQ1 AND IKs

The kinetics of KCNQ1 are not only affected by co-assembly with KCNE1, but also by modulation induced by several intracellular signaling molecules and co-factors such as calmodulin (CaM), ATP, and protein kinase A (PKA). Figure 7 graphically summarizes the signaling pathway for β-adrenergic enhancement of IKs (right panel) as well as the binding sites (left lower panel) and impact of these intracellular proteins on IKs (top tables).
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FIGURE 7. Binding site, signaling pathway and functional effect of various intracellular signaling molecules and co-factors on IKs. Left Table: Functional effect of protein kinase A (PKA) phosphorylation, ATP, Ca2+, CaM, CaM1234, and PIP2 on IKs where “+” and “–” denotes a stimulatory and inhibitory effect, respectively. “Obligatory” indicates ATP is required for channel conductance. Left panel: Cartoon of the single transmembrane β-subunit KCNE1 and the α-subunit KCNQ1. KCNQ1 consists of 6 transmembrane domains (TM1-4 and TM5-6 form the voltage sensor and pore domain, respectively) and 4 helices (A–D). Four KCNQ1 subunits come together to form the channel with 1-4 KCNE1 subunits. Binding sites for ATP, CaM/CaM1234 and PIP2 as well as sites of PKA phosphorylation are depicted using colored arrows (for binding sites) or directly on KCNQ1 (for PKA phosphorylation). Ca2+ is known to bind to CaM but not CaM1234 however, Ca2+ may modulate the channel by binding and interacting with other proteins and/or other locations on the IKs channel complex which are presently unknown. Right Table: The impact of KCNE1:KCNQ1 stoichiometry on the phosphorylation of residues S27 and S92 by PKA and the consequent functional effect. Checkmarks indicate PKA phosphorylation occurs or a functional effect is seen on the respective stoichiometrically fixed KCNE1:KCNQ1 complex (EQ, EQQ, EQQQQ, and KCNQ1). The “X” indicates a functional effect is not seen despite PKA phosphorylation of KCNQ1. Right panel: Signaling pathway for β-adrenergic enhancement of IKs current through PKA phosphorylation.




CAM MODULATES CURRENT AMPLITUDE AND ASSEMBLY

One of the first pieces of evidence that calcium and potentially calcium binding proteins could modulate IKs was the sensitivity of the current to calcium in guinea pig cardiomyocytes (Tohse, 1990). Calmodulin (CaM), a highly conserved calcium binding protein has been recognized as a key modulator of various channels such as Cav1.2 and Nav1.5 all of which are involved in the regulation of the cardiac action potential (Sorensen et al., 2013). As mutations in CaM, KCNQ1 and KCNE1 have all been linked to LQTS, it is not surprising that CaM plays a diverse role in both IKs assembly and gating. Using metal affinity chromatography, CaM was first found to co-purify with a 6xHis-tagged C-terminus portion of KCNQ1 (Ghosh et al., 2006). Binding of CaM to the C-terminus portion of KCNQ1 was later confirmed using immunoprecipitation in both the presence and absence of Ca2+ (Shamgar et al., 2006) as well as structurally using x-ray crystallographic data (Dvir et al., 2014). This C-terminus structure was also further confirmed in the recent cryo-EM structure of KCNQ1 (Sun and MacKinnon, 2017). Specifically, CaM was found to bind to the two proximal cytosolic helices (helices A and B) in a 1:1 ratio of KCNQ1 to CaM. In addition to this C-terminal binding site, however, the cryo-EM structure also revealed a novel CaM binding site located at the S2-S3 loop of the VSD (Figure 6) not present in the original crystallographic structural representation which did not contain the transmembrane domains of the channel (Sachyani et al., 2014; Sun and MacKinnon, 2017, 2020). Thus, by interacting with both the VSDs at the S2-S3 loop and helices A and B (Figure 7, left panel), CaM was recently proposed to provide a potential link between the VSD and PD. In support of this hypothesis, PIP2, previously found to be critical in VSD-PD coupling has been shown to compete with CaM for binding at helix B at specifically residues K526 and K527 (Tobelaim et al., 2017). As such, CaM, much like PIP2, may also act to stabilize the channel in its open state.

Beyond this recent discovery that CaM may play a role in VSD-PD coupling, classically, CaM has more consistently been reported to be important for channel assembly (Ghosh et al., 2006; Shamgar et al., 2006; Sachyani et al., 2014). Point mutations in helix A (1375D) and helix B (V516D) which altered CaM binding have been shown to reduce protein expression and decrease current density suggesting that CaM may be required for proper channel assembly, folding and tetramerization (Haitin et al., 2008; Sachyani et al., 2014). In addition, KCNQ1 has also been reported to traffic to the cell surface in a process dependent on Ca2+ and CaM. Jiang et al. have shown that, following Angiotensin II type 1 receptor (AT1R)-mediated KCNQ1 trafficking, the channel may then combine with KCNE1 which in turn increases IKs current amplitude (Jiang et al., 2017). The Ca2+-insensitive CaM mutant, CaM1234, however, was shown to prevent AT1R stimulation from increasing IKs current density, suggesting that CaM not only plays a role in channel assembly and tetramerization but also in trafficking.

Electrophysiological studies have also provided consistent evidence supporting the important roles calcium and CaM play in enhancing both KCNQ1 and IKs current. Increasing intracellular Ca2+ concentrations has been found to enhance KCNQ1 current amplitude (Shamgar et al., 2006). Consistent with this, chelation of Ca2+ by BAPTA has been reported to decrease KCNQ1 current amplitude (Ghosh et al., 2006) with the previously reported increase in current amplitude following administration of intracellular Ca2+ (Shamgar et al., 2006) possibly explained by the ability of CaM to relieve KCNQ1 inactivation in a Ca2+ dependent manner (Ghosh et al., 2006). In the presence of KCNE1, the role of CaM in enhancing current amplitude is preserved. Both the co-assembly with CaM1234 (Sachyani et al., 2014) and bath application of the CaM antagonist W7 (Shamgar et al., 2006) have been reported to decrease IKs current amplitude. Interestingly, CaM12 but not CaM34 was also shown to decrease IKs current amplitude, suggesting that not only is CaM able to modulate IKs, but its modulation is highly dependent on Ca2+, and specifically where Ca2+ binds in the KCNE1-KCNQ1-CaM complex (Sachyani et al., 2014). From a cell signaling point of view, the stimulatory action of CaM has been shown to be modulated by calcium/calmodulin-dependent protein kinase II (CaMKII). Intracellular application of the CaMKII inhibitor, autocamtide-2 as well as another inhibitor, KN-93, reduced IKs current amplitude. KN-93 preincubation was also able to prevent any stimulatory action of intracellular CaM administration suggesting that CaMKII may act to turn off CaM enhancement of IKs (Xie et al., 2015). However, more studies to confirm and uncover the full signaling pathway of CaM mediated IKs enhancement and channel assembly are still needed.



ATP IS ESSENTIAL FOR CHANNEL OPENING

Several studies have demonstrated that the removal of ATP decreases or completely abolishes IKs activity, with current rescued by the reintroduction of ATP (Loussouarn et al., 2003). Using photo-crosslinking, the phosphates of ATP were suggested to electrostatically interact with a cluster of basic residues (R380, K393, and R397), whereas the nucleoside moieties of ATP were suggested to interact with hydrophobic aromatic residues such as W379 in the helix A to helix B region downstream from the S6 segment (Li et al., 2013; Figure 7, left panel). Functional studies have indicated that, although both W379S and the double mutant R380S/R397W abolish KCNQ1 currents, F-V signals are still present and are identical to that of WT KCNQ1, which indicates that ATP binding is not required for VSD movement. Moreover, in a prior study, PIP2, known to be essential for VSD-PD coupling, was found to hyperpolarize the F-V curve of a constitutively open KCNQ1 mutant, L353K (Zaydman et al., 2013). This shift was abolished in the absence of PIP2, but removal of ATP sites in the background of L353K did not eliminate the displacement of the F-V curve, suggesting that ATP is perhaps not involved in VSD-PD coupling (Li et al., 2013). These results suggest that ATP plays a role in PD opening through interactions with the KCNQ1 C-terminus, but other ATP binding sites may exist which could in the future reveal a role for ATP in either VSD movement and/or VSD-PD coupling.



β-ADRENERGIC ENHANCEMENT OF CURRENT THROUGH PKA PHOSPHORYLATION

Under stressful conditions, circulating sympathetic hormones such as epinephrine bind to and activate G-protein coupled β-adrenergic receptors leading to the release of the α-subunit of the G-protein (Terrenoire et al., 2005; Figure 7, right panel). This α-subunit in turn activates adenyl cyclase 9 which leads to an increase in the intracellular levels of cAMP. The binding of cAMP then activates protein kinase A (PKA), which phosphorylates the C-terminus of KCNQ1 in the presence of Yotiao (Marx et al., 2002). Specifically, PKA phosphorylation has previously been described to occur at residues S27 and S92 (Marx et al., 2002; Lopes et al., 2007; Lundby et al., 2013). Although KCNQ1 alone has been found to be largely unresponsive to the functional transduction of PKA phosphorylation (Kurokawa et al., 2003), the phosphorylation of the N-terminus of KCNQ1 in the presence of KCNE1 produces a left-shift in the voltage dependence of activation, a slowing of deactivation kinetics and an increase in current amplitude (Dilly et al., 2004; Terrenoire et al., 2005). Together these changes in kinetics increase repolarizing current and shorten the cardiac action potential to allow sufficient time for ventricular filling. PKA-mediated phosphorylation is later removed by protein phosphatase 1. cAMP is degraded by the cAMP-specific phosphodiesterase, PDE4D3.

Using linked constructs which fix the KCNE1:KCNQ1 stoichiometry at different ratios (Murray et al., 2016), the hyperpolarizing shift in the voltage dependence of activation following cAMP exposure was progressively increased with increasingly saturated IKs complexes: the more KCNE1 in the complex, the greater the hyperpolarization, which showed that not only is the action of cAMP on IKs stoichiometrically dependent, but also that only one KCNE1 subunit is required for a basal response of the IKs complex to cAMP (Thompson et al., 2018b). In support of this latter finding, shortening of the first latency to opening in the presence of cAMP was seen in IKs constructs with KCNE1:KCNQ1 ratios of 1:4 and 2:4, similar to that seen in fully saturated IKs complexes. Using a phosphomimetic KCNQ1 mutant, this shortening of the first latency following cAMP treatment seen in WT channels was reduced but not completely abolished in the mutant S27D channel, indicating that this residue is only partly responsible for the shortening of first latency seen post-cAMP (Thompson et al., 2018a). Although phosphorylation of residue S27 plays a partial role in shortening of the first latency, it appears to be largely responsible for cAMP mediated changes in open probability. The double phosphomimic mutant S27D/S92D on the other hand completely abolished any changes in first latency, single-channel conductance and subconductance distribution as a result of cAMP exposure. Mechanistically, these effects of phosphorylation are largely mediated by enhancement of VSD activation, allowing the channel to open more frequently, quicker, and to higher sublevels, as mutant channels with fixed-activated VSDs showed little further response to cAMP (Thompson et al., 2017).



CONCLUSION

The KCNQ1 channel current is highly modulated by co-assembly with a wide range of accessory molecules and proteins, some of which have been reviewed here. Of most significance is the modulation of KCNQ1 by its β-subunit, KCNE1. Through the use of linked constructs which fix the ratio of KCNE1 to KCNQ1, the stoichiometry of association has been definitively shown to be variable between 1:4 to 4:4. Despite this, discussions surrounding the stoichiometry of KCNE1 and KCNQ1 remain relevant, not only as the KCNE1:KCNQ1 ratio in humans is presently unknown, but also because the stoichiometry of the IKs channel complex influences the efficacy of various therapeutic drugs and the action of accessory molecules such as CaM and ATP, and β-adrenergic enhancement of IKs via PKA phosphorylation.

The co-assembly of KCNE1 with KCNQ1, apart from changing the response to accessory molecules, also alters channel kinetic properties such as activation and deactivation, increasing conductance, and eliminating both the fast and slow inactivation seen in KCNQ1 channels. Recent experiments have suggested that these changes are mediated without fundamental changes in the allosteric coupling of voltage sensors to the pore activation gate, and although allosteric gating of KCNQ1 channels is generally accepted, much work still remains to be done in order to fully understand gating of KCNQ1 in association with its accessory subunits.

Molecular dynamics and docking simulations in combination with the recent cryo-EM structures of KCNQ1+CaM and KCNQ1+KCNE3+CaM have given many structure-function insights into the binding of various accessory molecules − notably, PIP2 which is essential for VSD-PD coupling, and CaM which plays a wide range of roles including in channel assembly and as an activator. Still, the exact binding location of the full KCNE1 subunit within the KCNQ1 tetramer remains uncertain. Given the many actions of KCNE1 and the physiological importance of the IKs channel, cryo-EM structures of KCNQ1+KCNE1 in both the presence and, where possible, the absence of essential accessory molecules such as CaM, PIP2 and ATP is probably the next major step needed to gain a more robust understanding of how KCNE1 is able to dramatically modulate the channel properties of KCNQ1.
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Voltage-gated potassium channels of the KV7 family are expressed in many tissues. The physiological importance of KV7 channels is evident from specific forms of disorders linked to dysfunctional KV7 channels, including variants of epilepsy, cardiac arrhythmia and hearing impairment. Thus, understanding how KV7 channels are regulated in the body is of great interest. This Mini Review focuses on the effects of polyunsaturated fatty acids (PUFAs) on KV7 channel activity and possible underlying mechanisms of action. By summarizing reported effects of PUFAs on KV7 channels and native KV7-mediated currents, we conclude that the generally observed effect is a PUFA-induced increase in current amplitude. The increase in current is commonly associated with a shift in the voltage-dependence of channel opening and in some cases with increased maximum conductance. Auxiliary KCNE subunits, which associate with KV7 channels in certain tissues, may influence PUFA effects, though findings are conflicting. Both direct and indirect activating PUFA effects have been described, direct effects having been most extensively studied on KV7.1. The negative charge of the PUFA head-group has been identified as critical for electrostatic interaction with conserved positively charged amino acids in transmembrane segments 4 and 6. Additionally, the localization of double bonds in the PUFA tail tunes the apparent affinity of PUFAs to KV7.1. Indirect effects include those mediated by PUFA metabolites. Indirect inhibitory effects involve KV7 channel degradation and re-distribution from lipid rafts. Understanding how PUFAs regulate KV7 channels may provide insight into physiological regulation of KV7 channels and bring forth new therapeutic strategies.

Keywords: docosahexaenoic acid, KCNE, KCNQ, KV7, lipid, polyunsaturated fatty acid, voltage-gated potassium channel


INTRODUCTION

It is well established that lipids can influence the function of voltage-gated ion channels and their organization in the membrane (Dart, 2010; Elinder and Liin, 2017). Specific members within the KV7 family of voltage-gated potassium channels have been under intense study, owing to their physiological regulation by the phospholipid PIP2 (phosphatidylinositol 4,5-bisphosphate; reviewed in Zaydman and Cui, 2014; Taylor and Sanders, 2017). However, several years of studies have revealed that unesterified, so called free fatty acids, may also regulate KV7 channel function. Polyunsaturated fatty acids (PUFAs) in particular have emerged as interesting KV7 modulators. This Mini Review will provide a brief essential background on KV7 channels and PUFAs, followed by a summary of our present understanding of PUFAs as KV7 channel modulators and potential future developments.



PHYSIOLOGICAL ROLE AND GENERAL ARCHITECTURE OF KV7 CHANNELS

The KV7 family of voltage-gated potassium channels, of which there are five different isoforms, termed KV7.1 to KV7.5, are encoded by the KCNQ genes. The tissue distribution of KV7 subtypes varies, and the channels serve different physiological roles (Figure 1A). KV7.1 (in complex with the auxiliary KCNE1 protein, see further details below) is most famous for generating the slow current IKs in cardiomyocytes, important for cardiac repolarization (Barhanin et al., 1996; Sanguinetti et al., 1996), while also maintaining the ionic balance of endolymph in the inner ear (Neyroud et al., 1997). Heteromers of KV7.2 and KV7.3 generate the neuronal M-current (IM) important for stabilizing the negative resting membrane potential of neurons and thereby regulating excitability (Wang et al., 1998; Cooper et al., 2000). KV7.4 also contributes to maintaining the ionic balance of endolymph (Kubisch et al., 1999; Kharkovets et al., 2000), as well as contributing to the negative membrane potential in smooth muscle cells at rest (Jepps et al., 2011; Chadha et al., 2014; Jepps et al., 2015). KV7.5 is suggested to form heteromers with other neuronal and smooth muscle KV7 subtypes and contribute to their function in these tissues (Lerche et al., 2000; Chadha et al., 2014). Because of their important role in physiology, dysfunctional KV7 channels are often linked to disorders characterized by abnormal potassium ion conductance, including cardiac arrhythmia, hearing impairment, epilepsy, pain, and hypertension (Barrese et al., 2018). For a more extensive overview of expression and physiological and pathological implications of KV7 channels, we recommend recent reviews on this topic (Barrese et al., 2018; Miceli et al., 2018).


[image: image]

FIGURE 1. Overview of KV7 channel and PUFA molecular structures, and typified PUFA effects. (A) Schematic overview of KV7 subtype expression and functional role. Note that these are examples, as some KV7 subtypes have widespread expression and function. (B) Top view of KV7.1 (PDB: 5VMS) with central pore domain in gray and peripheral voltage-sensing domains in black. Putative localization of KCNE at one KV7.1 channel subunit is indicated [each subunit may accommodate one KCNE subunit (Sun and MacKinnon, 2020)]. Experimentally identified positively charged residues important for PUFA effects in KV7.1 (Liin et al., 2018) are highlighted in red. Sequence alignment of the S6 site (important for Gmax effect) and S4 site (important for V50 effect) of all KV7 isoforms are provided along with a side view of relevant channel domain. (C) Structure of the PUFA DHA, which has a carboxyl head linked to a 22-carbon long aliphatic tail with six cis double bonds. Deprotonation of the carboxyl head occurs at pH exceeding the pKa of the head-group, this endows DHA with a single negative charge. (D) Schematic overview of PUFA effect on current amplitude (IAmp), mid-point of the G(V) curve (V50), and maximum conductance (Gmax) on indicated KV7 subtypes. Please refer to Table 1 for further details. nd denotes not determined.


Each KCNQ gene encodes one KV7 subunit, composed of six transmembrane segments (helices, referred to as S1–S6) and intracellular N and C termini (Jentsch, 2000). Four such KV7 subunits assemble into functional tetrameric KV7 channels, which can be either homomeric or heteromeric (Schwake et al., 2003; Schwake et al., 2006). A cryogenic electron microscopy structure of KV7.1 visualizes how transmembrane segments S5–S6 of all four subunits form the central pore domain, whereas S1 to S4 of each subunit form the peripheral voltage-sensing domains (Figure 1B; Sun and MacKinnon, 2017). The determined structure reveals a domain swapped architecture, meaning that the voltage-sensing domain of one subunit lies adjacent to the pore-forming segments of its neighboring subunit (Sun and MacKinnon, 2017). Conserved, positively charged arginines in S4 of the voltage-sensing domain act as the primary voltage-sensing residues in KV7 channels (Panaghie and Abbott, 2007; Miceli et al., 2008). Under hyperpolarized conditions, S4 is in a “downwards,” internal, conformation, and the gate (located in the internal part of S6) of the central ion conducting pore is closed (Cui, 2016). Upon depolarization, S4 moves via intermediate conformations to an “upwards,” external, conformation (Barro-Soria et al., 2014; Zaydman et al., 2014; Taylor et al., 2020), which triggers opening of the S6 gate and potassium conductance through the pore (Cui, 2016; Hou et al., 2020). Endogenous or exogenous ligands and auxiliary proteins may interact with and modulate the activity of KV7 channels by altering S4 movement, gate opening, or the coupling between the two. For instance, auxiliary KCNE subunits (KCNE1-5) interact with KV7 channels to modulate their expression and biophysical properties (Abbott, 2016; Barrese et al., 2018). Several studies assign the single-transmembrane segment of KCNE subunits to a space between neighboring voltage-sensing domains (see Figure 1B for putative KCNE localization; e.g., Chung et al., 2009; Xu et al., 2013; Sun and MacKinnon, 2020).



STRUCTURE AND PROPERTIES OF PUFAs

Polyunsaturated fatty acids are naturally occurring lipids known to modulate the activity of numerous voltage-gated ion channels (reviewed in Elinder and Liin, 2017). PUFA characteristics include a carboxylic acid “head-group” and an unbranched, aliphatic hydrocarbon “tail” with at least two double bonds in cis geometry (Figure 1C). The carboxyl head-group is either uncharged or negatively charged, depending on the protonation status (Figure 1C). The pKa value of carboxyl heads of PUFAs in proximity of ion channels approaches 7.4 (Hamilton, 1998; Liin et al., 2015), and so approximately 50% of PUFA head-groups are expected to be deprotonated and negatively charged at physiological pH. The cis double bonds allow polyunsaturated tails to bend and explore geometries that are not possible in the absence of cis double bonds (Feller, 2008; Yazdi et al., 2016). PUFAs are typically described according to the number of carbons and double bonds in the tail or their omega classification. Figure 1C shows the structure of docosahexaenoic acid (DHA), which has 22 carbons and 6 double bonds in its tail (22:6) and is an omega-3 PUFA (i.e., the first double bond is at the 3rd carbon from the methyl end). Examples of other physiologically relevant PUFAs that can be obtained via diet or synthesized from other essential fatty acids in the human body are arachidonic acid (AA, 20:4, omega-6), linoleic acid (LA, 18:2, omega-6), alpha-linolenic acid (ALA, 18:3, omega-3), and eicosapentaenoic acid (EPA, 20:5, omega-3). Reported physiological levels of PUFAs in plasma, serum, or cerebrospinal fluid are around 10–50 μM, but may reach higher levels during, for instance, excessive dietary PUFA intake (Conquer and Holub, 1998; Fraser et al., 2003; Brouwer et al., 2006).



REPORTED PUFA EFFECTS ON KV7 CHANNELS AND CURRENTS

Table 1 summarizes reported PUFA effects on heterologously expressed KV7 channels and isolated native currents generated by KV7 channels. Notably, PUFA effects have thus far only been studied on KV7.1–KV7.3. A majority of studies have explored the acute effects of extracellular application of AA, ALA, DHA, EPA, or LA. These effects are achieved within the range of minutes after PUFA application. The most consistently observed PUFA effect on heterologously expressed KV7 channels is an increased current amplitude at a range of negative voltages, an effect reported for several PUFAs tested on KV7.1 and heteromeric KV7.2/7.3 channels (Table 1). Several studies report a PUFA-induced shift in the conductance versus voltage [G(V)] curve toward more negative voltages (described as negative shift in V50 in Table 1; Liin et al., 2015; Moreno et al., 2015; Liin et al., 2016a). Additionally, PUFAs may increase the maximum conductance observed at the most positive voltages (described as increase in Gmax in Table 1; Bohannon et al., 2020). Both the shift in V50 and increase in Gmax may contribute to the overall increase in current amplitude at different voltages. For clarity, we will refer to the three effects as “increase in current amplitude,” “shift in V50,” and “increase in Gmax.” Figure 1D schematically illustrates PUFA effects on each of these parameters on different KV7 subtypes, whereas Table 1 reflects the complexity of effects and highlights examples of reported effects at specific PUFA concentrations. Typically, PUFA concentrations of 7 μM or higher are required to induce significant effects. Note that PUFA effects on current amplitude have typically been quantified at relatively depolarized voltages, which may not be physiologically relevant. However, because PUFAs generally also shift V50 toward negative voltages, the relative increase in current amplitude is larger at less depolarized voltages. Although studies rarely quantify PUFA effects in a more physiologically relevant voltage range, a prominent increase in current amplitude at less depolarized voltages is observed in several studies (Doolan et al., 2002; Liin et al., 2015; Moreno et al., 2015; Liin et al., 2016a).


TABLE 1. Summary of reported PUFA effects on indicated KV7 channels/currents.

[image: Table 1]In addition, PUFA effects on opening and closing kinetics have been described (Doolan et al., 2002; Moreno et al., 2015). However, effects on kinetics appear complex, with a range of described effects varying from PUFA to PUFA (Doolan et al., 2002; Moreno et al., 2015). Moreover, prolonged PUFA exposure over several days triggers a plethora of convoluted effects resulting in either negative or positive shift in V50, depending on PUFA (Moreno et al., 2015).

Reported PUFA effects on native KV7 currents largely agree with effects on heterologously expressed KV7 channels (Table 1). In a majority of guinea pig ventricular cardiomyocytes, acute application of DHA increases IKs amplitude (presumably generated by KV7.1/KCNE1 channels; Moreno et al., 2015). However, in a subset of cardiomyocytes DHA instead decreases IKs amplitude (Moreno et al., 2015). Several studies observe increases in IM amplitude induced by AA or DHA in bullfrog sympathetic neurons (which presumably is generated by KV7.2/7.3 channels; Villarroel, 1993, 1994; Yu, 1995).



IMPACT OF KCNE SUBUNITS ON PUFA EFFECTS

Because KCNE subunits associate with KV7 channels in multiple tissues, evaluating the impact of KCNE co-expression on PUFA effects is of interest. Auxiliary subunits have been shown to affect the response of other KV channels to PUFAs. For instance, DHA, or AA augmentation of the Slo1 channel is potentiated or enabled, respectively, when the channel is co-expressed with specific β subunits (Sun et al., 2007; Hoshi et al., 2013a). Furthermore, AA modulation of KV4 channel inactivation kinetics is only observed if KV4.2 or KV4.3 are co-expressed with their KChIP subunit (Holmqvist et al., 2001). We found that neither KCNE1 nor KCNE2 co-expression with KV7.2/7.3 affected the ability of DHA to shift V50 of KV7.2/7.3 (Liin et al., 2016a). However, the occurrence and physiological relevance of complexes formed by KV7.2/7.3 and KCNE subunits remains questionable at present. Conflicting results are found regarding the impact of KCNE1 co-expression with KV7.1 on PUFA effects (Table 1 and Figure 1D). Doolan et al. (2002) report that KCNE1 is required for DHA-mediated effects on KV7.1 current amplitude, as they find that 20 μM of DHA increases the current amplitude of KV7.1/KCNE1, but not KV7.1. By comparison, 20 μM of EPA slowed activation kinetics for KV7.1/KCNE1 without affecting current amplitude (Doolan et al., 2002). In contrast, we report that DHA at concentrations of 7 μM or higher shifts V50 of KV7.1 toward negative voltages and that the presence of KCNE1 largely abolishes this V50 effect (Liin et al., 2015; Bohannon et al., 2020). However, we observe a DHA-induced increase in KV7.1/KCNE1 current amplitude and Gmax (Bohannon et al., 2020). A third study, by Moreno and colleagues, reports that 20 μM of DHA or EPA increases KV7.1/KCNE1 current amplitude and shifts V50 of KV7.1/KCNE1 toward negative voltages (Moreno et al., 2015). However, no EPA effect is observed on KV7.1 alone (Moreno et al., 2015). The reason for these conflicting findings is not clear. One contributing factor may be the use of different expression systems (Xenopus oocytes versus mammalian COS7 cells). As previously remarked (Valenzuela, 2016), higher PUFA concentrations may be required in experiments with Xenopus oocytes than for mammalian cells to induce comparable effects. Another aspect to consider may be the method of PUFA application. We note larger DHA effects on current amplitude upon constant DHA perfusion compared to a single DHA application (Liin et al., 2015; Bohannon et al., 2020). Both Doolan et al., and Moreno et al., describe results employing PUFA perfusion.



PUFA PROPERTIES IMPORTANT FOR KV7 EFFECTS

Previous studies have shown that PUFAs may interact directly with diverse ion channels to modulate their activity (Elinder and Liin, 2017). Moreno et al. (2015) concluded that the concurrent increase in KV7.1/KCNE1 current amplitude and negative shift in V50 implicate an effect on channel gating as the primary mechanism. We made the same observation in our initial work (Liin et al., 2015). In subsequent work we have since explored this possibility utilizing PUFA analogs, site-directed mutagenesis, and pH manipulation.

We find that a negatively charged PUFA head-group is critical to the shift in V50 of KV7.1 and KV7.2/7.3 toward negative voltages. Fully deprotonated PUFAs (promoted by an alkaline extracellular solution) cause larger negative V50 shifts (Liin et al., 2015; Larsson et al., 2018; Bohannon et al., 2019). Protonated PUFAs and uncharged PUFA analogs (PUFA methyl esters) are unable to shift V50 (Liin et al., 2015, 2016a). Positively charged PUFA analogs (PUFA amines) instead shift V50 toward more positive voltages (Liin et al., 2015, 2016a; Larsson et al., 2018). This set of experiments implies an electrostatic mechanism of action underlying PUFA effects on V50, and shows that the magnitude of this electrostatic effect is determined by the protonation status of the PUFA head-group. Notably, we observe clear activating effects by PUFAs on KV7.1/KCNE1 (comparable to those on KV7.1 alone) during experimental conditions that promote PUFA deprotonation (Liin et al., 2015; Larsson et al., 2018). This suggests that the lack of PUFA effects on KV7.1/KCNE1 in our hands is because of KCNE1-induced protonation of the PUFA head-group. Moreover, these findings suggest that provided the head-group of a given PUFA analog has a low pKa value (and thus is deprotonated at physiological pH) said PUFA analog can be utilized to achieve greater effects on KV7.1 alone at physiological pH while simultaneously retaining activating effects on KV7.1/KCNE1 at physiological pH.

The PUFA head-group is not the sole determinant of the magnitude of PUFA effects. The first indication of this came from studies by Doolan et al. (2002) and Moreno et al. (2015) both of which show DHA induces overall greater effects on KV7.1/KCNE1 than EPA does. This is in agreement with our comparison of 16 PUFAs with different tail properties, in which we find that PUFAs with double bonds proximal to the head-group have a higher apparent affinity to KV7.1/KCNE1, compared with PUFAs with more distal double bonds (Bohannon et al., 2019). In contrast, there was either no or weak correlation between tail length or number of double tail bonds and KV7.1/KCNE1 effects (Bohannon et al., 2019). The proximal localization of double bonds relative to the head-group of DHA may contribute to the relatively greater effect, when compared to EPA at specific concentrations. The mechanistic basis for why proximal double bonds enhance PUFA interaction with KV7.1 remains unknown, but may be related to flexibility in the hydrocarbon tail. Studies of PUFA interaction with the Slo1-β1 BK channel suggest that bending at specific carbons distally in the hydrocarbon tail are required for interaction with the channel (Tian et al., 2016). Speculatively, greater bending capabilities close to the head-group may be required for high affinity binding of PUFAs to KV7.1.



PROPOSED DIRECT PUFA SITES OF ACTION IN KV7

Polyunsaturated fatty acid analogs with lower head-group pKa values have been instrumental in determining the mechanism of action of PUFAs on KV7.1. PUFA analogs with glycine or taurine head-groups have estimated pKa values that are 1 and 5.5 units lower than that of carboxyl head-groups, respectively, (Bohannon et al., 2020), and are examples of PUFA analogs with exaggerated acute effects on V50 of both KV7.1 and KV7.1/KCNE1 at physiological pH (Liin et al., 2015). In experiments utilizing DHA-glycine (DHA-Gly) or AA-taurine (N-AT), we have shown that PUFA analogs interact with S4 to shift V50. This is observed in voltage-clamp fluorometry experiments that track S4 movement as a PUFA-induced shift in S4 movement toward negative voltages (Liin et al., 2015, 2016b). Individual mutations of the two top arginines in S4 of KV7.1 into uncharged glutamines (R228Q and R231Q) either reduce or abrogate entirely the ability of PUFAs to shift V50 of KV7.1 and KV7.1/KCNE1 (Liin et al., 2015, 2018). These findings suggest that electrostatic interaction between the negative PUFA head-group and these positively charged arginines in S4 facilitates the upward S4 movement, which contributes to the PUFA effect on V50 (illustrated as “S4 site” in Figure 1B).

Although charge-neutralizing mutation of S4 arginines removes the V50 effect of PUFAs, an increase in Gmax of KV7.1 and KV7.1/KCNE1 is still observed (Liin et al., 2018). This increase in Gmax is also electrostatic in nature, as it is abolished following mutation of a lysine at the top of S6 into an uncharged glutamine (Liin et al., 2018). Experiments combined with molecular dynamics simulations suggest that electrostatic interaction between the negative PUFA head-group and the positively charged lysine at position 326 of S6 (illustrated as “S6 site” in Figure 1B) triggers conformational changes in the ion-conducting pore in and near the selectivity filter. These conformational changes appear to promote potassium ion conductance in a way that contributes to the PUFA effect on Gmax. Altogether, these findings suggest that PUFAs have at least two independent sites of electrostatic action in KV7.1 channels. Similar sites have been suggested for KV7.2 and, to some extent, KV7.3 (Larsson et al., 2020).



PROPOSED INDIRECT PUFA EFFECTS ON KV7

Besides direct effects, PUFAs may influence KV7 channels through other mechanisms, including altering bilayer organization and properties or generating active PUFA metabolites. Indication of additional pathways of PUFA modulation of KV7 channels comes from prolonged exposure (48 h) of KV7.1/KCNE1 channels to DHA or EPA (Moreno et al., 2015). For instance, prolonged DHA or EPA exposure reduces total KV7.1 protein levels in COS7 cells, presumably by inducing protein degradation (Moreno et al., 2015). Prolonged exposure also triggers spatial redistribution of KV7.1/KCNE1 in the membrane, presumably by disruption of lipid rafts (Moreno et al., 2015). It has been speculated that mechanical properties of the membrane (such as thickness and stiffness) may contribute to altered KV7.1/KCNE1 behavior in different membrane microdomains (Moreno et al., 2015). Given that PUFAs regulate other ion channels through modulating the mechanical properties of membranes (Boland and Drzewiecki, 2008), the possible contributions of such indirect PUFA effects on KV7 channels in different microdomains warrants further studies.

Regarding the influence of active metabolites, AA is central in oxygenase-driven metabolic pathways that generate leukotrienes and prostaglandins (Shimizu and Wolfe, 1990). Treatment of bullfrog sympathetic neurons with an inhibitor of the lipoxygenase pathway reduces IM and prevents AA-mediated increases in IM amplitude (Villarroel, 1993; Yu, 1995), presumably by impeding downstream AA metabolites that modulate IM effects (Yu, 1995). These findings highlight the multifaceted nature of PUFA signaling and the challenges of dissecting underlying mechanisms in more complex cellular systems and longer time scales.



FUTURE DIRECTIONS

Several studies report that micromolar concentrations of PUFAs increase KV7.1-7.3 currents and have provided insights into mechanisms of how acute and prolonged PUFA exposure impacts KV7 channels. However, there are still several open questions. For instance:

(i) Given the conservation among KV7 channels of charged residues identified to be crucial to PUFA effects (Figure 1B), are the effects and underlying mechanisms of action conserved among all KV7 isoforms?

(ii) What is the physiological relevance of PUFA effects reported on heterologously expressed KV7 channels? PUFA have been reported to alter cardiac and neuronal excitability [e.g., by shortening action potential duration and QT interval, and increasing the threshold for action potential firing (e.g., Leaf et al., 2003; Boland and Drzewiecki, 2008; DeGiorgio and Taha, 2016; Liin et al., 2016a; Skarsfeldt et al., 2020)], and vascular tone [by promoting vascular smooth muscle relaxation (e.g., Hoshi et al., 2013b; Limbu et al., 2018)]. However, as PUFAs act on many types of channels, the extent of Kv7 contribution to such general effects remain to be determined.

(iii) Can a mechanistic understanding of PUFA modulation of KV7 channels open up new therapeutic avenues? For instance, how viable is modulation of circulating PUFA levels for the tuning of neuronal and cardiac excitability, and what are the prospects of PUFA analogs as pharmacological KV7 channel activators?

To conclude, PUFAs modulate the activity of KV7 channels through a range of mechanisms. Studies of heterologously expressed KV7 channels have revealed important insights into mechanisms underlying KV7 channel activation via direct PUFA-channel interactions. However, several aspects of PUFA modulation of KV7 channels remain unclear and require further studies. This is particularly true for comprehending the compounded results of both direct and indirect PUFA effects in differing time scales and cellular systems.
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Kv7 (“M-type,” KCNQ) K+ currents, play dominant roles in controlling neuronal excitability. They act as a “brake” against hyperexcitable states in the central and peripheral nervous systems. Pharmacological augmentation of M current has been developed for controlling epileptic seizures, although current pharmacological tools are uneven in practical usefulness. Lately, however, M-current “opener” compounds have been suggested to be efficacious in preventing brain damage after multiple types of insults/diseases, such as stroke, traumatic brain injury, drug addiction and mood disorders. In this review, we will discuss what is known to date on these efforts and identify gaps in our knowledge regarding the link between M current and therapeutic potential for these disorders. We will outline the preclinical experiments that are yet to be performed to demonstrate the likelihood of success of this approach in human trials. Finally, we also address multiple pharmacological tools available to manipulate different Kv7 subunits and the relevant evidence for translational application in the clinical use for disorders of the central nervous system and multiple types of brain insults. We feel there to be great potential for manipulation of Kv7 channels as a novel therapeutic mode of intervention in the clinic, and that the paucity of existing therapies obligates us to perform further research, so that patients can soon benefit from such therapeutic approaches.
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INTRODUCTION

Kv7 channels, also known as M-type, or KCNQ channels, are low-threshold voltage gated K+ channels first described almost 40 years ago as underlying the cholinergic slow excitatory post-synaptic potential in sympathetic neurons (Brown and Adams, 1980; Constanti and Brown, 1981). Kv7 channels can be composed of homo- or heterotetrameric assembly of Kv7.1-Kv7.5 subunits; however, only Kv7.2-5 are expressed in the nervous system (Jentsch, 2000). In a wide variety of central and peripheral neurons, M-channels play a significant role in controlling active and passive discharge properties, including action potential threshold, resting membrane potential, spike afterhyperpolarization (AHPs), and shunting conductance (Jones et al., 1995; Yue and Yaari, 2004; Peters et al., 2005; Shah et al., 2008). Consistent with that role, channels composed of Kv7.2 and 7.3 in varying composition are mainly localized in brain to the axon initial segment (Cooper et al., 2001; Pan et al., 2006; Rasmussen et al., 2007), adjacent to the NaV channels that generate action potentials. Since M channels deactivate slowly, they contribute to AHP currents (Tzingounis and Nicoll, 2008). Excessive Kv7-channel suppression or channel dysfunction often leads to seizures or other epileptic syndromes (Biervert et al., 1998; Singh et al., 1998; Ambrosino et al., 2015; Miceli et al., 2015; Greene and Hoshi, 2017), leading to the idea that proper M-channel function acts as a “brake” to prevent excess hyperexcitability (Maljevic et al., 2008; Soldovieri et al., 2011), by accumulated M-current activation increasing the threshold for firing (Peters et al., 2005; Tzingounis and Nicoll, 2008) and increasing the interspike interval (Lawrence et al., 2006).

M current is so named for its discovery as a K+ conductance suppressed by stimulation of muscarinic acetylcholine receptors in sympathetic ganglia neurons (Brown et al., 1995). In those cells, the action is via Gq/11-mediated activation of phospholipase C, which hydrolyzes phosphatidylinositol-4,5-bisphospate (PIP2), reducing its abundance in the membrane (Haley et al., 1998; Suh and Hille, 2005), and by activation of protein kinase C (Hoshi et al., 2003). Since PIP2 binding is required for M-channel opening (Zhang et al., 2003; Li et al., 2005; Suh et al., 2006; Sun and MacKinnon, 2020), its depletion reduces M-current amplitudes in a voltage-independent manner (Shapiro et al., 2000; Nakajo and Kubo, 2005; Choveau et al., 2018). However, in those same neurons, other Gq/11-coupled receptors suppress M current via release of Ca2+ from IP3-gated stores, loading of Ca2+ into calmodulin (Gamper and Shapiro, 2003; Winks et al., 2005; Zaika et al., 2007) and changes in configuration of CaM molecules bound to the proximal carboxy terminus of Kv7.1-7.5 subunits (Yus-Najera et al., 2002; Haitin and Attali, 2008) in varying configurations (Haitin and Attali, 2008; Kosenko and Hoshi, 2013; Strulovich et al., 2016; Sun and MacKinnon, 2017; Chang et al., 2018; Archer et al., 2019).

Pharmacological manipulation of M current has been studied extensively as a therapeutic option for epilepsy (Kapetanovic et al., 1995; Rostock et al., 1996; Armand et al., 1999; Miceli et al., 2008; Amabile and Vasudevan, 2013; Splinter, 2013) and for analgesia (Blackburn-Munro and Jensen, 2003; Munro and Dalby-Brown, 2007; Szelenyi, 2013; Hayashi et al., 2014; Abd-Elsayed et al., 2015; Zheng et al., 2015; Busserolles et al., 2016; Wang and Li, 2016; Du et al., 2018; Li et al., 2019). Retigabine (RTG) was developed some 20 years ago as an anti-epileptic drug that acts by augmenting M current (Main et al., 2000; Rundfeldt and Netzer, 2000; Tatulian and Brown, 2003; Wuttke et al., 2005) and is widely used in research labs. Retigabine induces a hyperpolarizing shift of Kv7.2-5 channel activation (but not Kv7.1), resulting in current enhancement at potentials positive to −80 mV (Tatulian et al., 2001). However, although FDA-approved, its long-term side-effects (e.g., dilation of smooth muscle, blue tinting to skin over time) has led to its withdrawal from the market. Recently, however, a plethora of more selective “next-generation” M channel-targeting compounds have been developed. That may make manipulation of M current a modality used for myriad of brain disorders and insults, besides as anti-convulsants. In this review we will explore some of the possible new therapeutic uses of pharmacological M-current manipulation in treating brain dysfunction.



M CURRENT AND NEUROVASCULAR INJURIES

Two research groups first explored the role of M current during metabolic stress induced by oxygen and glucose deprivation (OGD) using cell culture models. They observed RTG-induced enhancement of M current to significantly reduce neuronal death in organotypic cultures of hippocampal slices subjected to 30 min of OGD, whereas M-current block with XE991 (Zaczek et al., 1998) resulted in increased neuronal death (Boscia et al., 2006; Gamper et al., 2006). Similar observations were reported by Barrese et al. (2015), using rat caudate brain slices. All these groups observed that OGD-induced damage was reduced by pharmacological M-current augmentation. Therefore, it seemed possible that pharmacological M-current enhancement could reduce brain damage after a stroke. Indeed, our group showed M-current augmentation to be neuroprotective after occlusive stroke. M-current augmentation strongly reduced stroke-induced neuronal death, the maladaptive immune response, and locomotor deficits (Bierbower et al., 2015). In a rat model, RTG treatment impaired stroke-induced increases in blood brain barrier (BBB) permeability, opening of tight junctions from microvascular endothelial cells, and cerebral infarct area (Zhao et al., 2018). An evident connection between stroke and the previous OGD models is that both involve cellular metabolic stress.

More recently, Vigil et al. (2020) also showed pharmacological M-current augmentation to prevent brain damage after traumatic brain injury (TBI). With only one i.p. injection of RTG 30 min post-injury, we observed significant reductions in post-traumatic seizures and seizure susceptibility, cellular energetic demand, the maladaptive inflammatory/immune response, breakdown of the BBB, and cell death (Vigil et al., 2020). Thus, we believe that prevention of initial TBI-induced hyperexcitability, even before a post-traumatic seizure can occur, severely hampered the damaging TBI-induced cascade of events. Interestingly, an increase in Kv7.2 expression in TBI-subjected animals treated with RTG was observed in cortical and dentate gyrus hippocampal cells up to 6 days after TBI, although this transcriptional up-regulation is likely not to last much longer than 10 days (Carver et al., 2020; Vigil et al., 2020). As RTG has a half-life of 2 h in animals (Valeant Pharmaceuticals), it is reasonable to assume that M-current augmentation facilitated a later increase in Kv7.2 transcription in neurons that survive the insult. This elevated expression of the kcnq2 gene could represent a second longer-term therapeutic window, as one could take advantage of the increased expression of Kv7.2 channels to maximize the effects of therapeutic treatment. Recently, acute RTG administration was also reported to improve pain and motor neuron recovery after spinal-cord injury (SCI). Wu et al. (2020) observed RTG treatment to be effective up to 3 days after SCI if local delivery of RTG was performed by a pump implant.

Based on the above, a reasonable hypothesis is that pharmacological M-current augmentation reduces neuronal firing after TBI, SCI and, stroke, and as in the OGD model, reduces cellular energy demand. Therefore, reducing Na+/K+ ATPase activity, osmotic unbalance, and cell lysis. This hypothesis is summarized in Figure 1. However, we are only beginning to use in vivo models to confirm the cause of cell death after post-traumatic seizures. Moreover, the various elements of the injury-induced cascade of events are likely to further cross-activate each other resulting in the secondary injury often observed in TBI (Beez et al., 2017; Simon et al., 2017), SCI (Ahuja et al., 2017), and stroke (Hemphill et al., 2015; Beez et al., 2017). By initially preventing this cascade of events at the start, M-current augmentation should have long-lasting beneficial effects in these neurovascular injury events (Figure 1).
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FIGURE 1. Schematic representation of the over-arching hypothesis proposed to explain the therapeutic effects of pharmacological M-current augmentation after O2/glucose deprivation, stroke, traumatic brain injury and spinal cord injury. These neurovascular insults all share brain hypoperfusion and/or excessive neuronal firing, leading to cellular metabolic stress, cell lysis. Cell death hyper-activates the immune system of the brain, increasing insult-related inflammation. If uncontrolled, this hyper-inflammation may result in further cell death, creating a deleterious cycle of positive feedback between these events. Insult-induced excessive neuronal firing also promotes seizures, which further increase cellular metabolic stress and enhanced inflammatory responses, facilitating the occurrence of more seizures. Acute pharmacological M-current increase post-insult stops this cascade of events by reducing the initial increased cellular energy demand.


The secondary effects of TBI can be observed in epileptogenesis in which the injury converts a healthy brain into a brain in which synchronous neuronal activity and seizures are more likely to occur. Traumatic brain injury is responsible for 20% of symptomatic epilepsies and 5–6% of all epilepsy (Garga and Lowenstein, 2006). Higher risk of post-traumatic epilepsy may persist for up to a decade after an initial TBI, but an indeterminate latent period can last between months and years without any presentation of overt seizures (Frey, 2003; Christensen et al., 2009; Lowenstein, 2009). Hence, prior to seizure presentation, TBI must induce pathophysiological changes in the brain that increase seizure susceptibility and epileptogenesis. Post-traumatic epileptogenesis entails a wide scope of regulatory plasticity from many different ion channels, including GABAA receptors, HCN channels, and Kv7 channels, which often provide inhibitory opposition in response to neuronal hyperexcitability. However, both excitatory and inhibitory circuit reorganizations after TBI lead to maladaptive synaptic connectivity, contributing to epileptogenesis (Hunt et al., 2013). Due to the capacity of M-channel openers to act as an inhibitory force to the brain during susceptible periods of the post-traumatic cascade, they could provide control, and possibly prevention, of TBI-induced epilepsy.

Another role played by Kv7 channels, specifically Kv7.4 and Kv7.5, are as regulators of excitability in blood vessels smooth muscle (Yeung et al., 2008; Joshi et al., 2009). Thus, it is possible that part of the beneficial effect of M-current augmentation might be ascribed to an acute increase in blood flow that would lead to a greater supply of glucose and O2 to support metabolic demands. However, the dilation of bladder smooth muscle, leading to urinary incontinence, has been suggested to be due to RTG actions on afferent nerve activity, rather than direct regulation of bladder myocyte contraction (Tykocki et al., 2019). In TBI and stroke models, increases in BBB permeability and infarct area were reduced by RTG treatment (Zhao et al., 2018; Vigil et al., 2020). Zhao et al. (2018) suggest that RTG may reduce BBB permeability by inhibition of injury-induced increase in expression of protein kinase C delta (PKCδ) and of the extracellular matrix proteinases, MMP-2 and MMP-9. Phosphorylation by PKCδ activates MMP-2/9, which degrades tight junction-associated proteins of cerebral vascular endothelial cells, resulting in increased BBB permeability. How RTG treatment reduces injury-induced expression of MMP-2/9 and PKCδ is unknown. Additionally, more experiments measuring brain blood flow and BBB permeability at different time points after injury in animals treated with RTG are still necessary to further investigate this matter.

An additional confound to consider is that RTG seems to affect other ion channels besides Kv7 channels. Retigabine at 10 μM concentration reduces Kv2.1 current by ∼20% and at 100 μM, RTG inhibits ∼80% of Kv2.1 current (Stas et al., 2016). Retigabine at 10 μM also reduces current throughout L-type voltage-gated Ca2+ channels by >50% (Mani et al., 2013). Experimental evidence shows that RTG also acts on GABAA receptors at concentrations above 10 μM (Treven et al., 2015). Inhibition of these channels may also play a role in the aforementioned therapeutic effects. For treatment of epilepsy in patients, the mean free average plasma concentrations of RTG is approximately 0.83 μM and maximum mean free plasma concentrations (Cmax) is approximately 1 μM (Gunthorpe et al., 2012). Hence, if the same doses are used for treatment of other diseases/injuries, off-target effects are likely to be avoided.



M CURRENT AND DRUG ADDICTION


Alcohol Addiction

One of the first demonstrations of the relationship between M current and drugs of abuse centers on alcohol addiction. Moore et al. (1990) showed that M current from hippocampal CA1 pyramidal neurons was inhibited by ethanol. In that same year, M current was recorded for the first time in ventral tegmental area (VTA) neurons (Lacey et al., 1990), a region that plays a key role in reward, mood and drug addiction (Di Chiara and Imperato, 1988; Lammel et al., 2012; Morales and Pickel, 2012), including to alcohol (Gessa et al., 1985; Rodd-Henricks et al., 2000). Koyama et al. (2007) showed that ethanol increases spontaneous firing frequency and suppresses M current in VTA dopaminergic neurons, with a correlation between the two actions. Ethanol seems to inhibit Kv7.2/7.3 heteromers by a PIP2-related mechanism (Kim et al., 2019). Ethanol has also been shown to reduce Kv7.2 trafficking to the membrane in neurons of the nucleus accumbens (NAc; McGuier et al., 2016), a region that is heavily innervated by the VTA and fundamental for reward and drug addiction (Weiss et al., 1993; Robinson and Berridge, 2003; Morales and Pickel, 2012). Retigabine injection, either systemically or into the NAc, significantly reduced voluntary ethanol consumption in rats, without any significant effect in sucrose or water consumption, whereas injection of XE991 increased it (Knapp et al., 2014; McGuier et al., 2016, 2018). Finally, systemic treatment with the Kv7.2 and Kv7.4 opener, ML213 (Yu et al., 2010), also reduced ethanol intake in rats (McGuier et al., 2018). Taken together, this evidence suggests regulation of M current to be linked to alcoholism, and that M-current augmentation may represent a mode of therapeutic intervention to treat alcoholism disease (Figure 2).
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FIGURE 2. Shown is a proposed mechanism by which drug addiction may involve M current. Psychostimulant-induced increase in dopamine levels within the ventral tegmental area (VTA)could correlate with decreased M current in dopaminergic neurons, and/or increased M current in GABAergic neurons. In either case, increase firing of dopaminergic neurons in the ventral tegmental area releases more dopamine in the nucleus accumbens and the prefrontal cortex, inducing reward. Prolonged increases in dopamine levels result in desensitization of dopamine receptors. Concomitantly, M current is reduced in nucleus accumbens and prefrontal cortex, possibly caused by dopamine receptor desensitization. All of these addiction-induced alterations lead to increased drug intake, creating a deleterious cycle, which can be broken by pharmacological M-current increases in all of these brain regions.




Psychostimulant Addiction

Pharmacological M-current augmentation has also been tested as a treatment for addiction to the psychostimulants, cocaine, methylphenidate (Ritalin) and phencyclidine (PCP) in rat models (Hansen et al., 2007). Retigabine injection was shown to significantly reduce cocaine, methylphenidate and PCP-induced locomotor activity and c-Fos expression in the NAc and the primary motor cortex. Retigabine treatment also impaired methylphenidate-induced overflow of dopamine in the striatum (Hansen et al., 2007). More recently, Parrilla-Carrero et al. (2018) showed that training to self-administer cocaine reduced spike frequency adaptation (SFA) and AHPs in a subpopulation of prelimbic prefrontal cortex (PL-PFC) neurons. This increase in excitability was resistant to extinction training and enhanced by a cued reinstatement test. These neurons also show decreased M current amplitudes and reduced sensitivity to dopamine. Ex vivo treatment with RTG restored the SFA and AHPs of these PL-PFC neurons. Moreover, RTG injection directly into the PL-PFC was shown to reduce reinstatement-induced drug-seeking behavior (Parrilla-Carrero et al., 2018), a model of relapse in rodents. Psychostimulants are known to increase dopamine levels in the brain, resulting in desensitization of D2 receptors (D2Rs; Volkow et al., 2010; Juarez and Han, 2016). Experiments with heterologously expressed dopamine D2R and Kv7.1-7.4 channels revealed D2R stimulation to increase M current in a mechanism involving G proteins of the Go/i subtype (Ljungstrom et al., 2003). Hence, it is possible that the decrease of M-current amplitudes observed with psychostimulants is related to desensitization of D2Rs, involving diminished D2R facilitation of Kv7 channel opening (Figure 2). This hypothesis could explain the hyperexcitability observed in VTA and PL-PFC. Reduction in membrane levels of Kv7 channels could also play a role in psychostimulant-induced reduction of M current amplitudes.

In brief, addiction to both ethanol and psychostimulants seem to result in reduced M-current expression and/or amplitudes, and this reduction may be related to enhanced drug-seeking behavior (Figure 2). Indeed, pharmacological M-current augmentation has shown beneficial effects in a number of addiction models. We believe the VTA to be an ideal target for the use of pharmacological M-current augmentation as a novel treatment for addiction, although we do not yet know if the mechanism of action would be due to changes in the excitability of VTA dopaminergic neurons, GABAergic neurons, or both. Ventral tegmental area projections are the main source of dopamine in all the brain regions mentioned above (Ikemoto, 2007; Ferreira et al., 2008; Hosp et al., 2011; Morales and Pickel, 2012; Han et al., 2017). Even though RTG injection into the VTA does reduce ethanol consumption (McGuier et al., 2018), for example, intra-VTA injections are not of course feasible clinically. Nonetheless, the unique composition of Kv7 channels in the VTA could represent a therapeutic opportunity. Ventral tegmental area expresses high levels of neuronal Kv7.4 subunits (Li et al., 2017), compared to neurons from other regions in the brain, in which Kv7.4 has little to no expression (Kharkovets et al., 2000; Saganich et al., 2001; Greene and Hoshi, 2017). This could allow for the use of drugs that specifically target Kv7.4, such as fasudil (Li et al., 2017), as a treatment for addiction. However, continuous pharmacological M-current augmentation through Kv7.4 channels is likely to induce hearing and blood pressure problems (Kharkovets et al., 2000; Kharkovets et al., 2006; Yeung et al., 2008; Joshi et al., 2009). Thus, more preclinical studies are necessary for pharmacological M-current augmentation to be used as a treatment for drug addiction.



M CURRENT AND MOOD DISORDERS


Depression

The VTA also plays a major role in mood disorders such as depression (Nestler and Carlezon, 2006; Figure 3), a widespread chronic illness characterized by low mood, lack of energy, sadness, and anhedonia (Cui, 2015). Pharmacological M-current augmentation, either systemically or in the VTA, reduces depression-like behavior in the social defeat depression mouse model, measured by different depression paradigms (Friedman et al., 2016). Additionally, intra-VTA viral vector transfection of Kv7.3 channels also reduced depression like behavior, as did anterograde expression of Kv7.3 in the NAc via intra-VTA injections of viral vector (Friedman et al., 2016). Li et al. (2017) observed that systemic pharmacological augmentation of Kv7.4 channels with fasudil also reduced depression-like behavior and excitability of VTA neurons in the social defeat depression mice model.
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FIGURE 3. Schematic representation showing how decreased M current could be related to mood disorders. In depression and bipolar disorder, impaired M current in dopaminergic neurons of the ventral tegmental area (VTA) results in excessive firing. For anxiety disorders, M current is decreased in serotonergic neurons of the dorsal raphe nucleus and the lateral habenula. Pharmacological M-current increase in these regions could thus be used as a therapeutic tool for treating these mood disorders.



Bipolar Disorder

Bipolar disorder is a severe chronic mood dysfunction that is characterized by oscillation between episodes of depression and of mania (American Psychiatric Association, 2013). During manic episodes, patients experience euphoria, hyperactivity, and high levels of risk-taking behavior (American Psychiatric Association, 2013). In rodents, manic episodes can be modeled by injection of amphetamine (AMPH), combined with the benzodiazepine, chlordiazepoxide (CDP). The combination of these drugs induces hyperactivity and this phenotype can be examined with drugs used for treating bipolar disorder in the clinic, such as lithium (Dencker et al., 2008; Redrobe and Nielsen, 2009). M-current augmentation has also displayed beneficial effects in rodent models of mania (Figure 3). Studies have found that administration of RTG 30 min before testing impaired AMPH + CDP-induced hyperactivity with no effects on basal locomotor activity (Dencker et al., 2008). Redrobe and Nielsen (2009) observed that enhancement of M current with ICA-27243, which selectively augments currents from Kv7.2/7.3 channels, also reduced AMPH + CDP-induced hyperactivity. On the other hand, enhancement of Kv7.4-7.5 currents by BMS-204352 did not have significant anti-manic effects. Further studies using the AMPH + CDP model showed RTG to reduce the AMPH + CDP-induced increase in cellular metabolic demand in the thalamus, striatum and retrosplenial cortex (Kristensen et al., 2012). Furthermore, intravenous injection of RTG was shown to reduce AMPH-induced locomotor activity, neuronal firing in the VTA, and dopamine release in the NAc, whereas XE991 had the opposite effect (Sotty et al., 2009). Retigabine was also shown to impair sensitization after multiple AMPH injections in rodents (Dencker and Husum, 2010).

A new genetic dimension involves glycogen synthase kinase 3 beta (GSK3β), which is best known for intra-nuclear re-phosphorylation of the transcription factor, nuclear factor of activated T-lymphocytes (NFAT), which despite its name, is ubiquitous in brain and critical to synaptic plasticity (Graef et al., 1999). Retigabine was found to increase phosphorylation of GSK3β in hippocampus and in the pre-frontal cortex (Kristensen et al., 2012). Such phosphorylation of GSK3β at serine 9 reduces kinase activity, similar to the effect of standard anti-manic agents, such as lithium (Stambolic et al., 1996; De Sarno et al., 2002). Using in vitro studies, GSK3β was seen to phosphorylate Kv7.2 subunits, suppressing M current and lithium impairs this phosphorylation, rescuing M current (Borsotto et al., 2007). This relationship could offer a plausible novel target for the treatment of bipolar disorder.

Valproic acid (VPA) is an anti-epileptic agent commonly used in the clinic as a mood stabilizer for treatment of patients with bipolar disorder (Chiu et al., 2013; Cipriani et al., 2013). Using in vitro and in vivo mice models, part of the antiepileptic effect of VPA was shown to be due to inhibition of muscarinic-induced suppression of M current and to be dependent of Kv7.2 phosphorylation at S558 (Kay et al., 2015; Greene et al., 2018). It is possible that the beneficial effect of VPA as a mood stabilizer may also be related to drug-induced M-current increases. Nonetheless, VPA has various mechanism of action that are not related to M current (Tomson et al., 2016; Collins-Yoder and Lowell, 2017). Therefore, a direct link between VPA-induced facilitation of M current and its effect as a mood stabilizer remains to be proven.

In humans, associations between bipolar disorder and single nucleotide polymorphisms (SNPs) in the kcnq2 gene have been found (Borsotto et al., 2007; Judy et al., 2013). These SNPs disturb the interaction of Kv7.2 with ankyrin G (Borsotto et al., 2007) and protein phosphatase 2A (Judy et al., 2013), which could impair channel assembly and dephosphorylation, respectively. Finally, bipolar patients have decrease methylation of exon 11 in the kcnq3 gene, resulting in lower expression of Kv7.3 (Kaminsky et al., 2015).



Anxiety

Both BMS-204352 and RTG have anxiolytic-like effects in the zero-maze and marble-burying rodent paradigms. Those effects were blocked by XE991 without any observed motor alterations, supporting pharmacological M-current enhancement as an anxiolytic treatment (Korsgaard et al., 2005). Anxiolytic-like dose-dependent effects of RTG were also observed in the conditioned emotional-response paradigm (Munro et al., 2007). As proposed by Hansen et al. (2008), the anxiolytic-like effects of BMS-204352, observed by Korsgaard et al. (2005), suggest Kv7.4 and 7.5 to play an important role in anxiety. Immunostaining experiments show Kv7.4 channels to be highly expressed in serotonergic neurons of the dorsal raphe nucleus (DRN; Hansen et al., 2008; Zhao et al., 2017), a region of the brain known to play a central role in anxiety regulation (Graeff et al., 1997; Lowry et al., 2008). For example, increased activity of serotonergic neurons from the DRN are observed in rodent models of induced anxiety (Maier and Watkins, 2005). The excitability of serotonergic neurons from the DRN can be manipulated by pharmacological and genetic manipulation of Kv7.4 (Zhao et al., 2017). Hence, pharmacological M-current augmentation may have anxiolytic effects due to an increase in M current composed of Kv7.4 homomers in serotonergic DRN neurons, resulting in reduced firing (Figure 3). Corroborating with this hypothesis, pharmacological M-current augmentation has been shown to reduce preoperative anxiety of human patients (Yadav et al., 2017). M current in the lateral habenula (LHb) also seems to play a role in anxiety disorders. Hyperexcitability in LHb was observed in a mouse model of ethanol withdrawal, concomitant with reduced M current, specifically from Kv7.2 and 7.3. Additionally, infusion of RTG in the LHb impaired ethanol withdrawal-induced anxiety behavior (Kang et al., 2017). Curiously, intra-LHb injection of SB242084, an antagonist of the serotonin receptor 5-HT2C, also reduced ethanol withdrawal-induced anxiety behavior and increased Kv7.2 and 7.3 membrane protein levels (Fu et al., 2020). Serotonin 5-HT2C receptors are coupled to Gq/11 and therefore activate phospholipase C (Martin et al., 2014), which could modulate M current. But how these events could affect Kv7 channel membrane levels remains to be understood.

The evidence presented in this section highlight the promise of pharmacological M-current augmentation to be an effective treatment for multiple mood disorders, with different specificities of brain regions and channel subunits among the disorders. M-current regulation of dopaminergic VTA neurons may play a major role in depression and bipolar disorders (Figure 3). The VTA is an interesting therapeutic target due to its peculiarly high expression of Kv7.4 compared to other brain regions (Kharkovets et al., 2000; Saganich et al., 2001; Greene and Hoshi, 2017). Nevertheless, brain-specific drug delivery would presently be necessary to avoid peripherical effects (Kharkovets et al., 2000; Kharkovets et al., 2006; Yeung et al., 2008; Joshi et al., 2009). High expression of Kv7.4 channels can also be found in the DRN, where it is a potential therapeutic target for anxiety disorders, although for such disorders, augmentation of Kv7.2 and 7.3 in the LHb may also be necessary/beneficial. It is important to remember that the LHb and the raphe nuclei have reciprocal innervations between each other (Vertes et al., 1999; Yang et al., 2008; Metzger et al., 2017; Zhang et al., 2018). Moreover, M current might even be important in the etiology of bipolar and anxiety disorders (Borsotto et al., 2007; Judy et al., 2013; Kaminsky et al., 2015; Kang et al., 2017; Fu et al., 2020). It is likely that in both disorders, regulation of M-current by serotonergic and dopaminergic receptors (Ljungstrom et al., 2003; Fu et al., 2020) is disturbed by disease-induced alterations in these neurotransmitters and their receptors.



CONCLUSION

Currently pharmacological M-current manipulation is only approved by the FDA for treatment of epilepsy, although as mentioned above, RTG is off the market and its predecessor, flupertine (Szelenyi, 2013), has unacceptable liver toxicity (Puls et al., 2011; Michel et al., 2012). However, the plethora of “next-generation” M-channel openers (Miceli et al., 2018), of which many were highlighted at the recent International Kv7 symposium in Naples, Italy in 2019, show great translational promise. Animal research indicates M current to be a therapeutic target for multiple brain disorders, including those with no current treatments, such as TBI and psychostimulant addiction. But which compound should be tested first for these? RTG has a clinical history as an adjunctive treatment for epilepsy (Brodie et al., 2010; Tompson et al., 2013). Thus, repurposing RTG could represent the fastest way to the clinic, as it is already FDA-approved (in oral, but not injectable, form) and is the compound most incorporated into preclinical research involving M-channel augmentation. However, the prolonged use of RTG entails adverse side effects, such as reversible skin discoloration, retinal pigmentation abnormalities, cognitive changes, and urinary incontinence (Beacher et al., 2015; Zaugg et al., 2017). The discoloration effects are largely due to the properties of the dimerized compound that may be mitigated in more recent derivatives of RTG that have yet to undergo clinical trials. It has been suggested that other side effects may also be reduced by identifying RTG-derivatives that are more potent and selective for Kv7.2/7.3 channels (Grunnet et al., 2014; Kumar et al., 2016). Another benefit of selectivity for Kv7.2/7.3 has been suggested in the treatment of tinnitus involving M-current dependent plasticity in the dorsal cochlear nucleus (Li et al., 2013; Kalappa et al., 2015). As previously mentioned, RTG also has dose-dependent side effects on Kv2.1 (Stas et al., 2016), L-type voltage-gated Ca2+ channels (Mani et al., 2013), and GABAA receptors (Treven et al., 2015). In addition, newer insights suggest that GABA interacts with, and activates, certain Kv7 subtypes due to a conserved binding pocket (Manville and Abbott, 2018, 2020). Thus, the use of more potent and specific M-channel compounds, as well as alternative strategies to regulate M-channel transcription, need to be further explored.

Much is still unknown about how M current is involved in the variety of neurological diseases mentioned in this review. Even basic preclinical tests remain to be performed for most of them. For example, for the new RTG-derivatives the minimum and maximum effective doses and possible side effects of long-term use are unknown. In neurovascular injuries, the necessity of one or only a few doses of treatment after the injury should eliminate the risks associated with long-term use of a drug. Since mood disorders are chronic diseases, the clinical use of pharmacological M-current augmentation necessitates prolonged use, presenting an extra challenge. It is also necessary to start investigating brain-specific delivery of M-current modulators. Addiction is a case that remains a bigger challenge. In rodent models, M current has been described to reduce both drug intake and relapse-like drug seeking behavior. Translating this to the clinic, M-current augmentation might be useful for treatment of an active drug user and/or to reduce relapse of a patient that is no longer using the drug. Both possibilities can only be truly tested in clinical trials. Pharmacological M-current augmentation is likely to be a therapeutic tool for a spectrum of pathological situations, as discussed here. However, there is still a long road ahead until clinical trials establish the true value of this mode of therapeutic intervention.
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Voltage-gated potassium (Kv) channels in the KCNQ (Kv7) family are essential features of a broad range of excitable and non-excitable cell types and are found in organisms ranging from Hydra vulgaris to Homo sapiens. Although they are firmly in the superfamily of S4 domain-bearing voltage-sensing ion channels, KCNQ channels are highly sensitive to a range of endogenous and exogenous small molecules that act directly on the pore, the voltage-sensing domain, or the interface between the two. The focus of this review is regulation of KCNQs by direct binding of neurotransmitters and metabolites from both animals and plants and the role of the latter in the effects of plants consumed for food and as traditional folk medicines. The conceptual question arises: Are KCNQs voltage-gated channels that are also sensitive to ligands or ligand-gated channels that are also sensitive to voltage?

Keywords: epilepsy, GABA, herbal medicine, hypertension, KCNE, KCNQ2, KCNQ3, KCNQ5


INTRODUCTION

Ion channels provide aqueous conduits across cell membranes that allow transmembrane movement of aqueous ions down their electrochemical gradient and across the hydrophobic interior of the lipid bilayer. Although this process is not active transport, it can achieve rates approaching the diffusion limit and also ion selectivity ratios as high as 100:1 even for K+ over the smaller but similarly charged Na+ (Hille et al., 1999). Ion channels can be categorized using various approaches, such as by their primary sequence (there are many different ion channel gene families organized by sequence similarity), ion selectivity (e.g., K+ versus Na+) or how they are opened (e.g., by voltage changes or by ligands). Voltage-gated ion channels are best known for their roles in excitable cell processes, including skeletal and cardiac muscle contraction and nervous signaling, functions that demand they respond to changes in membrane potential by opening to allow ion movement that shapes the action potentials in these tissues. Some voltage-gated ion channels also serve vital functions in non-excitable tissues, including in polarized epithelial cells.

Many voltage-gated channels also respond to ligands. It was previously recognized, before the molecular correlates of channels were even identified, that many native voltage-dependent currents are sensitive to small molecules. Indeed, before molecular cloning, pharmacology was the primary method for identifying specific currents. These cases most often involve block of a specific ion channel and consequent inhibition of its current in a process separate from the normal gating processes of the channel or, in some circumstances, augmenting the existing gating processes of the channel, e.g., augmentation of voltage-gated sodium channel inactivation by anti-arrhythmic/analgesic drugs (Viswanathan et al., 2001). However, more recently, we are beginning to understand that some voltage-gated ion channels either require specific endogenous small molecules for their activity or are highly sensitive to a range of endogenous and exogenous small molecules that augment their activity at a given membrane potential. The focus of this review is the KCNQ (Kv7) subfamily of voltage-gated potassium (Kv) channels and the mechanisms of their activation by a range of ligands.



KCNQ CHANNEL ARCHITECTURE

Voltage-gated potassium (Kv) channels, including the KCNQs, possess four repeating units, each of which is a separate gene product. The channel forms as a tetramer of KCNQ α subunits. Each unit contains six transmembrane segments with segments 1–4 (S1–S4) forming one voltage sensing domain (VSD) and S5,S6 contributing from each unit to form one quarter of an interlocking pore structure (Figures 1A,B) (Papazian et al., 1987; Tempel et al., 1987; MacKinnon, 1991; Doyle et al., 1998; Long et al., 2005a).


[image: image]

FIGURE 1. KCNQ channel architecture. (A) KCNQ1–KCNQ3 chimeric structural model based on cryo-EM structure of Xenopus KCNQ1 (Sun and MacKinnon, 2017). (B) Schematic showing membrane topology; domain coloring as above. VSD, voltage sensing domain; PH, pore helix. (C) Section through KCNQ1–KCNE complex showing main features. (D) Cartoon of voltage gating depicting the S4–S6 portions of a Kv α subunit monomer and the types of conformational shifts that may occur upon membrane depolarization.


The VSD is the defining feature of voltage-gated ion channels; each VSD contains a transmembrane helix (S4) endowed with periodic basic residues that sense membrane potential (Catterall, 1995). The flexible VSD can, therefore, shift position relative to the membrane electric field in response to membrane potential changes (Figures 1C,D). This conformational shift is transmitted to the pore module via an intracellular linker region, termed the S4–S5 linker in voltage-gated potassium (Kv channels) and other interactions between elements of the pore module and S4 (Bezanilla and Perozo, 2003). Transmembrane segments S1 and S2 within the VSD contain acidic residues that shield or stabilize S4 as it transitions to its activated state upon membrane depolarization (Cuello et al., 2004; DeCaen et al., 2009). Thus, voltage-dependent ion channel gating is electromechanically coupled to the plasma membrane potential (Figure 1D; Long et al., 2005b).

In KCNQ and other K+ channels, selectivity over, e.g., Na+ ions is achieved by backbone carbonyl oxygen atoms of glycine residues in the canonical GYGD K+ selectivity filter motif. This forms a pseudo-hydration shell that accommodates K+ perfectly but is too large to properly coordinate Na+. Diffusion of K+ ions through the K+ channel pore requires binding and unbinding of ions to the pore elements (Ranganathan et al., 1996; Doyle et al., 1998; Zhou and MacKinnon, 2003).

Similar to other ion channels, some KCNQ α subunit assemblies also form complexes with one or more non-pore-forming, ancillary subunits (McCrossan and Abbott, 2004; Panaghie and Abbott, 2006; Pongs and Schwarz, 2010). This includes the KCNE subfamily of single-transmembrane domain ancillary subunits (Figure 1C). Each KCNE isoform can regulate more than one type of Kv α subunit (McCrossan and Abbott, 2004), and some Kv α subunit types can each be regulated by more than one KCNE subunit isoform. For example, all five human KCNE isoforms can regulate KCNQ1. The varied functional outcomes of these assemblies permit KCNQ1 to serve a wide variety of functions in both excitable cells, such as ventricular cardiomyocytes, and in non-excitable cells such as gastric and thyroid epithelial cells (Abbott, 2014).



REGULATION OF KCNQ CHANNEL ACTIVATION BY VOLTAGE, PIP2 AND CA2+

There are five known human KCNQ genes in the 40-member Kv α subunit gene family (Abbott, 2014). KCNQ1 is highly studied because of its association with human disease, variety of roles in physiology, and broad functional repertoire. KCNQ2–5 are also highly studied for their roles in the brain (primarily KCNQ2, 3, and 5) (Biervert et al., 1998; Singh et al., 1998; Wang et al., 1998; Tzingounis et al., 2010; Klinger et al., 2011), vasculature (KCNQ4, 5) (Yeung et al., 2007), and auditory epithelium and auditory neurons (KCNQ4) (Kubisch et al., 1999). All the homomeric and heteromeric α subunit-only KCNQ channels studied have been found to be highly sensitive to phosphatidylinositol 4,5-bisphosphate (PIP2). Specifically, unlike some other Kv channels that undergo more subtle modulation by PIP2, KCNQ channels require interaction with PIP2 to pass current (Zaydman et al., 2013). This is because PIP2 acts as a cofactor that mediates coupling of the KCNQ VSD with its pore module. Thus, without PIP2, VSD activation in response to membrane depolarization does not itself cause pore opening (Zaydman et al., 2013).

This is one example of how we can consider KCNQ channel gating to be ligand- as well as voltage-dependent in much the same way as we consider Ca2+-activated K+ channels, such as BK, to be both Ca2+- and voltage-activated. Interestingly, as for KCNQ channels, BK channel activation is often cast as voltage-initiated but modulated by steady-state intracellular [Ca2+]. Yet, in one study designed to mimic physiological conditions, ligand-gating by Ca2+ was found to be rate-limiting for BK channel function. It was concluded that BK channels in native systems function primarily as ligand-gated ion channels, activated by intracellular Ca2+ (Berkefeld and Fakler, 2013). The Ca2+ binding sites on BK channels required for activation are located intracellularly in the Ca2+ bowl, located in the C-terminus of the RCK2 domain, and in the RCK1 domain (Lee and Cui, 2010).

For many Kv channels, activation is modeled as a linear process, in which VSD activation must occur before pore opening. In the case of KCNQ channels and, incidentally, also for voltage activation of BK channels, coupling between the VSD and pore module is probably better represented by an allosteric model rather than a linear process. In the allosteric model, the pore is capable of opening without VSD activation, but VSD activation increases the likelihood of pore opening (Zaydman and Cui, 2014). Studies of KCNQ1 have shown that pore opening does not require activation of all four VSDs (Osteen et al., 2012). In addition, we found that, despite the pore of a KCNQ1 mutant (F340W) (in complexes with KCNE1) being locked open, voltage-sensitive inactivation that required S4 movement still occurred, providing additional evidence for non-linear coupling (Panaghie et al., 2008).

It is likely that PIP2 is required for allosteric coupling between the activated VSD and the open pore based on studies in KCNQ1 (Zaydman et al., 2013), KCNQ2, and KCNQ3 (Choveau et al., 2018). PIP2 probably does not open the pore directly; i.e., effects of coupling alone can explain its obligate role in KCNQ channel opening (Zaydman et al., 2013), but one can still consider KCNQ gating as ligand-dependent as without PIP2 the voltage-dependent gating process cannot occur.

PIP2 regulation of KCNQs is thought to serve an essential role in control of cellular excitability in tissues expressing KCNQs. For example, PIP2 depletion via activation of muscarinic acetylcholine receptors is thought to be a major mechanism for the excitatory action of acetylcholine. By depleting PIP2, neuronal M-current (generated primarily by KCNQ2–KCNQ3 heteromers) is inhibited, favoring neuronal depolarization and increased action potential frequency. As KCNQ2–KCNQ3 heteromers are located in key positions, such as the axon initial segment and in nodes of Ranvier, they can act as gatekeepers for action potential propagation (Brown and Adams, 1980; Klinger et al., 2011).

Various structure–function studies have provided a picture of the likely sites at which PIP2 binds and/or acts allosterically on KCNQ channels to exert its strong influence on channel activation. The sites that coordinate functionally relevant interactions of PIP2 are clustered in or near the S2–S3 and S4–S5 linkers and at or near the junction between S6 and the C-terminal domain (Kim et al., 2017; Choveau et al., 2018) (Figures 2A,B). This clustering makes perfect sense for the proposed role of PIP2 in coordinating bidirectional coupling between the VSD and the pore.
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FIGURE 2. KCNQ residues influential in effects of PIP2, GABA, and metabolites. (A) KCNQ1–KCNQ3 chimeric structural model showing residues important for effects of PIP2 (yellow) and GABA and metabolites (red). PH, pore helix. (B) Close-up of residues in A with human KCNQ3 residue numbering.


KCNQ channels are also sensitive to Ca2+ by virtue of calmodulin (CaM), which is an essential ancillary subunit for KCNQ channels (Gamper et al., 2005; Ghosh et al., 2006; Shamgar et al., 2006). CaM binds to the proximal C-terminus of KCNQ1 and is thought to compete with PIP2 to stabilize the KCNQ1 open state; this also occurs in physiological relevant complexes in which KCNQ1-CaM co-assembles with the KCNE1 ancillary subunit to form IKs complexes (see below) (Tobelaim et al., 2017). It is thought that increases in cytosolic Ca2+ can compensate for receptor-mediated depletion of PIP2 via an interaction between the calcified N lobe of CaM and the KCNQ1 proximal C-terminus (at Helix B) that mimics or substitutes for the KCNQ1-PIP2 interaction to curtail IKs current inhibition (Tobelaim et al., 2017). Increased cytosolic Ca2+ and consequent CaM calcification may also alter the manner in which CaM binds to KCNQ channels based on experiments with KCNQ2 such that calcified CaM displaces PIP2 by altering the binding site and channel affinity for PIP2 (Kosenko and Hoshi, 2013). Thus, KCNQ channel gating is also Ca2+-sensitive, with Ca2+ binding to calmodulin displacing and/or substituting for PIP2 to favor opening at more negative membrane potentials. Interestingly, CaM is also required for KCNQ2 exit from the endoplasmic reticulum, and this also, therefore, ensures that even KCNQ2 trafficking is ligand (Ca2+)-dependent (Alaimo et al., 2009).



REGULATION OF KCNQ CHANNEL ACTIVATION BY KCNE SUBUNITS

Channels formed by KCNQ1 in complexes with the single transmembrane domain KCNE1 ancillary subunit are essential in the heart and auditory system. The most striking result of KCNQ1–KCNE1 co-assembly is that KCNE1 greatly slows KCNQ1 activation (Yang et al., 1997; Sesti and Goldstein, 1998). Among the mechanistic models proposed for this effect, some suggest that KCNE1 slows S4 movement (Nakajo and Kubo, 2007; Ruscic et al., 2013), and others support direct slowing of KCNQ1 pore opening by KCNE1 (Rocheleau et al., 2006) or that KCNE1 imposes the need for movement of multiple voltage sensors before KCNQ1 channels open unlike what is thought to be the case for homomeric KCNQ1 (Osteen et al., 2010, 2012).

To modulate KCNQ1 in this manner, KCNE1 probably lies in a groove close to both the pore module and VSD (Figure 3). Essential for ventricular repolarization and for endolymph secretion in the inner ear, KCNQ1–KCNE1 channels also require PIP2 for activation and are a hundredfold more sensitive to PIP2 than are homomeric KCNQ1 channels. The proposed binding site for PIP2 abuts regions considered important for KCNE1 regulation of KCNQ1, helping to explain the considerable influence of KCNE1 on KCNQ1 PIP2 sensitivity (Li et al., 2011).
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FIGURE 3. Predicted structure of KCNQ1-KCNE1 complex. KCNQ1–KCNE1 structural model showing predicted position of KCNE1 (blue between two KCNQ1 subunits (sand and salmon) and close to S5 (yellow) and R243 (red) or one subunit. Plotted from model coordinates made available in Kang et al. (2008).


KCNQ1 can be converted to a constitutively open channel exhibiting relatively little voltage dependence across the physiological voltage range by forming heteromeric complexes with either KCNE2 (in gastric parietal cells) or KCNE3 (in intestinal epithelium) (Lee et al., 2000; Schroeder et al., 2000; Tinel et al., 2000; Roepke et al., 2006). To perform their function in gastric glands, i.e., provide a K+ efflux pathway from parietal cells to supply the gastric H+/K+-ATPase with luminal K+ ions so that it can secrete protons into the stomach lumen, KCNQ1–KCNE2 channels must exhibit two properties. First, they must stay open and non-inactivated at weakly negative voltages (probably largely between −40 and −20 mV in parietal cells); second, they must continue to function efficiently while withstanding the highly acidic extracellular environment of the gastric pits (pH 2–3).

The constitutive activation is probably achieved by KCNE2 favoring the activated conformation of the VSD, a phenomenon that has been studied in much greater detail for KCNQ1–KCNE3 channels because their greater macroscopic currents facilitate electrophysiological and mutagenesis-based structure function studies (Abbott, 2015, 2016). Homomeric KCNQ1 channels are inhibited by extracellular H+ ions, manifested as a positive shift in the voltage dependence of activation and slower activation. KCNQ1–KCNE2 current, in contrast, is augmented by low extracellular pH. This property is endowed by the KCNE2 extracellular N-terminus and neighboring region of the transmembrane domain and is not a general property of constitutively open KCNQ1 channels because KCNQ1–KCNE3 channels are largely voltage-independent (see below) yet insensitive to pH (Heitzmann et al., 2004, 2007).

Unlike KCNE2, KCNE3 permits KCNQ1 to pass macroscopic outward currents at levels equivalent to or greater than those generated by homomeric KCNQ1 (Schroeder et al., 2000). KCNE3 favors constitutive activation of KCNQ1 by locking the voltage sensor in its activated conformation rather than by directly locking the pore open independent of the voltage sensor (Nakajo and Kubo, 2007; Panaghie and Abbott, 2007). The McDonald lab discovered that residues in the KCNE3 transmembrane domain are essential for KCNQ1–KCNE3 constitutive activation (Melman et al., 2001, 2002). We subsequently identified additional KCNE3 residues at the membrane-proximal region of the extracellular portion of KCNE3 (D54, D55), which interact with KCNQ1–S4 as part of the constitutive activation process (Choi and Abbott, 2010). It is not yet entirely clear how PIP2 regulates gating of constitutively active KCNQ1–KCNE2 or KCNQ1–KCNE3 channels, but co-assembly of KCNQ1 with KCNE3 protects the channel from the inhibition observed for homomeric KCNQ1 upon sphingomyelinase removal of lipid head groups from the plasma membrane (Choi and Abbott, 2010). Furthermore, in recent cryo-electron microscopy–resolved structures in the presence and absence of PIP2, KCNE3 appeared to be locking open the voltage sensor as we previously concluded (Panaghie and Abbott, 2007), but in the absence of PIP2, the pore still appeared to be closed (Sun and MacKinnon, 2020). Further electrophysiological analyses are necessary to confirm these findings, but it appears that even KCNQ1–KCNE3 channels require PIP2 for VSD-pore coupling and pore opening, at least in the conditions used for structural analysis.



ACTIVATION OF KCNQ CHANNELS BY DIRECT BINDING OF NEUROTRANSMITTERS AND METABOLITES

Neuronal KCNQ channels (KCNQ2-5 isoforms) each contain a conserved Trp residue in their S5 segment that confers sensitivity to the anticonvulsant, retigabine (Tatulian et al., 2001; Schenzer et al., 2005). Binding of retigabine to KCNQ2–5 isoforms negative-shifts their voltage dependence of activation. At a given voltage, wash-in of retigabine increases KCNQ2–5 current without the need to change the voltage. Thus, although KCNQ channels are highly voltage-sensitive, they can be “activated” at a given voltage by a ligand (retigabine) that requires (and likely binds to) the S5 Trp (W265 in KCNQ3, for example). KCNQ3 is the most highly retigabine-sensitive KCNQ channel, but KCNQ2, 4, and 5 each also respond. KCNQ1 is not activated by retigabine because KCNQ1 lacks the S5 Trp (Schroder et al., 2001).

The S5 Trp is thought to favor binding of (and is certainly required for activation by) molecules such as retigabine because they contain a negative electrostatic surface potential centered on a carbonyl group (Kim et al., 2015) (Figure 4). The S5 Trp has been conserved in evolution for about 600 million years and is present in the neuronal KCNQ-type channels of essentially all deuterostomes and also some of the Cnidaria but absent in protostomes (the genomes of which contain a KCNQ channel that lacks the S5 Trp) (Manville et al., 2018) (Figures 5A,B). Hypothesizing that the S5 Trp is conserved to bind an endogenous ligand, we began looking for ligands with similar chemical properties to retigabine. This led to the discovery that γ-aminobutyric acid (GABA), which also possesses a carbonyl group with associated predicted negative electrostatic surface potential (Figure 4), binds directly and S5-Trp dependently (Figure 6A) to KCNQ2, 3, 4, and 5, but not KCNQ1 (which lacks the S5 Trp) (Manville et al., 2018).
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FIGURE 4. Structures and calculated electrostatic surface potentials of KCNQ activators. Structures and calculated electrostatic surface potentials of KCNQ activators as indicated; red = negative, blue = positive extremes. Plotted using Jmol.
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FIGURE 5. Conservation of the KCNQ5 S5 Trp. (A) Sequence alignment of the GABA-binding S5 Trp-containing portion of KCNQ5 or the closest ortholog in various organisms. Adapted with permission from Manville et al., 2018. (B) Evolutionary relationships of organisms showing representation of KCNQ channels in major animal clades. Red, organisms contain multiple KCNQs, including one or more with the GABA-binding S5 Trp; blue, one KCNQ, lacking the GABA-binding S5 Trp; gray, no KCNQ. From Manville et al. (2018) used with permission.
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FIGURE 6. Predicted KCNQ GABA binding site and accessibility. (A) SwissDock prediction of GABA binding pose in KCNQ3. VSD, voltage sending domain. (B) Extracellular view of KCNQ3-W265 (red) showing possibility access site from outside the cell. Purple, S5; blue, VSD, pink, S4, S5 linker; green pore helix. From Manville et al. (2018) used with permission. (C) Similar view as in panel B, but in the Kv1.2–Kv2.1 “paddle-chimera” structure (Long et al., 2007) showing S5 accessibility (*) despite lipid presence (lipids shown in gray/red). Adapted from Manville et al. (2018) with permission.


An arginine situated between the voltage-sensing S4 segment and the intracellular linker region that connects S4 to S5 (S4–S5 linker) is also required for GABA binding (Manville et al., 2019) (Figure 6A). This dependence, together with docking studies, suggest a surprisingly deep binding site for GABA, but the site appears to be accessible from the extracellular side (Figures 6B,C). The S4–S5 linker arginine (R242 in KCNQ3) is also in the region that coordinates binding and/or the functional effects of PIP2 (Kim et al., 2017). However, activation of KCNQ2/3 by GABA was unaffected by depletion of PIP2, either by activation of muscarinic acetylcholine receptors or by wortmannin application (Manville et al., 2018). It is, therefore, possible that GABA works differently from retigabine in that it may not be as dependent on PIP2 for coupling of the VSD to the pore for activation or perhaps helps replace PIP2 in this role. Interestingly, the S4–S5 linker arginine residue important for PIP2 effects on KCNQs, (i.e., KCNQ3–R242, KCNQ5–R212) is also required for GABA effects and, specifically, for binding. We know this because, unlike the large majority of studies examining Kv channel pharmacology, which rely solely on functional effects to infer binding, we directly quantified binding of tritiated GABA to wild-type versus R212A–KCNQ5 (Manville et al., 2019). Given the dual role of this residue in binding of GABA and probably PIP2, it is difficult to ascertain the role of PIP2 in coordinating GABA effects by mutation of this residue. Future studies could involve more comprehensive depletion of PIP2 and then application of GABA followed by quantification of binding and functional effects. The Kd for GABA binding to KCNQ3 expressed in Xenopus oocytes is 126 nM (Manville et al., 2018), which is close to the tonic GABA level in the brain, reported at 160 nM (Santhakumar et al., 2006; Lee et al., 2010). This could mean that neuronal KCNQ channels are equipped to sense changes in tonic GABA levels.

Electrophysiological recordings of cloned channels in Xenopus oocytes and CHO cells and endogenous M-current in PC12 cells and mouse dorsal root ganglia (DRG) neurons showed that KCNQ3 and 5, but not KCNQ2 or 4, are “activated” by sub-micromolar to micromolar levels of GABA, making these channels more sensitive than many canonical GABA receptors. GABA negative-shifts the voltage dependence of KCNQ3 and KCNQ5 activation and also that of heteromeric KCNQ2/3 channels, the main molecular correlate of neuronal M-current. At a given voltage (e.g., −60 mV), wash-in of GABA is observed as an increase in activity with immediate onset that peaks at roughly 3 min. Thus, at a constant voltage, KCNQ channels possessing the S5 Trp can be “ligand-activated” by GABA in much the same way as canonical GABAA receptors (albeit without inactivation or desensitization as is observed for GABAA receptors) (Manville et al., 2018).

As GABA is the primary inhibitory neurotransmitter in metazoans, its activation of neuronal KCNQ channels makes physiologic sense, at least in broad terms; i.e., activation of M-current in a neuron tends to reduce excitability of that neuron. The structurally related excitatory neurotransmitter, glutamate, lacks the predicted surface negative surface potential and does not activate KCNQ2/3 channels even at millimolar concentrations (Manville et al., 2018). In addition, mutation of the S5 Trp to a leucine removes the ability of GABA to activate KCNQ2/3 channels and also greatly reduces GABA binding (quantified using tritiated GABA radioligand binding studies in Xenopus oocytes expressing KCNQ2/3) (Manville et al., 2018). The inhibitory neurotransmitter, glycine, which does not exhibit a strong surface negative electrostatic potential coupled to a carbonyl group, also did not activate KCNQ2/3 even at millimolar concentrations. However, modification of glycine to add these properties, e.g., by adding specific types of fluorophenyl ring, enabled glycine derivatives to bind to and selectively activate different KCNQ channel isoforms (Manville and Abbott, 2019b).

GABA binds directly to the pore module of KCNQ2-5 α subunits yet only activates channels containing KCNQ3 or KCNQ5. Together with the binding data described above, this suggests that the S5 Trp is required for binding but that other thus-far unidentified residues can influence whether binding leads to activation. What could be the physiological purpose, if any, of GABA binding to specific KCNQ subunits but not opening them? One possibility is that this is so that other gating modifiers can influence whether GABA binding leads to activation in a context-specific manner (see section on interaction with solute transporters below). Another potential explanation is that GABA binding to channels that it does not activate exerts effects because it influences whether other active ligands can enter the GABA binding pocket on KCNQ channels. Yet another possibility is that binding of GABA to, e.g., KCNQ2 when in KCNQ2/3 heteromers does contribute to activation or modulates activation.

Aside from GABA, related endogenous metabolites β-hydroxybutyric acid (BHB) and γ-amino-β-hydroxybutyric acid (GABOB) also activate KCNQ3, KCNQ5, and KCNQ2/3, and they also require the S5 Trp (Manville et al., 2018, 2020). GABOB and BHB each also exhibit predicted negative electrostatic surface potential centered on a carbonyl group (Figure 4). GABOB is present endogenously in mammalian brain (Hayashi, 1959) and has also been utilized as an anticonvulsant drug outside the United States although it is low potency and more effective when used together with another anticonvulsant (Chemello et al., 1980; Swiss Pharmaceutical Society, 2000). GABOB is a partial agonist of GABAB receptors and a GABAA receptor agonist, and we recently found that GABOB is a high-potency partial agonist of KCNQ2/3 channels. GABOB is capable of competing out retigabine, GABA, and BHB from the KCNQ channel GABA binding pocket, reducing their inhibitory effects on excitability both in vitro and in vivo (Manville et al., 2018, 2020).

BHB is among the first and most important ketone bodies produced when mammals fast or adopt a ketogenic diet. Induction of ketosis has shown promise as an anticonvulsant approach, particularly in children with refractory epilepsy. Although there are several hypotheses for the antiepileptic mechanism of ketosis, BHB levels have been positively correlated with the efficacy of this therapeutic approach (Gilbert et al., 2000). BHB can reach 4 mM in the serum of children on a ketogenic diet and 1 mM in the brain (Pan et al., 2000). BHB activates KCNQ2/3 channels with an EC50 of 1 μM; therefore, levels observed in children in ketosis are well within the potential therapeutic range if KCNQ2/3 activation is part of this action. BHB was highly effective as an acute anticonvulsant protective agent in the mouse pentylene tetrazole chemoconvulsant seizure assay, and co-administration of an excess of GABOB reduced the efficacy of BHB in this model (and also reduced BHB activation of KCNQ2/3 in vitro) (Manville et al., 2018, 2020). Given this evidence, it is feasible that neuronal KCNQ channels sense the balance between GABA, BHB, GABOB, and other endogenous metabolites to regulate neuronal excitability.

Results from voltage-clamp fluorometry experiments suggest that retigabine binding to the KCNQ3 pore module stabilizes both the open state of the pore module and the activated step of the VSD, resulting in greatly slowed channel closing or deactivation under basal PIP2 conditions (Kim et al., 2017). However, when PIP2 interaction with the channel was disrupted, either by mutation or by PIP2 depletion, the communication between pore module and VSD was greatly disrupted. VSD conformation, as inferred by a greatly increased fluorescence signal from the PIP2-disconnected VSD, was highly perturbed although the VSD appeared still able to respond to voltage, and its voltage dependence was still hyperpolarized by retigabine (Kim et al., 2017).

Voltage clamp fluorometry studies of GABA activation of KCNQs have, to our knowledge, thus far not been reported. However, ionic permeability series experiments demonstrated that the relative permeability of Na+ and Cs+ compared to that of K+ is increased by GABA activation of KCNQ3 and KCNQ5 channels but not by binding to KCNQ2 or KCNQ4 channels (which does not result in activation). This suggests that GABA binding to KCNQ3 and KCNQ5 induces a conformational change in the pore module that is not observed upon solely voltage-dependent activation in the absence of GABA (Manville and Abbott, 2020b). GABA activation of KCNQs can be observed as a negative shift in the voltage dependence of activation when plotting an I/V relationship or at a given voltage as an increase in current upon GABA wash-in. Combined with the evidence of a novel pore conformation upon GABA binding only when activation follows, GABA potentiation of KCNQ channel current can be viewed as a ligand-gating process, albeit in a channel that is also sensitive to voltage, analogous to the situation in BK channels with Ca2+ and voltage.



ACTIVATION OF KCNQ CHANNELS BY DIRECT BINDING OF PLANT METABOLITES

Several plant metabolites are now known to bind in a similar location to GABA within KCNQ channels but with some notable differences discussed below. In some cases, KCNQ activation by plant compounds provides a plausible molecular mechanistic basis for the purported benefits of certain botanical folk medicines.

Cilantro (Coriandrum sativum) probably originated in Iran (Batmanglij, 2018) and grows wild throughout Western Asia and Southern Europe. Cilantro has been consumed by humans for thousands of years; it was likely cultivated by the Ancient Egyptians and was discovered in the early Neolithic archeological site in Nahal Hemar Cave in Israel (Cumo, 2013). Cilantro and culantro (Eryngium foetidum), which has a similar but stronger taste than cilantro, have been used as traditional folk medicines in regions including Central and South America and the Caribbean (Figure 7A). The plants are used to treat a wide variety of disorders, including seizures (culantro is also referred to as fitweed) (Simon and Singh, 1986), and for their purported analgesic, anti-diabetic, and anti-inflammatory properties (Sahib et al., 2013). Each of these species contains several fatty aldehydes that give them the striking citrus-like cilantro/culantro smell and taste.
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FIGURE 7. Molecular basis for cilantro anticonvulsant effects. (A) Images of cilantro (left) and culantro (right). Required photo permissions: https://creativecommons.org/licenses/by/2.0/; https://commons.wikimedia.org/wiki/File:Culantro_(Eryngium_foetidum)_6.jpg. (B) Left, structures and Jmol surface electrostatic potential plots of three structurally similar fatty aldehydes; right, their corresponding effects on KCNQ2/3 G/V relationships (quantified from tail currents). Adapted from Manville and Abbott (2019a) with permission. (C) SwissDock prediction of E-2-dodecenal binding poses in KCNQ2. Blue, VSD; sand, S5; pink, S4, S5 linker.


A 1:100 dilution of aqueous solution obtained by evaporating off the methanol from a methanolic extract of cilantro leaf activated KCNQ2/3 channels expressed in Xenopus oocytes by negatively shifting the voltage dependence of activation. Screening of nine compounds previously found by others to be the most highly represented compounds in methanolic cilantro leaf extracts revealed a single compound that activated KCNQ2/3. The compound, E-2-dodecenal, activated KCNQ2 and KCNQ5 preferentially with lesser effects on KCNQ1 and KCNQ4 and no effect on KCNQ3, and KCNQ2/3 channels were highly sensitive (EC50 of 60 nM). E-2-dodecenal, also known as eryngial, is a fatty aldehyde; other fatty aldehydes with one more or one less carbon did not activate KCNQ2/3 even at millimolar quantities, indicating surprising selectivity among these compounds (Manville and Abbott, 2019a) (Figure 7B). E-2-dodecenal exhibits a predicted carbonyl-centered negative electrostatic surface potential and was predicted by SwissDock (Grosdidier et al., 2011a, b) docking studies to bind in a pocket near the KCNQ2–W236 residue in S5 but closer to KCNQ2–R213, which, unlike the S5 Trp, is present in the entire KCNQ family (hence, KCNQ1 was also activated by E-2-dodecenal). KCNQ2–R213 lies at the hinge between S4 in the VSD and the S4–S5 linker region. Consistent with docking studies (Figure 7C), in mutagenesis studies, the S5 Trp and the S4–S5 Arg were both required for E-2-dodecenal effects in KCNQ2/3 channels; in KCNQ1, the S4–S5 Arg (R243) was influential but not essential, and it was more important in KCNQ1–KCNE1 channels. This suggests that the requirement for the S5 Trp and the S4–S5 Arg for binding/activation of small molecules are context-dependent and that some molecules may well bind in this same pocket but with different molecular requirements and to different residues. In mouse PTZ-induced seizure studies, E-2-dodecenal was similarly effective at delaying seizures (Manville and Abbott, 2019a) as cilantro extract in a prior study of PTZ-induced seizures in rats (Karami et al., 2015). The findings were consistent with E-2-dodecenal activation of KCNQ2/3 channels contributing significantly to the known anticonvulsant effects of cilantro and culantro.

Interestingly, a loss-of-function variant of the S4–S5 Arg in human KCNQ2 (R213W) associates with both benign familial neonatal convulsions (Sadewa et al., 2008; Miceli et al., 2013) and the much more severe epileptic encephalopathy (Sadewa et al., 2008; Miceli et al., 2013; Milh et al., 2015). Further, the loss-of-function human KCNQ2–R213N variant is linked to epileptic encephalopathy in a two-generation pedigree in which various family members exhibited asymmetric quadriplegia, lifelong myokomia, and/or tonic-clonic seizures (Weckhuysen et al., 2012; Miceli et al., 2013; Orhan et al., 2014), further emphasizing the importance of this residue in KCNQ2 gating and in epilepsy. R213 lies in a BFNE and epileptic encephalopathy mutation hotspot that stretches from the S4-proximal S4–S5 linker to the extracellular end of S4; similar hotspots are present in S6 and the pore region (Zhang et al., 2020). In human KCNQ1, a mutation of the equivalent residue to histidine (R243H) reduces PIP2 affinity and is associated with the cardiac arrhythmia, long QT syndrome (Park et al., 2005). Future analyses are required to determine whether compounds such as E-2-dodecenal can rescue epilepsy-associated KCNQ2–R213 or arrhythmia-associated KCNQ1–R243 mutant channels or if the mutation precludes binding and/or functional efficacy as we observed for KCNQ2–R213A.

The African shrub Mallotus oppositifolius (Figure 8A) is also used as a folk anticonvulsant (Igwe et al., 2016). Previously it was discovered that mallotoxin (a.k.a. rottlerin), a compound found in Mallotus sp., hyperpolarizes the voltage dependence of KCNQ1 channel activation; however, it was at that time concluded to not modulate KCNQ2/3 channels (Matschke et al., 2016). An additional compound in Mallotus oppositifolius, 3-ethyl-2-hydroxy-2-cyclopenten-1-one, also activates KCNQ1 via R243 on the KCNQ1 S4–S5 linker (Figures 8B,C), but its effects do not synergize with those of mallotoxin to activate KCNQ1, and they may be unable to both bind in the same pocket (Figure 8D). Activation by Mallotus compounds of KCNQ1 alone and in complexes with KCNEs may contribute to its purported therapeutic effects in GI and cardiovascular disorders and diabetes given the known roles of KCNQ1 in these systems (De Silva et al., 2018; Manville and Abbott, 2018).
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FIGURE 8. Molecular basis for Mallotus oppostitifolius anticonvulsant effects. Images from or adapted with permission from De Silva et al. (2018) and Manville and Abbott (2018). (A) Image of Malloutus oppositifolius. (B) Structures and Jmol surface electrostatic potential plots of three KCNQ-activating compounds from Malloutus oppositifolius. (C) Predicted binding sites of CPT1 and MTX within KCNQ1. VSD, voltage sensor. (D) Upper, predicted overlap of CPT1 and MTX binding sites that would prevent both occupying a single binding pocket in KCNQ1. Lower, Effects of CPT1 and MTX (100 μM) alone or together quantified as KCNQ1 current fold-change versus voltage, showing lack of synergy or summation. (E) Predicted binding site of isovaleric acid (IVA) within KCNQ2/3. Red, KCNQ2–W236, or KCNQ3–W265. (F) Upper, predicted neighboring binding poses of IVA and MTX binding sites that could allow both to occupy a single binding pocket in KCNQ2 or 3. Lower, Effects of IVA and MTX alone or together quantified as KCNQ2/3 current fold-change versus voltage, showing synergistic effects.


Unlike the prior study (Matschke et al., 2016), we found that mallotoxin and another compound within Mallotus oppositifolius, isovaleric acid (Figure 8B), each activate KCNQ2/3 channels. Mallotoxin and isovaleric acid preferentially activate KCNQ2 over KCNQ3 and appear able to both bind in the same GABA-binding pocket. Mallotoxin apparently binds closer to the S4–S5 Arg, explaining why it can also activate KCNQ1 (De Silva et al., 2018; Manville and Abbott, 2018). Isovaleric acid, which is also found in the commonly consumed herbal supplement valerian root, possesses the characteristic carbonyl-centered negative electrostatic surface potential, is predicted to bind closer to and requires the S5 Trp for activation and, hence, cannot activate KCNQ1 (Figure 8E). Mallotoxin and isovaleric acid are predicted to be able to bind simultaneously in the same binding pocket in KCNQ2/3 channels; accordingly, their activating (and anticonulvsant) effects synergize (Figure 8F) unlike those of MTX and CPT1 (Figure 8D) (De Silva et al., 2018; Manville and Abbott, 2018).

Consistent with docking and mutagenesis studies, GABOB (100 μM) was able to prevent isovaleric acid (500 μM) from activating KCNQ2, suggesting a common binding pocket. Interestingly, as isovaleric acid and mallotoxin preferentially activate KCNQ2, when combined with KCNQ3-preferring retigabine they were so effective that KCNQ2/3 channels were locked open even at −120 mV. In vitro studies suggested that combining lower doses of the three could be used as a therapeutic strategy to achieve effective KCNQ2/3 channel opening while minimizing some of the known retigabine-associated toxicity (Garin Shkolnik et al., 2014), but this triple combination has not yet been examined in vivo (Manville and Abbott, 2018).

In the vasculature, channels formed by KCNQ5 (Mackie et al., 2008; Yeung et al., 2008; Mani et al., 2009) alone and/or in complexes with KCNQ4 and the regulatory subunit KCNE4 (Jepps et al., 2011, 2015; Abbott and Jepps, 2016) are influential in setting vascular tone and as such are a potential target for blood pressure–lowering medications. Many botanical folk medicines are thought to help lower blood pressure and are used for this purpose currently. In some cases, this tradition is supported by preclinical and/or clinical evidence (Manville et al., 2019). In a study of 10 such botanical “hypotensive” folk medicines, all 10 activated KCNQ5 channels and strikingly did not activate KCNQ2/3 channels, indicating some degree of isoform specificity. These included very commonly consumed plants, such as ginger, thyme, oregano, basil, marjoram, and fennel as well as herbal remedy staples, such as lavender, chamomile, and Sophora species uses in traditional Chinese medicine. Some of these plants have a surprisingly ancient and rich history with respect to their use by human species (Figure 9A; Manville et al., 2019).
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FIGURE 9. KCNQ5 activation by botanical hypotensive folk medicines. Images from or adapted with permission from Manville et al. (2019). (A) Approximate timeline of human use of some of the hypotensive plants discovered to activate KCNQ5. YA, years ago. Required photo permissions: https://creativecommons.org/licenses/by-sa/3.0/; https://en.wikipedia.org/wiki/Chamomile#/media/File:Kamomillasaunio_(Matricaria_recutita).JPG; https://creativecommons.org/publicdomain/zero/1.0/Fennel seed; https://en.wikipedia.org/wiki/Fennel#/media/File:Fennel_seed.jpg; https://creativecommons.org/licenses/by-sa/3.0/Sophora flavescens; https://commons.wikimedia.org/wiki/File:Sophora_flavescens.jpg; https://en.wikipedia.org/wiki/Homo_erectus#/media/File:Homo_Georgicus_IMG_2921.JPG; https://creativecommons.org/licenses/by/2.5/; https://en.wikipedia.org/wiki/Neanderthal#/media/File:Homo_sapiens_neanderthalensis.jpg. (B) Dried Sophora flavescens root slices. (C) Chemical structures of S. flavescens compounds showing activity for KCNQ5; lower left, surface electrostatic potential plot of aloperine, the most KCNQ5-active compound. (D) Predicted binding site of aloperine within KCNQ5.


One of the plants studied, the traditional Chinese medicine Ku shen (Sophora flavescens) (Figure 9B), contains a molecule, aloperine, which isoform-specifically activated KCNQ5 with an EC50 of 390 nM. Matrine and oxymatrine, also present in S. flavescens (Figure 9C), exerted mild activating effects that moderately augmented those of aloperine but did not synergize with it (Manville et al., 2019). Aloperine requires the S4–S5 linker arginine (KCNQ5–R212) for both binding to (as suggested by competition with tritiated GABA) and activation of KCNQ5 and was predicted to dock close to this residue (Figure 9D; Manville et al., 2019), which is also in or near the predicted PIP2 binding site as discussed in the sections on PIP2 and GABA above.

In sum, the above studies strongly suggest that KCNQ channels evolved a binding pocket accessible to neurotransmitters, plant metabolites, and other endogenous and exogenous compounds, many of which can activate KCNQ channels by inducing a novel pore conformation and/or altering coupling between the VSD and pore. Two models are proposed, one requiring PIP2 and one not (Figures 10A–D). KCNQ isoform selectivity of the small molecules is varied. Retigabine, for example, activates KCNQ2–5 but not KCNQ1 (because it lacks the S5 Trp) (Schroder et al., 2001); conversely, aloperine is relatively KCNQ5-specific (Manville et al., 2019). Molecules such as aloperine and GABA bind to multiple KCNQ isoforms but only activate a subset; therefore, selectivity is often functional not physical (Manville et al., 2018, 2019). In addition, KCNQs are modulated by a range of different ancillary subunits that can dramatically alter the binding site, selectivity, and/or functional effects of small molecules and must be considered and, where possible, leveraged for increased specificity (Panaghie and Abbott, 2006). Finally, some small molecules, e.g., glycine derivatives that we engineered to activate KCNQs and which rely on the S4–S5 Arg, can exhibit isoform selectivity within the KCNQ family but also activate KCNA1 (but not KCNA2), Kv channels outside the KCNQ family that also bear the S4–S5 Arg (Manville and Abbott, 2020a). Indeed, GABA obviously activates canonical GABA receptors (in addition to KCNQs) (Schofield et al., 1987), and retigabine also activates GABA receptors (Treven et al., 2015). Thus, it is important to recognize that isoform selectivity within a channel family often does not guarantee selectivity in a broader sense—a challenge for drug development in this area.


[image: image]

FIGURE 10. Models of GABA and PIP2 signaling in KCNQ and KCNQ2/3–SMIT1 complexes. (A) Cartoon showing lack of communication between the KCNQ VSD and pore in the absence of PIP2. (B) Cartoon showing voltage-dependent activation of KCNQs in the presence of PIP2. (C) Cartoon showing hypothetical GABA-induced KCNQ activation in the absence of PIP2. (D) Cartoon showing hypothetical GABA-induced KCNQ activation in the presence of PIP2. (E) Cartoon of KCNQ2/3–SMIT1 interactions showing the functional consequences of physical interaction and modulation by small molecules. DAG, diacylglycerol; G6P, glucose-6-phosphate; IMPase, inositol monophosphatase; IP, inositol phosphate; inositol polyphosphatase 1-phosphatase; MI, myo-inositol; PI4K, phosphatidylinositol 4-kinase; PI5K, phosphatidylinositol-5 kinase; PLC, phospholipase C. From Manville and Abbott (2020b) with permission.




CROSSTALK BETWEEN KCNQ-SOLUTE TRANSPORTER INTERACTIONS AND LIGAND GATING OF KCNQ CHANNELS

An interesting factor in regulation of KCNQs by small molecules, such as neurotransmitters, metabolites and PIP2, is the ability of KCNQs to form reciprocally regulating macromolecular complexes with certain sodium-coupled solute transporters. Members of this class of transporters utilize the downhill sodium gradient from extracellular to intracellular compartments to provide energy powering the uphill transport of solutes, such as sugars, neurotransmitters, and ions, into cells. One such example is the sodium-coupled myo-inositol transporters (SMIT1 and SMIT2, encoded by SLC5A3 and SLC5A11), each of which can co-assemble with various KCNQs (Abbott et al., 2014; Manville et al., 2017; Neverisky and Abbott, 2017). Myo-inositol is a cyclic polyol that is among the most important osmolytes in mammalian physiology (Berry, 2011). Especially important in the context of this review, it is also a substrate for production of signaling molecules, including phosphatidylinositol phosphates such as PIP2 and can transport myo-inositol efficiently enough to increase local PIP2 concentration and KCNQ-dependently couple osmotic potential to cellular excitability (Dai et al., 2016).

Myo-inositol levels in the cerebrospinal fluid (CSF) are tightly regulated. Myo-inositol is actively concentrated in the CSF from the blood, primarily across the choroid plexus epithelium, via basolateral uptake through SMIT1 (Spector and Lorenzo, 1975; Guo et al., 1997). SMIT1 is expressed at both the basolateral and apical membranes of the choroid plexus epithelium and can form complexes with KCNQ1–KCNE2 channels at the apical side (Abbott et al., 2014).

KCNQ1–KCNE2 channels inhibit SMIT1 transport activity, reducing myo-inositol uptake, when studied in Xenopus oocytes (Abbott et al., 2014). SMIT1 is likely sensitive to the conformation of KCNQ1–KCNE2, and the KCNE2 subunit is required for inhibition but requires KCNQ1 to be also be present. KCNQ1-specific inhibitors also inhibit co-assembled SMIT1 activity, suggesting that K+ efflux through KCNQ1 helps SMIT1 bring in more substrate, but only when the KCNQ1 conformation is amenable. Apical KCNQ1–KCNE2-SMIT1 channel-transporter complexes may regulate CSF myo-inositol composition. Removal of KCNE2 from these complexes may, thus, result in too much myo-inositol being removed from the CSF, a hypothesis supported by the finding that Kcne2–/– mice have reduced CSF myo-inositol, which is associated with increased seizure susceptibility that is corrected by myo-inositol mega-dosing (Abbott et al., 2014). We do not yet know why the reduction in CSF myo-inositol predisposes to seizures, but it is possible that it causes local imbalances in PIP2 and other signaling molecules in a manner that adversely affects ion channel activity, including neuronal KCNQs (Dai et al., 2016; Neverisky and Abbott, 2017).

SMIT1 also physically couples (to the pore module) of KCNQ2 (Manville et al., 2017); SMIT1 and SMIT2 co-assemble with KCNQ2/3 complexes in nodes of Ranvier and axon initial segments in mouse and/or rat brain (Neverisky and Abbott, 2017). SMIT1 alters the pore conformation, gating kinetics, and pharmacology of KCNQ1, KCNQ1–KCNE1, KCNQ2, KCNQ3, and KCNQ2/3 channels (Manville et al., 2017). These effects, including hyperpolarization of KCNQ2/3 channel activation voltage dependence, can occur without the necessity for SMIT1 to be transporting myo-inositol; i.e., they occur because of direct physical interaction between SMIT1 and the channels listed (Manville et al., 2017). In addition, however, transport of myo-inositol through SMIT1 can increase the substrate for local PIP2 production, which can also regulate the KCNQ2/3 channel indirectly (Dai et al., 2016; Neverisky and Abbott, 2017).

GABA and other small molecules that activate KCNQ2/3 channels inhibit co-assembled SMIT1 myo-inositol transport activity, both in mouse dorsal root ganglia and when co-expressed in Xenopus oocytes (Manville and Abbott, 2020b). This suggests a feedback loop in which GABA activation of KCNQ2/3 reduces the local substrate for PIP2 and, thus, eventually inhibits KCNQ2/3, releasing inhibition of co-assembled SMIT1 (Figure 10E; Manville and Abbott, 2020b). Intriguingly, co-assembly of SMIT1 alters KCNQ isoform sensitivity to BHB, such that KCNQ2 is now activated and KCNQ3 not, whereas the reverse is true in the absence of SMIT1 (Manville and Abbott, 2020b). However, GABA isoform sensitivity remains the same. Thus, KCNQ channels act as chemosensors permitting co-assembled transporters to respond to small molecules to which they were previously insensitive (GABA, BHB, retigabine), and conversely, the co-assembled transporter tunes how KCNQs respond to these small molecules (Manville and Abbott, 2020b). When one considers that KCNQ2/3 channels also co-assemble with dopamine and glutamate transporters, the stage is potentially set for previously unexpected regulatory mechanisms, e.g., GABA controlling neuronal uptake of other neurotransmitters via direct binding to voltage-gated channel-transporter complexes (Manville and Abbott, 2019c).



CONCLUSION

The physiological importance of specific roles for the signaling mechanisms outlined in this review will become clearer when data are available for mice in which regulation of KCNQs by GABA and related metabolites are disrupted—studies that are ongoing in the author’s laboratory. As discussed for BK channels, KCNQ channels should be considered as channels gated by both voltage and by ligands, and the preponderance of either mechanism is likely context-dependent, specific to a given cell type under specific voltages, ligand concentration ranges, and interacting regulatory proteins that influence all these factors.

As KCNQ channel open probability can be dramatically increased at a given voltage by direct binding of GABA, via induction of a pore conformation that is not observed in activated channels in the absence of GABA (using relative ion permeability as a readout of pore conformation) (Manville and Abbott, 2020b), in this context, the channel can be viewed as ligand-activated. Conversely, in the absence of GABA, KCNQs can open solely in response to membrane depolarization with the sizeable caveat that for this to occur, binding of a different ligand (PIP2) near the S4–S5 linker is required to couple VSD movement to the pore module in a manner that actually results in pore opening (Kim et al., 2017).
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Lung diseases constitute a global health concern causing disability. According to WHO in 2016, respiratory diseases accounted for 24% of world population mortality, the second cause of death after cardiovascular diseases. The Kv7 channels family is a group of voltage-dependent K+ channels (Kv) encoded by KCNQ genes that are involved in various physiological functions in numerous cell types, especially, cardiac myocytes, smooth muscle cells, neurons, and epithelial cells. Kv7 channel α-subunits are regulated by KCNE1–5 ancillary β-subunits, which modulate several characteristics of Kv7 channels such as biophysical properties, cell-location, channel trafficking, and pharmacological sensitivity. Kv7 channels are mainly expressed in two large groups of lung tissues: pulmonary arteries (PAs) and bronchial tubes. In PA, Kv7 channels are expressed in pulmonary artery smooth muscle cells (PASMCs); while in the airway (trachea, bronchus, and bronchioles), Kv7 channels are expressed in airway smooth muscle cells (ASMCs), airway epithelial cells (AEPs), and vagal airway C-fibers (VACFs). The functional role of Kv7 channels may vary depending on the cell type. Several studies have demonstrated that the impairment of Kv7 channel has a strong impact on pulmonary physiology contributing to the pathophysiology of different respiratory diseases such as cystic fibrosis, asthma, chronic obstructive pulmonary disease, chronic coughing, lung cancer, and pulmonary hypertension. Kv7 channels are now recognized as playing relevant physiological roles in many tissues, which have encouraged the search for Kv7 channel modulators with potential therapeutic use in many diseases including those affecting the lung. Modulation of Kv7 channels has been proposed to provide beneficial effects in a number of lung conditions. Therefore, Kv7 channel openers/enhancers or drugs acting partly through these channels have been proposed as bronchodilators, expectorants, antitussives, chemotherapeutics and pulmonary vasodilators.

Keywords: Kv7 channels, KCNE, respiratory diseases, asthma, chronic obstructive pulmonary disease, pulmonary hypertension


LUNG DISEASES: ONE WORLD’S HEALTH CONCERN

Lung diseases constitute a global health concern causing severe physical limitations and premature death, and entails enormous costs associated with treatment, hospital-based and primary care (Tobin, 2005). Mortality from overall lung diseases is very striking according to data collected by the WHO in 2016, in which respiratory diseases account for 24% of world population mortality, the second cause of death after cardiovascular diseases (WHO Global Health Estimates, 2020). At the top of mortality rate within lung diseases, the 9% of the population dies of tuberculosis. Second and third positions include chronic obstructive pulmonary disease (COPD) and lower respiratory infections with 5.4 and 5.2%, respectively. These are followed by lung cancer (affecting trachea, bronchus, and lungs) with 3% and, lastly, asthma and other respiratory diseases with a 0.7 and 0.6%, respectively (Figure 1). Most major respiratory diseases are avoidable and can be mitigated by reducing exposure to air pollution, toxic smoke of biomass fuel, tobacco smoke, and different allergens (Laumbach and Kipen, 2012). Additional factors, such as aging, genetic predisposition, nutritional status, obesity, physical inactivity, raised blood pressure, human immunodeficiency virus 1 infection (HIV-1), or other infections may influence the risk of developing lung diseases. Lung diseases can be classified into three main groups depending on the lung tissue involved. First, airways diseases including asthma, COPD, emphysema, cystic fibrosis, or bronchitis in which the bronchial tubes are narrowed or blocked and the transport of oxygen and other gases are affected (Athanazio, 2012). Second, lung tissue diseases which affect the structure of alveoli or the interstitium (Corvol et al., 2009), such as pneumonia, tuberculosis, pulmonary edema, acute respiratory distress syndrome, sarcoidosis, and pulmonary fibrosis, where the lungs are unable to expand fully (Dellaripa, 2018). The third group includes diseases affecting the pulmonary vessels, such as pulmonary hypertension characterized by vasoconstriction, vascular remodeling, inflammation, and thrombosis (Cummings and Bhalla, 2015). This last group of diseases may end up affecting heart function.
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FIGURE 1. Global lung diseases epidemiological data adapted from the World Health Organization (WHO) Website: Mortality rates in 2016 measured as % of total deaths.


Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has recently rapidly evolved into a global pandemic. To date, risk factors associated with admission to ICU and mortality include cardiovascular comorbidities while respiratory diseases paradoxically do not appear to increase the prevalence or severity of the viral infection (Halpin et al., 2020; Li et al., 2020).



KV7 CHANNEL STRUCTURE AND REGULATION

The Kv7 channel family, is a group of voltage-dependent K+ channels subfamily Q, which are involved in various physiological activities of numerous cell types, especially, cardiac myocytes, smooth muscle cells, neurons, and epithelial cells (Stott et al., 2014). The different Kv7 channels isoforms are encoded by KCNQ1–5 genes located at chromosomal loci 11p15, 20q13, 8q24, 1p34, and 6q13, respectively (Barrese et al., 2018). KCNQ genes encode for five Kv7 proteins, Kv7.1–Kv7.5 channels, comprising approximately 650–940 aminoacids. Each pore-forming α-subunit of Kv7 channels has six helices transmembrane domains (TM). The TM5 and TM6 are part of the pore while the TM4 constitutes the voltage-detection domain. Four α-subunits form the transmembrane pore assembling into a homo‐ or hetero-tetrameric channel (Taylor and Sanders, 2017). Kv7 channels can be regulated by potassium voltage-gated channel subfamily E regulatory subunits (KCNEs) ancillary subunits (KCNE1–5, also called minK-related peptides), which present a single transmembrane domain with 103–177 residues, encoded by the five KCNE1–5 genes located at chromosomal loci 21q11, 21q11, 11q13, 2q36, and Xq23, respectively (Lundquist et al., 2006). These KCNE subunits modulate several features of Kv7 channels such as biophysical properties, cell localization, channel trafficking, and sensitivity to different drugs (Barrese et al., 2018).

Mutations in all five KCNQ and KCNE genes have been shown to underlie excitability hereditary disorders (Jentsch, 2000; Maljevic et al., 2010; Lehman et al., 2017; Barrese et al., 2018). Particularly, mutations affecting KCNQ1 gene cause disorders related to cardiac electrical activity such as long-QT syndrome, short-QT syndrome, and atrial fibrillation leading to severe arrhythmias and sudden death (Li et al., 1998; Chen et al., 2003). KCNQ2 and KCNQ3 gene mutations have been identified in different epilepsy syndromes (Neubauer et al., 2008) and, moreover, KCNQ3 gain-of-function variant have been related to autism and developmental disability (Sands et al., 2019). Kv7.4 channels expressed in the cochlea are essential for normal hearing, and KCNQ4 mutations are linked to hearing loss (Kubisch et al., 1999; Jung et al., 2019). Lastly, mutations in the Kv7.5 channel encoded by KCNQ5 gene cause epilepsy and intellectual disability (Lehman et al., 2017). Different mutations have also been found in all five KCNE genes, mainly related to cardiac arrhythmias (Splawski et al., 2000; Lundby et al., 2008; Ohno et al., 2009; Abbott, 2016).

Different combinations of Kv7 channels and KCNE subunits can be found depending on the cell type. Thus, there is a Kv7 channel isoform-specific expression playing different roles depending on tissue types (see section Kv7 Channel Expression in the Lung). Many KCNE subunits have been shown to modulate Kv7 channels α-subunits expressed in heterologous systems, providing a valuable experimental platform for elucidating structure-function relationships and mechanistic differences. Thus, all five KCNE proteins have been demonstrated to modulate Kv7.1 channels expressed in heterologous systems with diverse effects (Van Horn et al., 2011; Sun and MacKinnon, 2020). For instance, KCNE1 causes the Kv7.1 channel to activate at more positive voltages, slows its activation and deactivation, increases its conductance, and suppresses its inactivation (Sun and MacKinnon, 2020). While, KCNE2 and KCNE4 have inhibitory effects on Kv7.1 activity (Grunnet et al., 2002; Vanoye et al., 2009; Hu et al., 2019), KCNE3 stabilizes Kv7.1 channels voltage sensors (S4 segment) in an activated state turning the channel voltage-independent (Barro-Soria et al., 2015). Such a mechanism seems to require the participation of the signaling lipid phosphatidylinositol 4,5-bisphosphate (PIP2) in non-excitable cells such as lung epithelial cells (Zhou et al., 2019; Sun and MacKinnon, 2020). Sun and MacKinnon have recently identified binding sites of PIP2 on Kv7.1 channels present in the S0, the S2-S3 loop, and the S4-S5 linker, and proposed a model in which the conformational change following PIP2 interaction would results in dilation of the pore’s gate (Sun and MacKinnon, 2020). In addition, KCNE subunits regulate traffic and cell surface expression of Kv7.1 channels (Roura-Ferrer et al., 2010; Hu et al., 2019). The information about the regulation of Kv7.2 and Kv7.3 channels by KCNE subunits is more limited. In Xenopus oocytes, KCNE1 was found to slow Kv7.2/7.3 heteromer currents and decreased their magnitude (Yang et al., 1998). Likewise, KCNE2 was shown to accelerate the deactivation kinetics of Kv7.2 and Kv7.2/7.3 channels transiently expressed in COS cells (Tinel et al., 2000). Whereas, KCNE1, KCNE2, and especially KCNE4 and KCNE5 increased Kv7.4 currents, co-expression with KCNE3 led to a strong attenuation (Strutz-Seebohm et al., 2006; de Jong and Jepps, 2018). Moreover, KCNE4 was shown to co-localize with Kv7.4 channels, regulating its activity and membrane abundance in mesenteric arterial myocytes (Jepps et al., 2015). Finally, Kv7.5 channels were shown to be affected by KCNE1 and KCNE3, but not by other KCNE subunits in Xenopus oocytes and HEK-293 cells (Roura-Ferrer et al., 2009, 2012). Thus, while KCNE1 was shown to slow activation and increase Kv7.5 currents, KCNE3 drastically inhibited these currents (Roura-Ferrer et al., 2009, 2012).

The activity of Kv7 channels is modulated by G protein-coupled membrane receptors (GPCRs). Thus, activation of different GPCR have been shown to inhibit M-type (Kv7) currents, with a dominant participation of the Gq and G11 α-subunits (Caulfield et al., 1994; Haley et al., 1998; Delmas and Brown, 2005). For instance, in neurons, Kv7 activity is decreased by M1 and M3 muscarinic and H1 histaminic receptors coupled to Gq/11 proteins through different signal transduction pathways, including depletion of PIP2, activation of protein kinase C (PKC), or increased intracellular calcium (Delmas and Brown, 2005; Higashida et al., 2005; Taylor and Sanders, 2017; Barrese et al., 2018). In human airway smooth muscle cells, histamine was found to inhibit Kv7.5 channels though a PKC-dependent phosphorylation of Ser441 (Haick et al., 2017). On the other hand, it is well recognized that stimulation of β-adrenergic receptor increases the activity of different Kv7 channels in different tissues such as cardiac (Kv7.1), neuronal (Kv7.2/Kv7.3), and vascular (Kv7.4/Kv7.5 and Kv7.5) channels (Jentsch, 2000; Marx et al., 2002; Chadha et al., 2014; Mani et al., 2016; Barrese et al., 2018). Likewise, in human airway smooth muscle cells, Kv7.5 channels are robustly enhanced by activation of β-adrenoceptors via a mechanism involving cyclic adenosine monophosphate/protein kinase A (cAMP/PKA)-dependent phosphorylation (Brueggemann et al., 2018). This effect might be shared with other GPCRs but does not seem to account for Kv7.4 activation. The mechanism may involve increased membrane expression of Kv7 channels mediated by colchicine-sensitive microtubule disruption (Lindman et al., 2018). Kv7 channels are also regulated by GPCR-independent mediators activating soluble guanylate cyclase (sGC) such as nitric oxide (NO) (Mondejar-Parreño et al., 2019) and natriuretic peptide (Stott et al., 2015). The implications in respiratory diseases and drug therapy are discussed below.

In addition to regulation by KCNE β-subunits and GPCRs, Kv7 channels can be regulated by scaffolding proteins, sodium-coupled myo-inositol transporter (SMIT), lipids, microRNAs, and/or further signaling mechanisms as extensively reviewed elsewhere (Delmas and Brown, 2005; Zaydman and Cui, 2014; Taylor and Sanders, 2017; Barrese et al., 2018; Byron and Brueggemann, 2018).



KV7 CHANNEL EXPRESSION IN THE LUNG

Kv7 channels are expressed mainly in pulmonary arteries (PAs) and in the bronchial tubes (Figure 2). In PA, Kv7 channels are expressed in pulmonary artery smooth muscle cells (PASMCs); while in the bronchial tubes (trachea, bronchus and bronchioles), Kv7 channels are expressed in airway smooth muscle cells (ASMCs), airway epithelial cells (AEPs) and vagal airway C-fibers (VACFs). The functional role of Kv7 channels may vary depending on the cell type. While most of the available studies have provided relevant information on the particular expression of α-subunits in these cell types, evidence for the expression of heteromeric Kv7 complexes or KCNE subunits is still very scarce.
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FIGURE 2. Expression and functions of isoform-specific Kv7 channel and potassium voltage-gated channel subfamily E regulatory subunits (KCNE) ancillary subunit in lung cells.



Pulmonary Artery Smooth Muscle Cells

The expression of Kv7 channels in mice and rat PA has been demonstrated in several studies. Specifically, their expression is located in PASMC. In these cells, the expression of Kv7.1, Kv7.4, and Kv7.5 channels predominates; but Kv7.4 channels expression appears to be the most relevant. The expression of Kv7.2 and Kv7.3 channels in PASMCs is still controversial (Joshi et al., 2009; Morecroft et al., 2009; Chadha et al., 2012; Li et al., 2014a; Sedivy et al., 2015; Eid and Gurney, 2018; Mondejar-Parreño et al., 2018). The existence of Kv7.1/7.5 or Kv7.4/7.5 heteromeric complexes in vascular smooth muscle has been postulated on several studies (Chadha et al., 2014; Oliveras et al., 2014; Barrese et al., 2018). In particular, Kv7.4/7.5 heteromers have been proposed as the dominant functional vascular Kv7 channels, supported by electrophysiological data showing that Kv7 currents in freshly isolated vascular smooth muscle cells have phenotypes intermediate to the respective homomeric Kv7.4 and Kv7.5 channels (Brueggemann et al., 2014a; Chadha et al., 2014; Fosmo and Skraastad, 2017; Barrese et al., 2018). We have recently confirmed that Kv7.4/7.5 heteromeric complexes are also present in PASMC (authors’ unpublished observations). Although, in other types of arteries, the expression of Kv7 channels has been located also in endothelial cells (Goodwill et al., 2016), whether this is also the case for pulmonary artery endothelial cells (PAECs) remains unknown. The main function of these channels is to regulate pulmonary vascular tone, due to their contribution to maintain the membrane potential (Em) of PASMC (Joshi et al., 2009; Sedivy et al., 2015; Mondejar-Parreño et al., 2018, 2019).



Airway Smooth Muscle Cells

There is some interspecies variability in the expression of Kv7 channel isoforms in the airways. Thus, ASMCs from guinea pigs were shown to express Kv7 channels with a relative abundance of KCNQ2 > KCNQ5 > KCNQ4 > KCNQ3 and, to a lesser extent, KCNQ1 (Brueggemann et al., 2011). Comparatively, KCNQ mRNA expression in ASMC revealed a high expression of KCNQ4 followed by a fainter expression of KCNQ5 and KCNQ1 transcripts (Brueggemann et al., 2014b). Studies in human tracheal muscle revealed abundant expression of KCNQ1 relative to guinea pig, a modest expression of KCNQ4 and KCNQ5 and no detectable expression of KCNQ2 or KCNQ3 (Brueggemann et al., 2011). A further study showed that cultured human ASMCs express all KCNQ genes with a predominant relative abundance of KCNQ5 mRNA followed by KCNQ3 or KCNQ4, while KCNQ2 and KCNQ1 mRNA are expressed to a lesser extent (Brueggemann et al., 2018). These differences in the expression profile of Kv7 channels in human tissue could be due to phenotypic changes associated with cell culture. Measurements of Kv7 currents and functional studies assessing airway smooth muscle contractility in the bronchioles from different species have pointed to Kv7 channels as important players in maintaining, resting Em, and controlling ASMC excitability (Evseev et al., 2013; Brueggemann et al., 2014b, 2018).



Airway Epithelial Cells

Airway epithelial cells (AECs) predominates the expression of Kv7.1 channels, also named KvLQT1, along with the expression of KCNE1 and KCNE3 ancillary subunits (Mall et al., 2000; Boucherot et al., 2001; Trinh et al., 2007; Preston et al., 2010; Frizzell and Hanrahan, 2012; Kroncke et al., 2016; Hynes and Harvey, 2019). Nevertheless, KCNE2 has also been found to be expressed in Calu-3 cells, a model for human submucosal serous cells of the lung, where it has been suggested to regulate KCNQ1 (Cowley and Linsdell, 2002a). Chloride (Cl−) secretion in AEC is essential to mucociliary clearance and requires the co-activation of Cl− channels in luminal membrane and, in parallel, of K+ channels in the basolateral membrane which involves Kv7.1 channels (Frizzell and Hanrahan, 2012).



Vagal Airway C-Fibers

Using single-cell mRNA, Sun et al. have recently demonstrated that KCNQ2, KCNQ3, and KCNQ5 are consistently expressed in mouse airway sensory afferent nerves and remarkably, the expression of KCNQ3 mRNA was the most prevalent (Sun et al., 2019). Most vagal sensory nerves in the respiratory tract are nociceptive C-fibers. Increased VACF activity may contribute to the nonproductive coughing, dyspnea, parasympathetic reflex mucus secretion, and bronchoconstriction. Thus, it has been proposed that activation of Kv7 channels may reduce the vagal C-fibers excitability innervating the airways, and being useful to treat chronic cough.




KV7 CHANNELS IN LUNG DISEASES

This section covers the potential pathophysiological role of Kv7 channels in different respiratory diseases such as cystic fibrosis, asthma, COPD, chronic coughing, lung cancer, and pulmonary hypertension.


Cystic Fibrosis

The airway surface liquid layer represents a key primary defense mechanism of mucociliary clearance, which crucially depends on the transport of chloride into the lumen of the airways, and the subsequent movement of water. Cl− ion transport across the apical membrane is mainly driven by a cAMP-regulated Cl− channel named cystic fibrosis transmembrane conductance regulator (CFTR) and by the calcium-activated Cl− channels (CaCC) (Frizzell and Hanrahan, 2012; Bartoszewski et al., 2017). However, a possible overlap between these two pathways has also been proposed (Billet and Hanrahan, 2013). Cystic fibrosis is an autosomal recessive disease due to mutations in the gene encoding CFTR and characterized by alterations in the composition and volume of secreted luminal fluids. The CFTR is a member of the ATP-binding cassette (ABC) transporter superfamily known to function as an ion cannel that conducts chloride ions across epithelial cell membranes and is responsible for salt secretion in response to cAMP/PKA stimulation. Thus, mutations of the CFTR gene lead to defective cAMP-dependent Cl− secretion and enhanced Na+ absorption throughout the apical membrane of airway epithelia.

CFTR has been shown to influence both function and properties of other membrane channels, such as epithelial Na+ channels, inward rectifying renal outer medullary K+ channel (ROMK), outwardly rectifying Cl− channels, and aquaporin 3 (Schwiebert et al., 1999). Cl− secretion in AEC requires the parallel co-activation of Cl− channels and K+ channels, in the luminal surface and the basolateral membrane, respectively. Whereas Cl− channels are required for Cl− efflux to the luminal side of the AEC, K+ channels are needed for K+ recycling via the basolateral membrane (Boucherot et al., 2001; Bartoszewski et al., 2017). Kv7.1 channels have been shown to contribute to the basolateral cAMP-activated K+ conductance in human airway epithelium (Mall et al., 1996, 2000; Bardou et al., 2009). This study also showed that the Kv7.1 channel inhibitor chromanol 293B inhibited Cl− secretion suggesting an important role of these K+ channels in maintaining cAMP-dependent Cl− secretion in human airways. Since CFTR is a modulator of other ion channels, several studies have analyzed whether it controls the activity of Kv7.1 channels. Studies analyzing this issue have led to contradictory results. Thus, while initial studies suggested that CFTR could directly modulate Kv7.1 conductance (Cunningham et al., 1992; Loussouarn et al., 1996; Mall et al., 2000), this was not the case in other studies (Boucherot et al., 2001). Interestingly, using CFTR KO mice, Belfodil et al. (2003) found that cAMP-sensitive Kv7.1 currents were regulated by CFTR in renal distal but not in proximal tubule cells, suggesting that the possible modulation of Kv7.1 is unlikely to involve a direct interaction.

As stated above, human airway epithelia also express CaCC that are activated by extracellular nucleotides [adenosine triphosphate (ATP) and/or uracil triphosphate (UTP)] and other Ca2+-increasing agonists. CaCC was shown to be preserved or enhanced in human and murine cystic fibrosis airways as a mechanism to compensate for the lack of CFTR (Clarke et al., 1994; Grubb et al., 1994). Since, CaCC-mediated Cl− secretion appears to be preserved in cystic fibrosis its pharmacological stimulation has been suggested as a therapeutic tool for bypassing dysfunctional CFTR. Mall et al. demonstrated that activation of the cAMP pathway increased CaCC-mediated secretion in cystic fibrosis and, conversely, chromanol 293B, an inhibitor of cAMP-activated Kv7.1 channels was able to fully abolish nucleotide-activated Cl− secretion (Mall et al., 2003). Hence, the authors proposed that activation of Kv7.1 channels, together with hSK4 K+ channels, may improve Cl− secretion via CaCC in human cystic fibrosis airway tissues (Mall et al., 2003). Altogether, these studies indicate the Kv7.1 channel activation may help to improve mucociliary clearance in cystic fibrosis airways.

Elevated levels of reactive oxygen species (ROS) lead to oxidative stress and DNA damage in several tissues providing a common pathological mechanism in all inflammatory lung diseases. Hydrogen peroxide (H2O2) has been proven to stimulate several components of the Cl− secretion in the airway epithelia, including the cAMP-dependent activation of CFTR and the basolateral K+ channels (Cowley and Linsdell, 2002b; Ivonnet et al., 2015). The basolateral K+ conductance was abrogated by clofilium, a Kv7.1 channel inhibitor, suggesting a role for these channels in the H2O2-stimulated response (Cowley and Linsdell, 2002b; Ivonnet et al., 2015). In line with this, H2O2 has been reported to potently enhance Kv7 currents (Gamper et al., 2006; Kim et al., 2016). Activation of transmembrane adenylyl cyclase by H2O2 has been proposed as a triggering mechanism for the cAMP-activated basolateral Kv7.1 current (Ivonnet et al., 2015). The stimulated anion secretion by ROS could act as a compensatory protective mechanism to keep the airways clear from damaging radicals and to hold acceptable airway surface liquid levels.

While the Kv7.1 channel is the member of the KCNQ family with the strongest evidence of its functional expression and physiological role in lung epithelial cells, others (KCNQ3 and KCNQ5) have been detected in the apical or lateral membranes (Moser et al., 2008). In addition, mRNA transcripts for several KCNE accessory subunits (KCNE2 and KCNE3) have been found in human airway Calu-3 cells (Cowley and Linsdell, 2002a). Kv7.1 channels expressed in Xenopus oocytes were shown to be activated by an increase in intracellular cAMP concentration, independently of co-expression with KCNE1 or KCNE3 ancillary subunits (Boucherot et al., 2001). On the other hand, Potet et al. demonstrated that recombinant Kv7.1/KCNE1 complexes expressed in Cos-7 cells were totally insensitive to cAMP (Potet et al., 2001). The co-assembly of Kv7.1 with KCNE3 subunits markedly affects Kv7.1 channel properties (abolishing its voltage dependence) and has been proposed to form the cAMP-activated basolateral K+ channels contributing to Cl− secretion in colonic epithelial cells (Schroeder et al., 2000). Interestingly, Preston et al. evidenced that cAMP-stimulated Cl− secretion across tracheal epithelia was severely reduced in KCNE3(−/−) mice (Preston et al., 2010). While the involvement of KCNE3 in airway secretion requires confirmation in future studies, the structural basis of the interaction of Kv7.1 with KCNE3 leading to a constitutive activation of Kv7.1 channel activity has been recently established (Kroncke et al., 2016; Sun and MacKinnon, 2020).



Asthma

Asthma is characterized by hyper-contractility of bronchial smooth muscle attributed to an increased concentration of different bronchoconstrictor agonists, or enhanced sensitivity to them, leading to aberrant narrowing of the airways (Penn, 2008). Acetylcholine, leukotriene D4, endothelin, and histamine represent the most relevant locally released bronchoconstrictor agonists that activate GPCR on ASMC, leading to increased cytosolic Ca2+ concentration and contraction (Jude et al., 2008; Penn, 2008). This together with the strong inflammation leads to an acute hypersensitivity to different air stimulants that produce ASMC bronchospasm and that, in the long term, promote smooth muscle proliferation and hypertrophy (Stott et al., 2014). Kv7 channels are considered negative regulators of ASMC contraction due to their major contribution to maintain negative Em negative, preventing L-type-Ca2+ channel activation and the subsequent bronchoconstriction (Brueggemann et al., 2011). Several members of the Kv7 family are expressed in ASMCs (Brueggemann et al., 2011; Bartoszewski et al., 2017). The relative abundance expression of the Kv7 members appears to differ depending on the location (trachea vs. bronchioles) and depending on the animal species as mentioned above (Brueggemann et al., 2011, 2014b Evseev et al., 2013). Several studies have evidenced that bronchoconstrictor agonists negatively regulate the activity of Kv7 channels. Thus, methacholine, carbachol, or histamine reduce Kv7 currents in guinea pig, mouse, and rat ASMCs (Brueggemann et al., 2011, 2014; Haick et al., 2017). On the other hand, structurally unrelated Kv7 channel activators cause a concentration-dependent relaxation of small bronchioles (Brueggemann et al., 2014b) and tracheal rings (Evseev et al., 2013). Of note, in vivo administration of the Kv7 channel opener retigabine was proven to transiently reduce bronchoconstriction induced by methacholine in mice (Evseev et al., 2013).

Chronic administration of long-acting β2-adrenergic receptor agonist elicits a time‐ and concentration-dependent relaxation of rat airways, with remarkable desensitization to short-term or with repeated treatments. Co-administration of retigabine plus the long-acting β2-adrenergic receptor agonist formoterol was shown to cause a sustained reduction of methacholine-induced bronchoconstriction and reduced the desensitization observed with formoterol alone (Brueggemann et al., 2014b). These findings suggest that using a Kv7 channel enhancer together a β2-adrenergic receptor agonist may improve bronchodilator therapy.

In addition to exaggerated bronchoconstriction, asthma is characterized by a chronic inflammatory response in the airways that is targeted primarily with inhaled corticosteroids. As stated in the previous section basolateral membrane K+ channels play a key role in stimulating Cl− transport across AEPs (Frizzell and Hanrahan, 2012). Unlike in cystic fibrosis, a decrease in airway mucus secretion ameliorates the symptomatology of asthma. Very recently, Hynes and Harvey have demonstrated that dexamethasone produces an inhibition of transepithelial chloride ion secretion though a rapid non-genomic inhibition of Kv7.1 channels and KCNN4 (KCa3.1) (Hynes and Harvey, 2019). Thus, it is plausible that down-regulation of Kv7.1 channel activity might contribute to the potential benefit of corticosteroids to reverse airway hypersecretion.



Chronic Obstructive Pulmonary Disease (COPD)

COPD is a progressive life-threatening lung disease characterized by airway obstruction due to inflammation of the small airways. The disease evolves with irreversible limitation of airflow, loss of lung function and severe acute exacerbations which significantly deteriorate the patient’s quality of life (Barnes et al., 2003). β-adrenergic receptors (β-AR) agonists promote airway smooth muscle relaxation and are the drugs of choice for rescue from acute bronchoconstriction in asthma and COPD. A recent study has shown that the long-acting β-AR formoterol robustly enhanced Kv7 currents in human ASMCs (Brueggemann et al., 2018). Furthermore, these authors provided evidence that Kv7.5 is the predominant Kv7 α-subunit in human ASMCs and identified a PKA-dependent phosphorylation of S53 on the N-terminus of Kv7.5 channel subunits as a potential mechanism of activation following the stimulation of the βAR/cAMP pathway (Brueggemann et al., 2018).

The exposure to cigarette smoking is the principal cause of COPD (Salvi, 2014). Recently Sevilla-Montero et al. have analyzed the impact of cigarette smoke exposure on the pulmonary vasculature (Sevilla-Montero et al., 2019). Authors showed that cigarette smoke extract exposure had direct effects on human fibroblasts and PASMCs, promoting a senescent phenotype which contributed to the secretion of inflammatory molecules and increase the proliferation of non-exposed cells. Furthermore, cigarette smoke extract exposure affected cell contractility attenuated the pulmonary vascular responses to Kv7 channel modulators and dysregulated the expression and activity of Kv7.4 channels. The results suggest that cigarette smoke may impair pulmonary vascular tone atleast in part through Kv7.4 downregulation (Sevilla-Montero et al., 2019).

A sequence polymorphism of the human KCNE2 gene has been found to be associated with altered lung function (Soler-Artigas et al., 2011; Sabater-Lleal et al., 2014). The deletion of KCNE2 reduced pulmonary expression of the Kv7.1 α-subunit suggesting the formation of pulmonary KCNQ1-KCNE2 complexes (Zhou et al., 2019). KCNE2(-/-) mice had reduced blood O2, increased CO2, increased pulmonary apoptosis, and increased inflammatory mediators TNF-α, IL-6, and leukocytes in bronchoalveolar lavage fluids (Zhou et al., 2019). These data indicated KCNE2 regulates KCNQ1 in the lungs and is required for normal lung function.



Chronic Cough

Airway sensory afferent nerves are essential for triggering different reflex responses to potential injurious stimuli (Undem and Kollarik, 2005). Most vagal sensory afferent nerves which terminate in the respiratory tract are C-fibers (Undem and Kollarik, 2005). The excessive activity of VACF induces different symptoms associated with inflammatory lung diseases, such as nonproductive coughing, dyspnea, parasympathetic reflex mucus secretion and bronchoconstriction (Mazzone and Undem, 2016). Consequently, ion channels that regulate the excitability of C-fibers in the airways can be an attractive therapeutic target aimed at reducing the symptoms of various inflammatory diseases of the airways. Using single-cell mRNA analysis, Sun and collaborators have very recently shown that KCNQ2, KCNQ3, and KCNQ5 are consistently expressed in mouse lung specific nodose neurons with KCNQ3 being the most predominant (Sun et al., 2019). This study suggested that Kv7.3 channels are the major contributors to the Kv7-M current in the nodal neurons of the mouse lungs. The Kv7 channel activator retigabine increased the amplitude and accelerated the activation rate of the M-current, caused a prominent hyperpolarization, and suppressed the excitability of mouse nodose neurons. These effects were reversed or prevented in the presence of XE991, a Kv7 channel inhibitor. Remarkably, nebulized retigabine was found to attenuate cough evoked by inhalation of irritant gases (SO2 and NH3) in awake mice (Sun et al., 2019). Although future studies are needed to confirm their role in the regulation of C-fiber excitability of the airways in humans, these data indicate that Kv7.3 channels may provide a novel therapeutic target to reduce the conditions associated with pulmonary inflammatory diseases such as chronic coughing.



Non-small Cell Lung Cancer

K+ channels regulate a number of processes of key relevance in cancer biology such as cell volume control, pH regulation, migration, proliferation, differentiation, apoptosis, and drug resistance (Rao et al., 2015; Prevarskaya et al., 2018; Haworth and Brackenbury, 2019; Serrano-Novillo et al., 2019). Thus, there is increasing evidence that K+ channels play an important role in cancer; but a clear scenario is still far due to the plethora of K+ channel isoforms and their diverse repertoire of effects. Notably, K+ channels regulate cell cycle, but according to the channel isoform, its level of expression, the cell type, and the stage of differentiation the effects are diverse. For instance, Kv channels may exhibit proliferative or anti-proliferative roles, depending on the channel subtype and the phase of the cell cycle (Rao et al., 2015). Moreover changes in the phenotypes, signaling pathways, and pattern of expression of K+ channels may be observed in cancer, which increases the complexity of K+ channels regulation on cell viability. In addition to the well-characterized involvement of several Kv channels (most notably Kv1.1, Kv1.3, Kv1.5, Kv10.1, Kv10.2, and Kv11.1) in cancer (Rao et al., 2015), some members of the Kv7 family have also been suggested to participate in cell proliferation and cancer (Serrano-Novillo et al., 2019).

K+ channels participate in tumor cell invasion and metastasis propagation via regulation of cell migration and growth (O’Grady and Lee, 2005; Schwab et al., 2008; Arcangeli et al., 2009; Prevarskaya et al., 2010). Indeed, inhibiting or silencing K+ channels reduces the proliferation of cancer cells (Pancrazio et al., 1993; Jang et al., 2011). Kv7.1 channels have been highlighted in cell migration, proliferation, and repair of AECs (Trinh et al., 2007). In 2014, Girault and colleagues showed an increased expression (by 1.5‐ to 7-fold) of Kv7.1 channels in tumor lung adenocarcinoma samples, compared to non-neoplastic tissues from 17 of 26 patients (Girault et al., 2014). Authors found that the proliferation rates of lung adenocarcinoma cell monolayers were reduced by the Kv7.1 channel blockers clofilium and chromanol, or after silencing Kv7.1 channels using a specific siRNA. These data suggest that Kv7.1 channels could be a potential therapeutic target in lung cancer (Girault et al., 2014).

On the other hand, K+ channels have also been implicated in both early and late stages of apoptosis. The decrease in cell volume is one of the earliest and necessary morphological changes observed in cells undergoing apoptosis. Active K+ channels in the plasma membrane leads to K+ and Cl− outflow through K+ and Cl− channels, this generates an osmotic gradient leading to an outward water transport through aquaporins which results in a decrease in cell volume (Maeno et al., 2000). In later stages of apoptosis, the augmented intracellular K+ concentration ([K+]int) suppresses caspase and nuclease activity and, conversely, the decreased [K+]int caused by K+ channel activation, promotes apoptosis (Burg et al., 2008). There is a wealth of literature supporting that the M‐ channel activators have a neuroprotective role via Kv7 activation and reduction of hyperactivity and, hence, suppression of glutamate excitotoxicity (Gamper et al., 2006; Bierbower et al., 2015; Vigil et al., 2020). It is likely that flupirtine would work the same way (Panchanathan et al., 2013; Li et al., 2014a). Nevertherless, its ability to inhibit cell viability has also been reported. Thus, Lee et al. showed that flupirtine exerted anti-proliferative effects in canine osteosarcoma cells by enhancing Kv7.5 function and arresting cells in the G0/G1 phases (Lee et al., 2014). Similarly, retigabine was found to exhibit anti-proliferative effects in C2C12 myoblasts (Iannotti et al., 2010).

Non-small-cell lung cancer (NSCLC) accounts for most cancer deaths. Aberrant activation of the epidermal growth factor receptor (EGFR) is involved in the pathogenesis and progression of several human cancers, including NSCLC (Melosky, 2014). Indeed, approximately 10–38% of NSCLC patients have EGFR gene mutations (Lin et al., 2014). EGFR tyrosine kinase inhibitors, such as Gefitinib have become standard first-line treatment for these patients (Cohen et al., 2003). However, acquired resistance represents a major limitation for drug efficacy. Cancer stem cells have self-renewal properties in various solid tumors, and play a key role in tumor growth and progression (Wang et al., 2013) and in therapy resistance (Steinbichler et al., 2018). A subset of cancer stem cells, termed the “side population” (SP), have elevated clonogenic potential and higher expression levels of ABC-transporters than main-population cells known as non-SP cells (Richard et al., 2013) and are considered to be responsible for anti-cancer drug resistance (Singh et al., 2010; Leon et al., 2016). Choi and colleagues have demonstrated a reduced mRNA expression of KCNQ3 and KCNQ5 in SP cells compared to non-SP cells (Choi et al., 2017). The treatment of flupirtine (a Kv7.2–7.5 channel enhancer) decreased the viability of SP and non-SP cells. In addition, the combination treatment of gefitinib plus flupirtine was more effective, compared to the individual treatment of both drugs, in decreasing the viability of both non-SP cells, and gefitinib-resistant SP cells. According to their results, the combination treatment of gefitinib plus flupirtine was proposed to reduce the viability of gefitinib-resistant cells through inhibition of the EGFR-Ras-Raf-ERK pathway via (Choi et al., 2017). These results suggest that the activation of Kv7.3 and Kv7.5 channels could play an important role in the induction of apoptosis in SP cells, either by participating in the decrease of the cellular volume necessary for apoptosis initiation; or by decreasing [K+]int, which results in the activation of caspases and nucleases.



Pulmonary Hypertension

Pulmonary hypertension is defined by an increase in mean pulmonary arterial pressure at rest, as assessed by right heart catheterization. Based on pathophysiological findings, clinical presentation, hemodynamic characteristics, and therapeutic considerations, pulmonary hypertension is categorized into five groups by WHO: pulmonary arterial hypertension (PAH), pulmonary hypertension due to left-sided heart disease, pulmonary hypertension due to lung disease or hypoxia, chronic thromboembolic pulmonary hypertension, and multifactorial pulmonary hypertension (Simonneau et al., 2019). PAH is characterized by excessive pulmonary vasoconstriction and progressive remodeling of the distal PAs, resulting in elevated pulmonary vascular resistance and, eventually, in right ventricular failure (McLaughlin et al., 2015). Reduced expression or function of K+ channels (notably Kv1.5 and TASK-1 channels) in PASMCs results in a more depolarized Em, and is considered to contribute to the enhanced vasoconstriction and proliferation (Moudgil et al., 2006; Boucherat et al., 2015; Hayabuchi, 2017). In 2009, Joshi et al. demonstrated that Kv7 channel blockers, linopirdine, and XE991, inhibited the IKN current in PASMCs and raised mean pulmonary arterial pressure (mPAP); while the Kv7 channel openers, retigabine and flupirtine, had the opposite effects (Joshi et al., 2009). Linopirdine can also increase mesenteric vascular resistance and systemic arterial pressure (Mackie et al., 2008). Functional expression of Kv7 channels in the pulmonary circulation was later confirmed by others (Morecroft et al., 2009; Eid and Gurney, 2018; Mondejar-Parreño et al., 2018). As in the systemic circulation, KCNQ1 and especially KCNQ4 and KCNQ5 appear the most predominant KCNQ channels in the pulmonary circulation (Joshi et al., 2009; Morales-Cano et al., 2014; Sedivy et al., 2015; Mondejar-Parreño et al., 2018). The lack of selective drugs for the different Kv7 subunits hinders identification of the functional impact of individual Kv7 members (Barrese et al., 2018). Structurally related Kv7 enhancers such as retigabine and flupirtine (which activate all Kv7 isoforms except Kv7.1 channels) (Barrese et al., 2018) and zinc pyrithione (which activate all Kv7 members but Kv7.3) have been shown to induce pulmonary vasodilation (Joshi et al., 2009; Morecroft et al., 2009; Sedivy et al., 2015; Eid and Gurney, 2018; Mondejar-Parreño et al., 2018). In addition, drugs that block all Kv7 channels (i.e., linopirdine and XE991) are able to contract PAs previously primed (Chadha et al., 2012; Sedivy et al., 2015) or not (Joshi et al., 2009), whereas selective Kv7.1 blockers HMR1556, L768, L673, and JNJ39490282 (Barrese et al., 2018) have no contractile effects in PAs (Chadha et al., 2012). On the other hand, the application of R-L3, a compound purported to activate Kv7.1 channels, relaxed efficiently precontracted intrapulmonary arteries (Chadha et al., 2012; Mondejar-Parreño et al., 2018). These data suggest that even when Kv7.4 and Kv7.5 appear to be the most relevant Kv7 channels in controlling resting Em in PASMC, Kv7.1 channels are also functionally expressed.

The NO/cGMP pathway represents a key physiological signaling controlling tone in PAs, and drugs stimulating this pathway are used to treat PAH (Barnes and Liu, 1995), and drugs activating this pathway are used to treat pulmonary arterial hypertension. Recently, we have found that NO donors and riociguat, a stimulator of sGC used for the treatment of pulmonary arterial hypertension, enhance Kv7 current and induce membrane hyperpolarization in fresh isolated PASMCs contributing to pulmonary vasodilation (Mondejar-Parreño et al., 2019). Further, we identified Kv7.5 channels as a potential member of the Kv7 family targeted by these drugs.

The expression of Kv7 channels has been explored in several experimental models of pulmonary hypertension. While the hypoxic pulmonary vasoconstriction (HPV) reflects a physiological intrinsic property of PASMCs, which allows shifting blood flow from hypoxic to normoxic lung areas, coupling ventilation and perfusion, the chronic exposure to hypoxic air causes the pulmonary circulation to become hypertensive (Sylvester et al., 2012). Sedivy et al. found a significant loss of KCNQ4 mRNA expression in PA from rats maintained for 3 days in a hypoxic environment, even when a significant reduction of the Kv7.4 protein expression could not be confirmed (Sedivy et al., 2015). On the other hand, the expression of KCNQ1 and KCNQ5 was unaffected. However, Li et al. reported that longer incubation on hypoxia (9 days) was associated with a downregulation of KCNQ5 in the PAs (Li et al., 2014b). These authors also demonstrated that microRNA-190 (miR-190), whose expression is increased following the hypoxic exposure, directly targeted KCNQ5. This led the authors to propose the increased in miR-190 as a mechanism involved in the KCNQ5 downregulation and enhanced vasoconstriction induced by hypoxia. In addition to the hypoxic pulmonary hypertension models, a slight reduction of KCNQ5 expression has also been observed in rat lungs from monocrotaline-induced pulmonary hypertension (Morales-Cano et al., 2014). On the other hand, we found the expression of KCNQ1, KCNQ4, and KCNQ5 mRNAs unaltered in lungs from Zucker rats, a model of type 2 diabetes, developing increased pulmonary arterial pressure, and right ventricular hypertrophy (Morales-Cano et al., 2019).

The potential impairment of KCNQ channels has been also explored in conditions associated with pulmonary hypertension. The HIV-1 infection is an established risk factor for PAH, although the pathological mechanisms underlying the development of HIV-related PAH remain unclear (Butrous, 2015). In a recent study using HIV-transgenic mice expressing seven of the nine HIV viral proteins and wild-type mice we observed that HIV mice had reduced lung expression of KCNQ1 and KCNQ5 channels (Mondejar-Parreño et al., 2018). By using vascular reactivity and patch-clamp experimental approaches we found decreased responses to the Kv7.1 channel activator L-364,373 but unaltered responses to retigabine (Mondejar-Parreño et al., 2018). These results suggest that Kv7 channels (especially Kv7.1) are impaired in mice expressing HIV-1 proteins.

Congenital diaphragmatic hernia is a rare congenital anomaly commonly associated with persistent pulmonary hypertension. A recent study showed that the expression of KCNQ5, but not that of KCNQ1 or KCNQ4, was significantly downregulated at the mRNA and protein levels in rat lungs from nitrofen-induced congenital diaphragmatic hernia (Zimmer et al., 2017). Likewise, a markedly diminished KCNQ5 expression was found in the pulmonary vasculature of congenital diaphragmatic hernia fetuses. Since Kv7.5 channels have shown to contribute to NO donors-induced pulmonary vasodilation (Mondejar-Parreño et al., 2019), its reduced availability in congenital diaphragmatic hernia could partly explain the poor therapeutic response to inhaled NO in these patients (Group (NINOS), 1997; Putnam et al., 2016).

Studies in experimental models have shown evidence that drugs activating Kv7 channels may be of benefit in the treatment of pulmonary hypertension with different etiologies (Morecroft et al., 2009; Sedivy et al., 2015). Morecroft et al. also demonstrated that flupirtine attenuated the development of chronic hypoxia-induced pulmonary hypertension in mice and reversed established pulmonary hypertension in mice that over-express the 5-HT transporter (SERT), apparently via Kv7 activation (Morecroft et al., 2009). In this study authors showed that the chronic treatment with flupirtine reduced mean right ventricle pressure (mRVP), pulmonary remodeling, and RV hypertrophy (RVH). More recently, Sedivy et al. confirmed the potential benefit of Kv7 channel openers showing the pulmonary antihypertensive effects of flupirtine in rats exposed to short-term (3–5 days) hypoxia (Sedivy et al., 2015). In line with this, we have found that retigabine-induced vasodilation is increased in PAs from pulmonary hypertensive animals and this is associated with an increased contribution of Kv7 channels to the net K+ current present in pulmonary arterial myocytes (unpublished data from the author’s laboratory).

Altogether, these findings suggest that Kv7 channels play a protective role in the pulmonary circulation limiting pulmonary vasoconstriction, and their activation may represent a promising therapeutic strategy in pulmonary hypertension.




KV7 CHANNELS: NEW PHARMACOLOGICAL TARGETS IN RESPIRATORY DISEASES?

In addition to their well-established role in neural and cardiac tissue, studies over the last 20 decades have evidenced the expression and the plethora of cellular functions of Kv7 channels in numerous cell types. Thus, Kv7 channels are now recognized as playing relevant physiological roles in many tissues, which has encouraged the search for the therapeutic potential of Kv7 channel modulators in many diseases including those affected the lung. As stated in the previous section activation of Kv7 channels has been proposed to provide beneficial effects in a number of lung conditions. Therefore, Kv7 channel openers/enhancers or drugs acting partly through these channels could be proposed as bronchodilators, expectorants, antitussives, chemotherapeutics, and pulmonary vasodilators, as summarized below.

Flupirtine and retigabine are structurally related Kv7.2–7.5 channel activators. The discovery of Kv7 channels came later than the extensive use of flupirtine and retigabine as an analgesic and anticonvulsant, respectively, and whose mechanism of action was unknown until then (Schenzer et al., 2005). Retigabine has been shown to increase the open probability and cause a hyperpolarizing shift in the voltage dependence of activation of KCNQ channels by binding at the intracellular side of the pore-forming S5 helix around a key tryptophan (Trp) Trp236 in Kv7.2 and analogous residues in Kv7.3, 4, and 5 which is absent in Kv7.1 channels (Schenzer et al., 2005; Lange et al., 2009; Kim et al., 2015). Kim et al. have suggested that the retigabine interaction with this Trp residue depends largely on the formation of a hydrogen bond (Kim et al., 2015).

As the relevant role of Kv7 channels was discovered, the idea that these channels could constitute a new therapeutic strategy became more attractive, leading to investment in the development of new activators. The key residues for retigabine-binding have also been recognized to be also essential for the binding of other compounds such as S1 and BMS-204352; though these last drugs have a greater efficacy enhancing Kv7.4 and Kv7.5 isoforms rather than Kv7.2 or/and Kv7.3 channels (Dupuis et al., 2002; Bentzen et al., 2006). Zinc pyrithione activates the Kv7 channel by interacting with a binding site different to that of retigabine (Xiong et al., 2008). Hence, zinc pyrithione activates all Kv7 channels except for Kv7.3 channels, which is the most retigabine-sensitive. It is worth noting that the active compound in the action of zinc pyrithione on Kv7 channels is zinc, as administration of free zinc also activates these channels by reducing their dependence on PIP2 (Gao et al., 2017). The activity of ICA-27243, a drug more potent at activating Kv7.2/7.3 heteromeric channels than Kv7.4 homomeric channels or Kv7.3/7.5 heteromeric channels, is determined by a novel site inside the Kv7 channel voltage-detection domain (Wickenden et al., 2008; Blom et al., 2010). R-L3 is a benzodiazepine that activates Kv7.1 homomeric channels, but is considerably weaker when Kv7.1 is coexpressed with KCNE1 subunit, suggesting that R-L3 and KCNE1 subunits compete for the same interaction site on KCNQ1 subunits (Salata et al., 1998).

Kv7 channels are currently new therapeutic targets in the field of lung diseases; consequently, there is still much to be learned about their physiological role, regulation, and possible impairment by pathological processes. The specific expression of certain Kv7 channel in different types of cells is of great pharmacological interest, since their selective modulation could provide beneficial therapeutic effects while avoiding the adverse effects associated with other isoforms (Stott et al., 2014). A clear example comes from the previous experience with retigabine and flupirtine, which have been used as analgesic and anticonvulsant, respectively, for many years but were withdrawn from the marked due to their adverse effects including the risk of serious liver injury, pigment changes in the retina and urinary retention (Herrmann et al., 1987; Brickel et al., 2012). While, as mentioned, both drugs activate Kv7.2–Kv7.5, they appear to display greater efficacy for Kv7.2 and Kv7.3 channels over Kv7.4 and Kv7.5 channels, which predominate in smooth muscle. Thus, it is expected that compounds selectively activate the Kv7.4 and/or the Kv7.5 subunit may be used in the treatment of vascular smooth muscle disorders with few neurological side effects. For instance, selective activation of Kv7.4 and Kv7.4/Kv7.5 channels (but not Kv7.1, Kv7.2, and Kv7.2/Kv7.3) has been implicated in the vasorelaxant effects of the Rho kinase inhibitor fasudil (Zhang et al., 2016). Thus, it is likely that, in addition to Rho kinase inhibition, activation of these channels may contribute to the beneficial effects of fasudil in cardiovascular conditions such as hypertension, vasospasm, stroke arteriosclerosis, pulmonary hypertension, and heart failure (Shi and Wei, 2013; Shimokawa and Satoh, 2015). Likewise, it is expected that selective Kv7.2 and Kv7.3 channel enhancers may be used to the treatment of neurological disorders with few adverse effects in smooth muscle cells (Stott et al., 2014; Barrese et al., 2018). Remarkably, Manville et al. have recently reported that the neurotransmitter γ-aminobutyric acid (GABA) and various metabolites (β-hydroxybutyric acid and γ-amino-β-hydroxybutyric acid) directly activate Kv7.3 and Kv7.5 but not Kv7.1, 2, and 4 (Manville et al., 2018). Manville and colleagues found that Trp residues in Kv7.3 (Trp265) and Kv7.5 (Trp270) were required for binding but not sufficient for GABA-induced activation. Thus, while Kv7.2 and Kv7.4 share analogous Trp residues and bind GABA, they are not activated by GABA (Manville and Abbott, 2018). Likewise, the synthetic GABA analog gabapentin, but not pregabalin, was also found to activate Kv7.3 and Kv7.5 (Manville and Abbott, 2018). Very recently, these authors have proposed a model in which the sodium-coupled myo-inositol transporter 1 (SMIT1) interacts with KCNQ2/3 and tunes the channel response to GABA and related metabolites (Manville and Abbott, 2020).

The search for Kv7 activators with a better safety profile than retigabine and flupirtine as well as the identification of novel potential therapeutic applications, has driven the development of a large number of compounds with Kv7 enhancing properties in the last decade (Jepps et al., 2013; Stott et al., 2014; Haick and Byron, 2016; Barrese et al., 2018).

Given the functional roles and ubiquitous expression of Kv7 channels in many tissues, drugs modulating Kv7 channels are presumed to cause off-target effects including alterations of the QT interval at the heart level, systemic hypotension, urinary retention or neuronal effects. This could be largely avoided by using localized drug delivery to the lungs by oral inhalation. Inhaled administration is the route of choice for many drugs (i.e., corticosteroids; anticholinegics, or β2-adrenergic receptor agonists) to treat respiratory diseases. Similarly, targeting lung Kv7 channels specifically using inhaled Kv7 activators may be an innovative approach for the treatment of COPD, cystic fibrosis, pulmonary hypertension, asthmatic events, lung cancer, bronchitis, and pulmonary edema.

Progress in the treatment of respiratory diseases is a global challenge because of its health and socio-economic implications. The optimal management and treatment of these diseases should be aimed at achieving adequate control of the disease, improving the quality of life of patients, and reducing hospitalizations and the enormous financial burden on healthcare systems. Targeting Kv7 channels in the treatment of lung disorders could be a promising therapeutic strategy. Here, we summarized the potential usefulness of Kv channel modulators in treating respiratory diseases.


Bronchodilators

Asthma and COPD are characterized by hyper-contraction of ASMC attributed to abnormally high concentrations of different bronchoconstrictor agonists and/or increased sensitivity to them, leading to pathological narrowing of the airways (Penn, 2008). K+ channels are key regulators of Em in ASMC and their impairment causes membrane depolarization and bronchoconstriction (Hall, 2000). Among them, Kv7 channels contribute significantly to the negative resting Em in ASMC (Brueggemann et al., 2011). By acting on a different target, Kv7 channel openers offer the potential of being combined with standard bronchodilators such as β2-adrenergic receptor agonists and antimuscarinics as an adjuvant therapy to increase the efficacy or overcome desensitization (Brueggemann et al., 2014b).



Expectorants

The function of Kv7.1 together with KCNE1/E2/E3 subunits seems to play a key role in secretions in airway epithelial cells. The co-activation of Cl− channels in the luminal surface and K+ channels in the basolateral membrane in AEC is an essential requirement for Cl− secretion (Frizzell and Hanrahan, 2012). The activation of Kv7.1 channels has an expectorant effect provoking or promoting the expulsion of accumulated bronchial secretions and the productive cough helping to airway clearance (Mall et al., 2000; Al-Hazza et al., 2016; Kroncke et al., 2016; Hynes and Harvey, 2019). Kv7.1 channel openers or drugs that indirectly activate Kv7.1 channels might be beneficial in the treatment of bronchitis, COPD, cystic fibrosis and asthma (Boucherot et al., 2001; Athanazio, 2012; Hynes and Harvey, 2019).



Antitussives

Stimulation of airway C-fibers can be activated by inflammatory factors leading to the impulse to unproductive cough, dyspnea, mucus secretion and bronchoconstriction (Mazzone and Undem, 2016). Activation of Kv7.3 channels in VACF by retigabine has been shown to increase the M-current amplitude and to inhibit unproductive coughing (Sun et al., 2019). Thus, Kv7 activators could be useful as chronic coughing relievers in pulmonary inflammatory diseases.



Chemotherapy

Although, the role of Kv7 channel modulators as chemotherapy agents has been only barely studied, flupirtine has been shown to attenuate the resistance to gefitinib in a human lung cancer cell line (Choi et al., 2017). The anti-proliferative effect of flupirtine has also been proposed as potentially beneficial in other types of cancer (Lee et al., 2014). Additional studies are required to evaluate the potential of Kv7 channel activators with selectivity for particular isoforms as chemotherapy agents.



Pulmonary Vasodilators

K+ channels are also key regulators of cellular Em in PASMCs, controlling the activity of voltage-dependent Ca2+ channels and, subsequently, pulmonary artery smooth muscle contraction. Pulmonary vascular tone is controlled by the interaction of different circulating or locally released vasoactive factors with vasoconstrictor or vasodilating properties. Acute modulation of the activity of K+ channels has been extensively shown to contribute to the vascular effects of these vasoactive factors. Thus, different vasodilators such as nitric oxide, prostacyclin and calcitonin gene-related activate several K+ channels and, conversely, vasoconstrictors as serotonin, angiotensin II, thromboxane A2, noradrenaline and endothelin-1 have been shown to inhibit K+ channels (Cogolludo et al., 2007; Stott et al., 2014). With such a crucial role in modulating and maintaining pulmonary arterial tone, changes in function and expression of K+ channels during the development and pathogenesis of pulmonary hypertension results in aberrations of normal physiological functions. Consequently, K+ channels openers are presumed to have a beneficial therapeutic effect, especially if their action can be directed to the pulmonary circulation (Gurney et al., 2010). Up to the present time, the availability of drugs modulating Kv7 channels has been relatively scarce. Advances in the understanding of the role of Kv7 channels in the pulmonary vasculature and the development of new selective drugs for these channels indicate that they may represent a useful therapeutic target for the treatment of pulmonary arterial hypertension. As detailed above, different studies have provided evidence that treatment with Kv7 channel activators such as flupirtine, retigabine, or fasudil is beneficial in different pulmonary hypertension models (Morecroft et al., 2009; Duong-Quy et al., 2013; Sedivy et al., 2015; Zhang and Wu, 2017). In addition, Kv7 channel activation has been shown to contribute to the pulmonary vasodilating effect induced by drugs approved for the pulmonary hypertension treatment such as nitric oxide or riociguat (Mondejar-Parreño et al., 2019).




CONCLUSIONS

In the last decade, a significant progress in the understanding of the role of Kv7 channels in lung physiology has been made. The recognition of the involvement of these channels in cellular functions of crucial relevance in the normal physiology of the lung, such as the control of water and salt transport across the epithelial cell membrane, the excitability of airway afferent nerves, and the regulation of airway and lung vascular smooth muscle tone, makes them attractive therapeutic targets in lung diseases. In this regard, deciphering the involvement and importance of specific Kv7 subunits in these cellular functions will lead to a significant advance that may constitute the basis for the therapeutic potential of selective Kv7 channel modulators in lung diseases.
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Voltage-gated Kv7 potassium channels, encoded by KCNQ genes, have major physiological impacts cardiac myocytes, neurons, epithelial cells, and smooth muscle cells. Cyclic adenosine monophosphate (cAMP), a well-known intracellular secondary messenger, can activate numerous downstream effector proteins, generating downstream signaling pathways that regulate many functions in cells. A role for cAMP in ion channel regulation has been established, and recent findings show that cAMP signaling plays a role in Kv7 channel regulation. Although cAMP signaling is recognized to regulate Kv7 channels, the precise molecular mechanism behind the cAMP-dependent regulation of Kv7 channels is complex. This review will summarize recent research findings that support the mechanisms of cAMP-dependent regulation of Kv7 channels.
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CAMP-DEPENDENT SIGNALING


Regulators of cAMP: G Protein-Coupled Receptors

First discovered by Dr. Earl W. Sutherland in 1958 (Rall and Sutherland, 1958; Sutherland and Rall, 1958), cyclic adenosine monophosphate (cAMP) is well-recognized as an important intracellular secondary messenger molecule that can induce a cascade of events to influence cellular function (Patra and Brady, 2018). cAMP orchestrates numerous signal transduction pathways through the activation of several downstream effector proteins, resulting in a wide variety of cellular processes including gene transcription, cell growth and cell differentiation (Dumont et al., 1989; Sassone-Corsi, 1995; Mayr and Montminy, 2001; Sands and Palmer, 2008; Bacallao and Monje, 2015).

cAMP is created from ATP through the action of Adenylate cyclases (AC), of which there are nine membrane-bound isoforms (AC 1-9) and one soluble isoform (sASC). The characteristics of each isoform are summarized effectively in several reviews (Taussig and Gilman, 1995; Simonds, 1999; Hanoune and Defer, 2001; Sadana and Dessauer, 2009; Tresguerres et al., 2011; Halls and Cooper, 2017). Membrane-bound ACs are stimulated downstream of Gs-specific G protein-coupled receptor (GPCR) activation, while the sAC is insensitive to GPCR-dependent regulation (Braun and Dods, 1975; Braun et al., 1977; Forte et al., 1983). When a GPCR is activated by its extracellular ligand, it causes a conformational change in the receptor which activates the associated heteromeric G protein complex, consisting of an α, ß and γ subunit. Subsequently, the Gsα dissociates from the receptor and Gßγ subunits, activating AC and increasing cAMP levels (see Pierce et al., 2002 for a detailed review of this signaling pathway). ACs can also be regulated by other intracellular signals, including Ca2+ and PKC (see Halls and Cooper, 2017 for a detailed review).

Phosphodiesterase’s (PDEs) remain the only known route of cAMP degradation. The expression and localization of PDEs within a cell controls the magnitude and duration of cAMP-dependent events, as well as the compartmentalization and intracellular gradients of cAMP (Baillie, 2009). Thus, the expression and localization of PDEs in a cell contributes to the specificity of the cAMP-response following activation.



Effectors of cAMP: PKA and EPAC

cAMP mediates its effect by activation of effector proteins including protein kinase A (PKA), Epac (Exchange protein directly activated by cAMP), or cyclic nucleotide-gated channels (CNGCs) (Shabb, 2001; Bos, 2006; Biel and Michalakis, 2009). For many years it was believed that the effects of cAMP were mediated exclusively through the activation of intracellular PKA. PKA is a heterotetrameric holoenzyme consisting of two regulatory (R) subunits and two catalytic (C) subunits (Krebs and Beavo, 1979; Taylor et al., 2013; Turnham and Scott, 2016). There are two types of regulatory subunits, RI and RII, each consisting of two isoforms, RIα, RIβ, RIIα, RIIβ, each having different tissue expression, subcellular localization and cAMP binding affinity (Bechtel et al., 1977; Corbin et al., 1977, 1978; Zoller et al., 1979; Rannels and Corbin, 1980; Ringheim and Taylor, 1990; Taylor et al., 2012; Weigand et al., 2017). PKA that contains either RI or RII, form the two classes of PKA termed type I or type II, respectively. Binding of four cAMP molecules to each R subunit induces a conformational change and activates the kinase, resulting in the free catalytic subunits phosphorylating serine and threonine residues in specific substrate proteins (Welch et al., 2010).

Scaffolding proteins, such as A Kinase Anchoring Proteins (AKAPs; reviewed in Rubin, 1994; Scott et al., 2013; Dema et al., 2015) bind to the PKA-R subunits at the dimerization/docking domain at the N-terminus and targets PKA to specific subcellular locations to ensure specificity in signal transduction by placing PKA close to its appropriate substrate target, allowing compartmentalization of PKA (Scott et al., 1990; Carr et al., 1991; Bauman et al., 2006; Gold et al., 2006). AKAPs also bind other proteins such as protein kinase C and PDEs (Moleschi and Melacini, 2014). The AKAP family has more than 50 members and can be classified according to their binding specificity for the PKA-R subunits (Wong and Scott, 2004). The majority of the AKAPs bind to PKA-RII, however, several AKAPs bind to PKA-RI (Kinderman et al., 2006; Sarma et al., 2010). Only a few AKAPs have dual-specificity and can bind to both PKA-RI and PKA-RII, although with lower affinity for PKA-RI (Burns et al., 2003). This lower affinity for PKA-RI is due to the structural difference in the dimerization/docking domain in the N-terminal of RI (Huang et al., 1997; Gold et al., 2006). AKAPs are expressed in different tissues of the body and can facilitate tissue-specific signaling in many cells types including neurons (Glantz et al., 1992; Moita et al., 2002; Dell’Acqua et al., 2006), heart (Fink et al., 2001; Marx et al., 2002; Ruehr et al., 2004), and pancreas (Lester et al., 1997).

cAMP also activates Epac (Exchange protein directly activated by cAMP) (de Rooij et al., 1998; Kawasaki et al., 1998). Epac proteins, stimulated by cAMP binding, activate the Ras superfamily of small GTPases, Rap1 and Rap2. There are two known Epac proteins, Epac1 and Epac2, which are both present in almost all tissues but have different expression levels (Roscioni et al., 2008). Epac acts as guanine-nucleotide exchange factors and catalyzes the exchange of GDP for GTP on Rap1 and Rap2 with subsequent activation of these two GTPases (Cheng et al., 2008). This leads to activation of further downstream pathways, which will result in a variety of cellular functions, depending on specific tissue and cell type. In cardiac myocytes, for example, Epac plays a role in the cardiac Ca2+ regulation by increasing Ca2+ release from the sarcoplasmic reticulum (SR) via ryanodine receptor 2 (RyR2) and thereby effecting contraction (Fujita et al., 2017). Furthermore, a signaling pathway in which cAMP acts via Epac to modulate ion channel function has been identified (Renström et al., 1997; Kang et al., 2006; Stott et al., 2016). Additionally, Epac enhances the synaptic release of neurotransmitters following cAMP elevation in neurons (Shariati et al., 2016).

Cyclic nucleotide-gated channels (CNGCs) are also activated directly by cAMP signaling (Ludwig et al., 1998; Santoro et al., 1998). CNGCs are non-selective cation channels expressed in many tissues, including the heart, lung, kidney, pancreas, liver, spleen, testis and various neuronal systems (Kaupp and Seifert, 2002; Biel and Michalakis, 2007; Biel, 2009). CNGCs are activated by direct binding of cAMP or cGMP to the channel and activation of the channel results in the influx of extracellular cations causing depolarization of the cell membrane. One example of a CNGC is the hyperpolarization-activated and cyclic nucleotide–gated channels (HCN), which are expressed in the heart and the nervous system. These channels mainly conduct Na+ and K+ and are activated by a hyperpolarized membrane potential and stimulated by intracellular cyclic nucleotides. HCN channels are responsible for the “funny current” (If) in the heart and neurons, where they regulate pacemaker activity and neuronal firing (Difrancesco, 1986; DiFrancesco and Tortora, 1991; Moosmang et al., 1999; DiFrancesco, 2020).



KCNQ-ENCODED POTASSIUM CHANNELS

There are 12 sub-families of voltage-gated potassium channels (Kv1-Kv12), within which the Kv7 potassium channel family consists of five isoforms encoded by the KCNQ1-5 genes (Kv7.1-Kv7.5) (Robbins, 2001; Gutman et al., 2005). Like all Kv channels, Kv7 channels are voltage-sensing channels and open and close upon changes in transmembrane potential to selectively let K+ ions pass through the channel. The Kv7 channels are comprised of four α-subunits, with each α-subunit consisting of six transmembrane (TM) spanning domains (S1-S6). S1-S4 form the voltage-sensing domain, while S5-S6 form the pore domain. Each α-subunit contains cytoplasmic amino (N) – and carboxyl (C) – termini, which are essential for channel tetramerization and channel regulation (Barros et al., 2012). In the C-terminus of the channel, a coiled-coil sequence motif is the major determinant of channel assembly (Jenke et al., 2003; Schwake et al., 2003, 2006). Assembly of all four α-subunits placed in a cylindrical arrangement creates a pore through which the K+ ions are conducted selectively (Heginbotham et al., 1992; Doyle et al., 1998). This assembly can be done with four identical α-subunits from the same Kv7 isoform to form homomeric channels, or by combining at least two types of α-subunits with other Kv7 isoforms to form heteromeric channels. Kv7.1 was thought to only form as a homotetrameric channel (Schwake et al., 2000); however, heterotetrameric assembly with Kv7.5 has been suggested (Oliveras et al., 2014). Kv7.3 homomers are weakly effective but form functional heterotetramers with Kv7.2 (Schroeder et al., 1998; Wang et al., 1998), Kv7.4 (Kubisch et al., 1999) and Kv7.5 (Schroeder et al., 2000a) subunits, and Kv7.4 heterotetramizes with Kv7.5 (Bal et al., 2008; Brueggemann et al., 2014b; Chadha et al., 2014; Jepps et al., 2015). Kv7 channels also interact with KCNE-encoded single transmembrane-spanning auxiliary protein subunits [KCNE1-5; also called MinK and MinK-related peptides (MiRPs)] that function as β or ancillary subunits (Abbott and Goldstein, 1998; McCrossan and Abbott, 2004; Abbott, 2016; Jepps, 2017). These KCNE proteins cannot form functional channels themselves but coassemble with Kv7 channels to modulate several functional properties of the channel, including membrane trafficking, voltage dependence, and kinetics of channel opening and closing (McCrossan and Abbott, 2004; Kanda and Abbott, 2012). Finally, Kv7 channels have a large cytoplasmic C-terminal composed of four segments (helix A-D) (Haitin and Attali, 2008; Xu et al., 2013; Barrese et al., 2018). In addition to coordinating channel tetramerization, several regulatory molecules interact with the C-terminal region to modulate Kv7 channel function, including calmodulin (CaM), phosphatidylinositol 4,5-biphosphate (PIP2), protein kinase C (PKC), protein kinase A (PKA), A-kinase-anchoring protein (AKAP), ankyrin G (Ank-G) and Nedd4-2 (summarized by Haitin and Attali (2008) and Barrese et al., 2018).

This review will now focus on the mechanisms of cAMP-dependent regulation of Kv7 channels and explore a possible role for this mechanism for therapeutic targeting in diseases associated with Kv7 channel dysfunction.



CAMP REGULATION OF Kv7 CHANNELS


Kv7.1

Kv7.1 channels are expressed in several tissues throughout the body including the heart, uterus, and epithelial cells of the inner ear, pancreas, airways, gastrointestinal tract and kidneys. In the heart, Kv7.1 associates with the ancillary subunit KCNE1 to constitute the channel responsible for the late repolarizing current termed IKs (Barhanin et al., 1996; Sanguinetti et al., 1996). Kv7.1 also associates with KCNE1 in the inner ear, where they regulate auditory function and pancreatic acinar cells where activation of the Kv7.1-KCNE1 channel provides the driving force for Cl– secretion (Kim and Greger, 1999; Köttgen et al., 1999; Warth et al., 2002). In addition, Kv7.1 channels in the pancreatic ß-cells contribute to the regulation of insulin secretion, and loss of function mutations in the KCNQ1 gene leads to impaired ß-cell insulin secretion, which is associated with type 2 diabetes (Ullrich et al., 2005; Unoki et al., 2008; Yasuda et al., 2008; Yamagata et al., 2011; Liu et al., 2014; Torekov et al., 2014; Min Lee et al., 2017; Zhang et al., 2020). Furthermore, association of Kv7.1 with KCNE3 in epithelial tissues of the colon, small intestine and airways regulates the transport of water and salts (Schroeder et al., 2000b; Grahammer et al., 2001a, b; Vallon et al., 2005).

Kv7.1-KCNE1 channels have been studied extensively in cardiac myocytes where the channel is important for delayed cardiac repolarization and shapes action potential duration (Terrenoire et al., 2005). In addition, it is enhanced by sympathetic nerve activity through activation of β-adrenergic receptors (Bennett and Begenisch, 1987; Yazawa and Kameyama, 1990). Stimulation of the β-adrenergic receptor by noradrenaline released from the cardio-accelerator nerve causes an elevation of cAMP that increases IKs via PKA-dependent phosphorylation (Yazawa and Kameyama, 1990).

As mentioned previously, PKA actions are regulated by AKAPs, by positioning PKA and other cAMP-responsive enzymes in proximity to their substrates. In the heart, several AKAPs are expressed, including AKAP79/150 (human AKAP79/murine AKAP150), AKAP15/18δ and AKAP9. AKAP9, better known as yotiao, facilitates PKA-phosphorylation of serine 27 in the Kv7.1 N-terminus required for the proper functioning of the channel (Walsh et al., 1988; Walsh and Kass, 1991; Potet et al., 2001; Marx et al., 2002). Yotiao also associates with protein phosphatase 1 (PP1), phosphodiesterase (PDE) and AC to control IKs phosphorylation status (Terrenoire et al., 2009; Li et al., 2012). Yotiao binds directly to Kv7.1 C-terminus via a leucine zipper motif, an amino acid sequence in the C terminus of Kv7.1, and disruption of the complex by mutations in yotiao or KCNQ1 are associated with Long QT Syndrome (Kass et al., 2003; Fodstad et al., 2004; Chen et al., 2007). Besides acting as a scaffold protein, yotiao has a functional role that occurs after IKs phosphorylation. Studies revealed that cAMP-dependent activation of Kv7.1-KCNE1 depends not only on serine 27 phosphorylation but also requires the direct binding of yotiao to the Kv7.1 at the leucine zipper motif (Kurokawa et al., 2004; Chen et al., 2005; Chen and Kass, 2006). Furthermore, it was revealed that yotiao itself is a substrate for PKA phosphorylation and can be phosphorylated upon β adrenoceptor stimulation (Chen et al., 2005). Serine 43 was identified as target residue for PKA phosphorylation on yotiao, with mutations of this residue dampening cAMP effects on the IKs current, even though yotiao binding and phosphorylation of Kv7.1 channels were not affected. Taken together, these studies conclude that AKAP protein yotiao has a crucial and complex regulatory role on the cAMP-dependent activity of IKs channels (see Figure 1A).
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FIGURE 1. Schematics of known cAMP-dependent Kv7 channel regulation in panel cardiac (A), neurones (B) and smooth muscle cells (C). The figure summarizes many of the known interaction partners involved in the cAMP-mediated regulation of Kv7 channels in the different cells types, thereby highlighting the heterogeneity of cAMP-Kv7 channel signaling. It should be noted that, although AKAP79/150 is associated with Kv7.2 channels, it has not been included in the figure since there is no evidence of its involvement in PKA phosphorylation of the channel.


Although PKA activation of Kv7.1 following β adrenergic stimulation can increase IKs, chronic β adrenergic stimulation downregulates the IKs response (Mona et al., 2014). Chronic β adrenergic stimulation led to a significant decrease in KCNE1 but not KCNQ1 mRNA expression in guinea pig cardiomyocytes. Furthermore, chronic in vitro and in vivo isoprenaline stimulation reduced KCNE1 protein expression and KCNE1 membrane expression in guinea pig cardiomyocytes. This effect was mediated via Epac1 and not PKA activation, leading to increased translocation of nuclear factor of activated T cell (NFAT), which was responsible for KCNE1 downregulation (Mona et al., 2014).

In the inner ear, cAMP activates Kv7.1-KCNE1 channels, which results in the secretion of K+, necessary for normal hearing (Wang et al., 1996; Neyroud et al., 1997). However, the precise mechanisms underlying the cAMP-regulated increase in K+ conductance in the inner ear are unclear (Sunose et al., 1997). In the intestine, cAMP enhances Kv7.1-KCNE3 currents and stimulates Cl– secretion by hyperpolarizing the cell membrane and thereby amplifying the driving force for Cl– exit through cystic fibrosis transmembrane conductance regulator Cl– channels (Lohrmann et al., 1995; Diener et al., 1996; Suessbrich et al., 1996; Devor et al., 1997; Rufo et al., 1997; Schroeder et al., 2000b; Bajwa et al., 2007). An essential role for KCNE3 in cAMP-driven Cl– secretion has been suggested from the observation that KCNE3 knockdown reduced cAMP-mediated Cl– secretion across tracheal and intestinal epithelia without altering Kv7.1 expression (Preston et al., 2010) but the precise mechanism by which cAMP stimulates Kv7.1-KCNE3 channels in these cells is still unknown. Like for intestine epithelial cells, airway epithelial cells secrete Cl– stimulated by the cAMP-signaling pathway, where blockade of Kv7.1 channels suppress the cAMP-mediated Cl– secretion (Mall et al., 2000; Grahammer et al., 2001b; MacVinish et al., 2001; Cowley and Linsdell, 2002; Kim et al., 2007). However, the direct mechanism how cAMP mediates Kv7.1 channel activation responsible for Cl– secretion needs to be further investigated. In pancreatic β-cells, Kv7.1 channels contribute to insulin secretion. Besides, a link between cAMP and insulin secretion has established (Malaisse and Malaisse-Lagae, 1984; Seino and Shibasaki, 2005). However, it remains to be determined if Kv7.1 channels play a role in this cAMP-dependent mechanism.



Modifiers of cAMP-Mediated Regulation of Kv7.1 Channels

Although the direct regulation of cAMP signaling on Kv7.1 channel activity is well described, several factors can modulate this interaction indirectly. For instance, Nicolas et al. (2008) determined that the PKA-dependent regulation of IKs was microtubule-dependent (Nicolas et al., 2008). Cytoskeletal microtubules are essential for proper trafficking of cardiac ion channels to the plasma membrane (Steele and Fedida, 2014), and although a physical interaction between Kv7.1 and the microtubule forming protein, β-tubulin, was shown, disruption of the microtubules did not modify the Kv7.1-KCNE1 channel membrane density or baseline currents in transfected COS-7 cells or cardiomyocytes. However, microtubule disruption decreased the IKs response to PKA-mediated stimulation. This was not due to altered channel phosphorylation, yotiao phosphorylation or the interaction between both proteins, suggesting that microtubules play an important role in the coupling of PKA-dependent Kv7.1 phosphorylation and its channel activation (Nicolas et al., 2008).

The effect of cAMP on the trafficking of Kv7.1 channels has also been investigated. PKA inhibition in Madin-Darby canine kidney (MDCK) cells reduces Kv7.1 channel membrane expression and increases intracellular accumulation of the Kv7.1 protein in late endosomes/lysosomes (Andersen et al., 2015). This suggests a role for PKA-mediated trafficking of Kv7.1 channels, although this was not a result of channel phosphorylation. A previous study by the same group found that two cAMP phosphorylation residues on Kv7.1, serine 27 and serine 92, were not crucial for trafficking Kv7.1 (Lundby et al., 2013). Instead the E3 ubiquitin ligase Nedd4-2 is required in this PKA-dependent trafficking pathway (Andersen et al., 2015). Nedd4-2 is an ubiquitin-protein ligase that binds to ion channels containing a C-terminal proline-rich segment (PY motif) (Manning and Kumar, 2018). Among the Kv7 channels, Kv7.1 is the only isoform containing this sequence motif. Binding of Nedd4-2 to the C-terminal PY motif in Kv7.1 channels regulates the ubiquitylation of the channel and its internalization (Jespersen et al., 2007). Andersen et al. (2015) concluded that PKA regulated Nedd4-2-dependent trafficking of Kv7.1 but the precise mechanism how PKA influences Nedd4-2 needs to be determined (Andersen et al., 2015).



Kv7.2 and Kv7.3

Kv7.2 and Kv7.3 channels are widely expressed in neuronal tissues, where they form a heteromeric channel that generates the “M-current” (Brown and Adams, 1980; Wang et al., 1998; Wickenden et al., 2001; Roche et al., 2002; Shah et al., 2002). Kv7.5 channels are also a component of the M-channel in heteromeric formation with Kv7.3 (Lerche et al., 2000; Schroeder et al., 2000a; Tzingounis et al., 2010). The M-current in neurons maintains the negative resting membrane potential to limit neuronal firing and excitability (Marrion, 1997; Jentsch, 2000). M-currents are inhibited by Gq/11 coupled GPCRs such as muscarinic acetylcholine receptors M1, M3 and M5, or bradykinin B2 receptors. Stimulation of these receptors decreases M-current density resulting in depolarization, which subsequently increases neuronal excitability (Brown and Selyanko, 1985; Cruzblanca et al., 1998). It is well established that disruption of the M-current due to mutations in either KCNQ2 or KCNQ3 genes causes excessive neuronal excitability, leading to neuronal diseases, such as benign familial neonatal convulsions and epileptic encephalopathy (Biervert et al., 1998; Charlier et al., 1998; Singh et al., 1998; Jentsch, 2000; Castaldo et al., 2002; Borgatti et al., 2004; Weckhuysen et al., 2012, 2013).

Kv7.2/Kv7.3 currents in overexpressed Xenopus oocytes are enhanced by cAMP, which relies on PKA-mediated phosphorylation of serine 52 in the Kv7.2 N-terminus (Schroeder et al., 1998). Furthermore, Cooper et al. (2000) identified an interaction of Kv7.2 and PKA subunits in human brain samples by co-immunoprecipitation and affinity chromatography (Cooper et al., 2000). In addition, AKAP79/150 is associated with Kv7.2 channels (Hoshi et al., 2003, 2005; Zhang and Shapiro, 2012). Although the core AKAP79/150 complex contains PKA (Gold et al., 2006), it has not yet been determined whether AKAP70/150 facilitates PKA phosphorylation of Kv7.2 channel; however, AKAP79/150 is essential for the recruitment and phosphorylation of Kv7.2 channels by PKC (Hoshi et al., 2003; Higashida et al., 2005; Zhang and Shapiro, 2012).

Multiple other phosphorylation sites of Kv7.2/Kv7.3 channels have been identified using mass spectrometry. However, the responsible kinase for this phosphorylation remains elusive as not only PKA but also PKC and src tyrosine kinase can regulate Kv7.2/Kv7.3 channel phosphorylation (Gamper et al., 2003; Hoshi et al., 2003; Li et al., 2004; Surti et al., 2005). A recent study by Salzer et al. (2017) found 13 phosphorylation sites for human Kv7.2 using mass spectrometry, one already identified (serine 52) located at the N-terminus, whereas the remaining 12 were located in the C-terminus. Using in vitro phosphorylation assays the authors identified the protein kinases responsible for C-terminus Kv7.2 phosphorylation. Only two of the 12 residues (serine 438 and serine 455) were phosphorylated by PKA. Inhibition of PKA reduced Kv7.2 phosphorylation, which decreased channel sensitivity to PIP2 depletion, thereby attenuating Kv7 channel regulation via M1 muscarinic receptors. Thus, phosphorylation of the Kv7.2 channel is necessary to maintain a reduced affinity for PIP2 (Salzer et al., 2017; Figure 1B).

Kv7.5 channels are expressed in some regions of the brain, where they coassemble with Kv7.3 channels. Kv7.5/Kv7.3 channels show similar currents to the Kv7.2/Kv7.3 currents and are also inhibited by M1 muscarinic receptor activation (Schroeder et al., 2000a). Kv7.5 can be phosphorylated and stimulated by PKA on serine 53 on the N-terminus (Brueggemann et al., 2018); however, it is still unclear whether the heterotetrameric Kv7.3/Kv7.5 channel found in neurones are regulated in the same way by cAMP.



Kv7.4 and Kv7.5

Kv7.4 channels are expressed in the inner ear and auditory nerves (Kharkovets et al., 2000), the substantia nigra (Hansen et al., 2008), skeletal muscle cells (Iannotti et al., 2010), the mitochondria of cardiac myocytes (Testai et al., 2016) and in smooth muscle cells extensively (see Barrese et al., 2018 for a recent review of the smooth muscle literature). Kv7.5 channels are expressed in the brain, where they play a role in the regulation of neuronal excitability, and in skeletal and smooth muscle (Schroeder et al., 2000a; Roura-Ferrer et al., 2008; Iannotti et al., 2010; Haick and Byron, 2016).

In smooth muscle, there is evidence Kv7.4 and Kv7.5 channels exist as both homomers and heteromers (Brueggemann et al., 2011, 2014b; Chadha et al., 2014; Jepps et al., 2015). The first indication that smooth muscle Kv7 channels were activated by cAMP came from gastric smooth muscle cells. In these cells, β adrenoceptor stimulation with isoprenaline induced a current that resembled the neuronal M current, although at this time the molecular identity of the M current was still unknown (Sims et al., 1988).

In vascular smooth muscle, the use of pharmacological inhibitors and molecular interference has identified a role for Kv7 channels in receptor-mediated relaxations. The first identification was for β adrenoceptor-mediated vasodilatation in the renal vasculature (Chadha et al., 2012). Inhibition of Kv7 channels by XE991 or linopirdine and knockdown of Kv7.4 with KCNQ4-targeted small interfering RNA (siRNA), attenuated arterial relaxations to the β adrenoceptor agonist, isoprenaline (Chadha et al., 2012). More recent, experiments with morpholino-mediated suppression of Kv7.4 translation corroborated these findings (Stott et al., 2018). Furthermore, isoprenaline increased Kv7 currents in vascular smooth muscle cells isolated from rat arteries and in A7r5 cells (a rat aortic smooth muscle cell line) (Chadha et al., 2012; Stott et al., 2015; Mani et al., 2016; Brueggemann et al., 2018).

In hypertension, Kv7.4 protein expression is diminished causing reduced hyperpolarization and relaxation of the smooth muscle cells. Furthermore, in renal arteries from spontaneously hypertensive rats, where Kv7.4 expression is reduced, receptor-mediated relaxations were diminished (Jepps et al., 2011; Chadha et al., 2012). Interestingly, in the cerebral arteries from hypertensive rats, there is no compromise of Kv7.4 channel expression and CGRP receptor-mediated relaxations are unaffected (Chadha et al., 2014).

Although targeting Kv7.4 in isolated vessels with siRNA- and morpholino-induced knockdown inhibits isoprenaline- and CGRP-induced relaxations (Chadha et al., 2014; Stott et al., 2018), there is evidence that Kv7.5 is required to elicit cAMP-dependent relaxations. In A7r5 cells, stimulation of β adrenoceptors and the downstream pathway enhanced the currents produced by Kv7.5 channels and heterotetrameric Kv7.4/Kv7.5 channels expressed exogenously, but not when homomeric Kv7.4 channels were expressed (Mani et al., 2016), suggesting cAMP-mediated regulation of Kv7.4 and Kv7.5 depends on the stoichiometry of the channel.

The precise Kv7 channel stoichiometry eliciting cAMP-dependent relaxations in vascular smooth muscle is still unknown. Kv7.4 channels are important for proper Kv7 channel function in arteries, highlighted by their downregulation in arteries from hypertensive animals, whereas both Kv7.4 and Kv7.5 may play a role in the cAMP-dependent activation. To further complicate this mechanism, KCNE4 co-assembles with Kv7.4 and Kv7.5 in vascular smooth muscle cells to alter the biophysical properties and cellular localization of these channels. Targeted knockdown of Kcne4 in rat arteries depolarized the smooth muscle resting membrane potential and reduced vasorelaxations to Kv7 channel activators. Interestingly, in Kcne4 knockout mice, only the males displayed attenuated Kv7 channel function, but both male and female Kcne4 knockout mice had attenuated responses to isoprenaline. Given that Kcne4 expression has been shown in several arterial beds, it could be facilitating the Kv7 channel-dependent cAMP relaxations (Jepps et al., 2015; Abbott and Jepps, 2016). The expression of KCNE4 in A7r5 cells is yet to be determined but including KCNE4 subunits in future studies investigating the cAMP-dependent Kv7.4/Kv7.5 channel activation could give valuable insight into this mechanism.

Both PKA and Epac enhance Kv7 channel activity in vascular smooth muscle (Khanamiri et al., 2013; Mani et al., 2016; Stott et al., 2016). Isoprenaline-mediated relaxations were attenuated by PKA inhibition in renal arteries, whilst the isoprenaline relaxations in mesenteric arteries were not affected (Stott et al., 2016). In the mesenteric artery, isoprenaline-induced linopirdine-sensitive relaxations were elicited through activation of Epac, which is present in both rat renal and mesenteric arteries, but more predominant in mesenteric arteries. With electrophysiology experiments, Kv7 currents were increased with direct Epac stimulation in smooth muscle cells isolated from renal and mesenteric arteries (Stott et al., 2016). These data highlight that cAMP-dependent stimulation of Kv7 channels in vascular smooth muscle is not only dependent on the Kv7 channel architecture but also the channel’s association with downstream cAMP effector proteins, all of which are likely to be artery specific (see Figure 1C).

Kv7 channels are also expressed in airway smooth muscle cells (ASMCs) of rodents and humans. Pharmacological activators of Kv7 channels, including retigabine, flupirtine and S-1, relax airway smooth muscle cells from guinea pigs and human, and are important regulators of airway diameter (Brueggemann et al., 2012; Evseev et al., 2013). β2-adrenergic receptor agonists are commonly used for the treatment of asthma to relieve hyperconstriction of the airway (Cazzola et al., 2013), and are able to enhance Kv7 currents in ASMCs thereby inducing relaxation of rat airways (Brueggemann et al., 2014a). A later study by Brueggemann et al. (2018) revealed that β adrenoceptor stimulation activated the Kv7.5 channels in cultured human ASMCs, a response which was mediated by the PKA pathway (Brueggemann et al., 2018). This study identified serine 53 on the Kv7.5 N-terminus to be responsible for the increased Kv7.5 currents in response to cAMP elevation, which could be a common mechanism for β adrenoceptor/cAMP activation of Kv7.5 channels in vascular smooth muscle cells. Recent findings show that phosphorylation of serine 53 on the N-terminus of Kv7.5 increases its affinity for PIP2, corresponding to enhanced channel activation (Brueggemann et al., 2020).

Kv7.4 and Kv7.5 are also expressed in the smooth muscle of the gastrointestinal tract (Ohya et al., 2002; Jepps et al., 2009; Ipavec et al., 2011; Adduci et al., 2013), bladder (Streng et al., 2004; Rode et al., 2010; Svalø et al., 2012, 2013; Afeli et al., 2013; Anderson et al., 2013), penis (Jepps et al., 2016) and uterus (McCallum et al., 2009) where important functional roles have been established. Whether Kv7 channels in these tissues are subjected to the same cAMP-dependent regulation as in vascular and airway smooth muscle remains to be determined. Given that, even within the vasculature, there are differences in the cAMP-dependent mechanisms that lead to Kv7 channel stimulation, the Kv7 channels in these smooth muscle tissues cannot be assumed to behave in the same way as has been described in airway and vascular smooth muscle. Future work should investigate how Kv7 channels are subjected to cAMP-dependent regulation in these tissues, which could lead to novel therapeutic strategies for the treatment of various smooth muscle disorders, such as constipation, preeclampsia, erectile dysfunction and incontinence.



Modifiers of cAMP-Mediated Regulation of Kv7.4 Channels

Gβγ subunits have a regulatory role on the modulation of Kv7.4 channels in vascular smooth muscle cells, which is Gβ subunit-specific (Stott et al., 2015, 2018; Greenwood and Stott, 2020). Gβγ subunit binding to Kv7.4 channels enhances the current in both HEK and CHO cells expressing Kv7.4, and in rat renal arterial smooth muscle cells. In addition, Gβγ subunit interaction is critical for the β adrenergic dependent activation of Kv7 channels in rat renal arteries, but not in rat mesenteric arteries. Contrarily, inhibition of Gβγ subunits attenuated the CGRP dependent relaxations in mesenteric arteries, but showed no effect on CGRP relaxation in cerebral arteries, highlighting the role of Gβγ in Kv7-dependent vasorelaxations to be artery specific and dependent on the vasorelaxant (Stott et al., 2018).

The microtubule network has also been implicated in the Kv7 channel-dependent cAMP-mediated relaxations in rat mesenteric and renal arteries (Lindman et al., 2018). Disruption of the microtubule network with colchicine increased the membrane expression of Kv7.4 channels, which enhanced membrane hyperpolarization, decreases in intracellular Ca2+ and vasorelaxation to isoprenaline and forskolin in a Kv7 channel-dependent manner, specifically (Lindman et al., 2018). Further work in this area is required to determine whether the microtubule network regulates cAMP signaling in smooth muscle cells.



CONCLUSION

The second messenger cAMP regulates Kv7 channel activity in many cell types, including cardiac myocytes, smooth muscle and neurons. However, cAMP-mediated regulation of Kv7 channels is complex and many aspects remain to be elucidated. Generation of cAMP results from stimulation of AC, of which 9 isoforms exist. Depending on the isoforms expressed in a cell type, extracellular signals through GPCR activation can be integrated differently. Identifying how different AC isoforms contribute to cAMP-dependent activation of Kv7 channels in different tissue types could lead to targeting of a particular isoform providing therapeutic benefits with fewer adverse effects. Furthermore, the recent discovery of Epac activation of Kv7.4/Kv7.5 channels in vascular smooth muscle adds more complexity to this pathway. Determining whether this cAMP/Epac pathway plays a role in the activation of other Kv7 channels will be necessary to fully understand the physiological impact of cAMP signaling through Kv7 channels. Finally, the importance of the KCNE subunits in the cAMP-dependent regulation of Kv7 channels has often been overlooked but is likely to have a substantial role. By better defining the cAMP regulation of Kv7 channels in different tissues, it may become possible to exploit subtle tissue-specific differences in the activation pathways in order to generate novel therapeutics.
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Smooth muscle cells of the vasculature, viscera, and lungs generally express multiple α-subunits of the Kv7 voltage-gated potassium channel family, with increasing evidence that both Kv7.4 and Kv7.5 can conduct “M-currents” that are functionally important for the regulation of smooth muscle contractility. Although expression systems demonstrate that functional channels can form as homomeric tetramers of either Kv7.4 or Kv7.5 α-subunits, there is evidence that heteromeric channel complexes, containing some combination of Kv7.4 and Kv7.5 α-subunits, may represent the predominant configuration natively expressed in some arterial myocytes, such as rat mesenteric artery smooth muscle cells (MASMCs). Our previous work has suggested that Kv7.4/Kv7.5 heteromers can be distinguished from Kv7.4 or Kv7.5 homomers based on their biophysical, regulatory, and pharmacological characteristics, but it remains to be determined how Kv7.4 and Kv7.5 α-subunits combine to produce these distinct characteristics. In the present study, we constructed concatenated dimers or tetramers of Kv7.4 and Kv7.5 α-subunits and expressed them in a smooth muscle cell line to determine if a particular α-subunit configuration can exhibit the features previously reported for natively expressed Kv7 currents in MASMCs. Several unique characteristics of native smooth muscle M-currents were reproduced under conditions that constrain channel formation to a Kv7.4:Kv7.5 stoichiometry of 2:2, with alternating Kv7.4 and Kv7.5 α-subunits within a tetrameric structure. Although other subunit arrangements/combinations are not ruled out, the findings provide new insights into the oligomerization of α-subunits and the ways in which Kv7.4/Kv7.5 subunit assembly can affect smooth muscle signal transduction and pharmacological responses to Kv7 channel modulating drugs.

Keywords: smooth muscle, Kv7.4, Kv7.5, α-subunit stoichiometry, M-current


INTRODUCTION

There are five pore-forming α-subunits (Kv7.1–Kv7.5) in the Kv7 family of voltage-gated potassium channels, each encoded by a single gene (KCNQ1–KCNQ5). In smooth muscle cells from various tissues, Kv7.4 and Kv7.5 have been implicated as the predominant contributors to native “M-currents,” the name given to the outwardly rectifying Kv7 currents in neurons, which were discovered based on their regulation by muscarinic acetylcholine receptor activation, and subsequently found to be regulated by multiple other G protein-coupled receptor types (Delmas and Brown, 2005). M-currents in smooth muscle cells have also demonstrated regulation by muscarinic acetylcholine receptor activation (Sims et al., 1985; Brueggemann et al., 2012), as well as other smooth muscle contractile and relaxant signal transduction pathways (Byron and Brueggemann, 2018b).

It is widely accepted that functional Kv7 channels form as tetramers of α-subunits. In cellular expression systems, overexpression of either Kv7.4 or Kv7.5 results in functional channels, presumably homomeric tetramers of Kv7.4 or Kv7.5 α-subunits, respectively. However, M-currents through these Kv7.4 and Kv7.5 homomeric channels have distinguishing features. More specifically, we found that Kv7.5 expressed alone yielded M-currents with a more negative V0.5 (−44 mV), compared with Kv7.4 expressed alone (−31 mV) (Brueggemann et al., 2011). In addition, Kv7.5 currents were strongly influenced by cellular signaling pathways—enhanced in amplitude by activation of cyclic adenosine monophosphate (cAMP)/protein kinase A (PKA) signaling, and inhibited by protein kinase C (PKC) signaling, whereas Kv7.4 currents were insensitive to these signaling pathways (Brueggemann et al., 2014b; Mani et al., 2016). Finally, a cyclooxygenase-2 inhibitor, diclofenac, induced a rapid and robust inhibition of Kv7.5 currents, but robustly enhanced the M-currents derived from expression of Kv7.4 alone (Brueggemann et al., 2011).

Exogenous co-expression of Kv7.4 with Kv7.5 could theoretically result in a mix of homomeric Kv7.4 and Kv7.5 channels, along with heteromeric tetramers that have a combination of both Kv7.4 and Kv7.5 α-subunits. Previous research, using a smooth muscle cell (A7r5 cell) expression system, revealed that M-currents in A7r5 cells co-expressing Kv7.4 with Kv7.5 had another distinct profile, with electrophysiological and pharmacological characteristics that could not be ascribed to a mix of Kv7.4 and Kv7.5 homomers (Brueggemann et al., 2011, 2014a,b; Mani et al., 2016). Co-expression of Kv7.4 and Kv7.5 yielded a voltage-dependent conductance that was well fit by a single Boltzmann function, with an intermediate V0.5 (−38 mV) (Brueggemann et al., 2011). The currents displayed partial responsiveness to cAMP/PKA or PKC-dependent regulation (Mani et al., 2016), and a slow moderate inhibition by diclofenac, likely reflecting M-currents generated predominantly by heteromeric Kv7.4/Kv7.5 channels. Notably, native M-currents in mesenteric artery smooth muscle cells (MASMCs), which express both Kv7.4 and Kv7.5, had electrophysiological and pharmacological characteristics that differed from those of Kv7.4 or Kv7.5 homomeric channels, more closely resembling the exogenously co-expressed Kv7.4/Kv7.5 profile.

We sought to determine what form of heteromeric Kv7.4/Kv7.5 tetramers would confer the M-current profile observed in cells that co-express Kv7.4 and Kv7.5. To more effectively control the α-subunit stoichiometry, we constructed concatenated dimers or tetramers of Kv7.4 and Kv7.5 α-subunits and expressed them in A7r5 cells. The resulting M-currents provide new insights into how the oligomerization of α-subunits can influence the biophysical and regulatory characteristics of heteromeric Kv7.4/Kv7.5 channels in smooth muscle cells.



MATERIALS AND METHODS


Constructs

KCNQ5 cDNA encoding FLAG-tagged human Kv7.5 (accession number: AF202977), was a generous gift from Dr. T. Jentsch at the Max-Delbrück-Centrum for Molecular Medicine (Berlin, Germany), and human KCNQ4 (accession number: AF105202) was a generous gift from Dr. Ian Wood at the University of Leeds, Leeds, United Kingdom. Both cDNAs were subcloned into pIRES vectors (pIRES-FLAG-Q5, pIRES-Q4, respectively).

For construction of a Kv7.4-Kv7.5 (Q4–Q5) concatenated dimer vector, polymerase chain reaction (PCR) was used to link pIRES-Q4 to the 5′-end of FLAG-Q5, using primers to introduce BsmBI-XhoI termini, targeting the 5′-end of FLAG-Q5 with pIRES-FLAG-Q5 as the template for PCR. The resulting product was inserted into the BsmBI (nt 2040)-XhoI (vector) sites of pIRES-Q4. Finally, the BsrGI (nt 343)-BsrGI (vector) fragment of pIRES-FLAG-Q5 was inserted into the same sites of the partial construct resulting in pIRES-Q4-FLAG-Q5 (Q4–Q5).

To construct the reverse concatenated dimer, Kv7.5-Kv7.4 (Q5–Q4), the stop codon in the pIRES-FLAG-Q5 expression clone was eliminated by point mutation TAA to TAC. Polymerase chain reaction primers were used to amplify the first 270 nucleotides of Q4, adding an in-frame EcoRI site with the forward primer, using pIRES-Q4 as the template. The PCR product was joined to the 3′-end of pIRES-FLAG-Q5 at the in-frame EcoRI site, and lastly, the remaining portion of Q4 added using BsmBI (nt 2014)-BamHI (vector site).

A tetramer of four concatenated Kv7 subunits in the arrangement “Q5–Q4–Q5–Q4” was constructed by assembling the Kv7 dimers (each cloned into pIRES-2-EGFP) as follows. First, a silent point mutation introduced an EcoRV site in the Q5–Q4 dimer, creating “(Q5 + RV)–Q4.” An in-frame junction linker was created by PCR against the N-terminus of (Q5 + RV)–Q4, introducing 5′ BsmBI and 3′ BamHI, and the PCR product was cloned into Q5–Q4–BsmBI-BamHI (vector). Finally, the Q5–Q4–(Q5 + RV) partial construct was excised from the cloning vector using SnaBI (vector)-EcoRV, and inserted into the same sites of (Q5 + RV)–Q4 to create “Q5–Q4–Q5–Q4.”

QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies) was used for point mutations. Polymerase chain reaction utilized Platinum II Hot Start PCR Master Mix (Invitrogen). All junctions were sequenced to confirm open reading frames, and all constructs are depicted schematically in Supplementary Figure S1.



Cell Culture

A7r5 cells, an embryonic rat aortic smooth muscle cell line (Kimes and Brandt, 1976), were originally obtained from the ATCC (Byron and Taylor, 1993). A7r5 cells were cultured as described previously (Byron and Taylor, 1993). Kv7 constructs (described in section “Constructs”) were introduced into subcultured A7r5 cells by transient transfection with Lipofectamine 3000® transfection reagent according to the manufacturer’s protocol. A7r5 cells expressing the Kv7 constructs described in section “Constructs” were used for electrophysiological studies 7–14 days after transfection. No antibiotic resistance selection marker was utilized, but rather cells were selected based on the detection of EGFP fluorescence (EGFP was co-expressed via the bi-cistronic expression vector). The relatively long time (7–14 days) after transfection is intended to address the potential mismatch between overexpressed channels and natively expressed receptor signaling pathways. Previous studies have suggested that robust currents through exogenously expressed Kv7.5 channels in A7r5 cells are initially relatively insensitive to regulation by activation of natively expressed vasopressin receptors, but the signaling capacity adjusts with time after transfection, stabilizing in a week to 10 days to produce regulatory responses similar to those observed with natively expressed Kv7.5 (Byron and Brueggemann, 2018a).



Electrophysiology

We recorded whole cell M-currents using a perforated patch configuration under voltage-clamp conditions. Note that M-currents through exogenously expressed Kv7 channels are approximately 100-fold greater in amplitude than the M-currents recorded through natively expressed Kv7.5 in A7r5 cells (Brueggemann et al., 2009, 2011); the contributions of native Kv7.5 currents to the recordings were therefore deemed negligible. All experiments were conducted at room temperature (20°C) with continuous perfusion of bath solution as described previously (Brueggemann et al., 2007). The standard bath solution contained (in mM): 5 KCl, 130 NaCl, 10 HEPES, 2 CaCl2, 1.2 MgCl2, 5 glucose, pH 7.3. Standard internal (pipette) solution contained (in mM): 110 K gluconate, 30 KCl, 5 HEPES, 1 K2EGTA, pH 7.2. Osmolality was adjusted to 270 mOsm/l with D-glucose. Amphotericin B (120 μg/ml) in the internal solution was used for membrane patch perforation. An Axopatch 200B amplifier, under control of PCLAMP10 software, was used to generate voltage-clamp command voltages. Series resistances after amphotericin perforation were 8–15 MΩ and were compensated by 60%. Whole-cell currents were digitized at 2 kHz and filtered at 1 kHz, respectively. Prior to treatments, stable M-currents were recorded under control conditions for at least 15 min. M-currents were recorded using a 5 s voltage step protocol from a −74 mV holding potential to test potentials ranging from −124 to −6 mV, followed by a 1 s step to −120 mV (values were corrected for liquid junction potential offline). The instantaneous tail current amplitude (estimated from exponential fit of current deactivation measured at −120 mV) was converted to conductance according to the equation: G = Itail/(−120 - EK), where Itail is the instantaneous tail current amplitude, −120 mV is the tail current step potential and EK is the reversal potential for potassium (−86 mV). The resulting conductance plots, recorded in untreated (control) or treated cells, were fitted to a Boltzmann distribution: G(V) = Gmax/[1 + exp(V0.5 - V)/k], where G is conductance, Gmax is a maximal conductance, V0.5 is the voltage of half-maximal activation and k is the slope factor.



Statistical Analysis

Data were analyzed using SigmaPlot (Systat Software, Inc., San Jose, CA, United States). Data are expressed as mean ± standard error of the mean (SEM). Sample size for each group was not pre-determined, but instead was based on effect size and intrinsic variability within each group under the recording and treatment conditions that were applied. Because of variations in expression levels and cell sizes, current amplitudes for individual cell I–V curves were normalized to the current amplitude achieved with a voltage step to −6 mV under control conditions; all statistical comparisons were performed on normalized data. Two-tailed paired Student’s t-tests were used to compare parameters measured before and after treatments. For comparisons between two independent groups, two-tailed t-tests were used. Differences among multiple treatment groups were assessed by analysis of variance (ANOVA) followed by a Holm−Sidak post hoc test. Differences were considered statistically significant with P values ≤ 0.05. All groups were included in multiple groups ANOVA testing with no exceptions and results from all performed intergroup comparisons are reported irrespective of outcome.



RESULTS


Kv7.4–Kv7.5 (Q4–Q5) Dimers

To intentionally generate M-currents specifically from Kv7.4/Kv7.5 heteromers, we constructed an expression vector (Q4–Q5) designed to produce a concatenated dimer, with the N-terminus of Kv7.5 tethered to the C-terminus of Kv7.4, with the expectation that the expressed dimer pairs would assemble to form tetrameric channels containing two Kv7.4 α-subunits and two Kv7.5 α-subunits. Expression of this construct in A7r5 cells resulted in M-currents similar to those previously recorded when Kv7.4 and Kv7.5 were co-expressed via separate vectors in A7r5 cells, with an outwardly rectifying current-voltage profile, but with a significantly more negative V0.5 of approximately −48 mV [Figure 1; V0.5 was ∼−40 mV when Kv7.4 and Kv7.5 were co-expressed (Brueggemann et al., 2011, 2014b)].
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FIGURE 1. M-currents through channels formed from Kv7.4–7.5 (Q4–Q5) dimers were insensitive to cAMP/PKA activation but were sensitive to AVP and diclofenac. (A) Representative superimposed raw current traces recorded from a cell expressing Q4–Q5 dimers subjected to a series of voltage steps applied from a holding voltage of −74 mV to test potentials ranging from −124 to −6 mV, followed by a step back to −120 mV. (B–E) Average normalized current–voltage (I–V) relationships in A7r5 cells expressing Q4–Q5 dimers, before (closed circles) and during application of (B) 10 μM forskolin in combination with 500 μM IBMX (Forskolin/IBMX for 15 min, open circles, n = 4), (C) 1 μM isoproterenol (ISO for 15 min, open circles, n = 4), (D) AVP (100 pM AVP for 15 min, open circles, followed by 500 pM AVP for 15 min open triangles, n = 4), (E) diclofenac [100 μM for 15 min, open circles, n = 4, (D)]. (F,G) Mean fractional conductance plots calculated from tail currents measured before (closed circles) and during application of (F) 100 pM AVP (open circles, n = 4) or (G) 100 μM diclofenac (open circles, n = 4) fitted to the Boltzmann distribution.


We then tested treatments previously found to distinguish among Kv7.4 homomers, Kv7.5 homomers, and Kv7.4/Kv7.5 heteromers. Neither a robust cAMP/PKA-activating stimulus [combination of the adenylyl cyclase activator, forskolin (10 μM) with a cAMP phosphodiesterase inhibitor, isobutylmethylxanthine (IBMX, 500 μM)], nor a more physiological cAMP/PKA-activating stimulus (the β-adrenergic receptor agonist, isoproterenol, 1 μM), had any significant effect on M-currents via channels formed from Q4–Q5 dimers (Figures 1B,C; effects of treatments on current amplitude were assessed based on differences between currents measured following a voltage step to −20 mV under control conditions (before treatment) and following treatment for 10 min, using a paired Student’s t-test). In contrast, treatment with arginine–vasopressin (AVP, 100 pM, 500 pM, a PKC-activating stimulus) induced a significant concentration-dependent suppression of the current amplitude (∼25% decrease, on average, at −20 mV with 100 pM AVP, P = 0.005 based on a paired Student’s t-test, n = 4). The suppression of the current amplitude by 100 pM AVP was associated with a significant positive shift of the conductance plot (∼9 mV on average, P = 0.007, n = 4, Figures 1D,F; effects of treatments on voltage-dependence of activation were assessed based on differences between V0.5 measured under control conditions (before treatment) and following treatment for 10 min, using a paired Student’s t-test). Diclofenac (100 μM), was previously found to block Kv7.5 homomers, but to robustly enhance Kv7.4 homomers. The same treatment induced a very modest suppression of Q4–Q5 currents at voltages between −40 and 0 mV (Figure 1E). This effect of 100 μM diclofenac was associated with an approximately 12 mV negative shift of the Q4–Q5 voltage dependence of activation (a significant change in V0.5, based on a paired Student’s t-test, P = 0.022, n = 4, Figure 1G), similar to its previously reported effect on M-currents in A7r5 cells that co-expressed Kv7.4 and Kv7.5 (Brueggemann et al., 2011).



Kv7.5–Kv7.4 (Q5–Q4) Dimers

A cAMP/PKA-dependent enhancement of currents through Kv7.5 channels (and to a lesser extent though heteromeric Kv7.4/Kv7.5 channels) was previously attributed to phosphorylation of a serine residue (S53) found on the cytosolic N-terminal segment of the Kv7.5 α-subunit (but absent on Kv7.4, which, when expressed alone, was insensitive to cAMP/PKA-activating stimuli) (Brueggemann et al., 2018, 2020). The results shown in Figures 1B,C suggest that, unlike previous recordings of M-currents through co-expressed Kv7.4 and Kv7.5, M-currents through channels formed from Q4–Q5 dimers were completely insensitive to cAMP/PKA-activating stimuli. We considered that perhaps the tethering of the Kv7.5 N-terminus to the C-terminus of Kv7.4 in channels formed by the Q4–Q5 dimers might constrain the position of the S53 site and hence render the channels insensitive or unresponsive to regulation by PKA.

We constructed an expression vector for concatenated Q5–Q4 dimers, with α-subunits assembled in the opposite order to free up the Kv7.5 N-terminus S53 site (in this case the C-terminus of Kv7.5 was tethered to the N-terminus of Kv7.4). Expression of the Q5–Q4 dimer construct yielded M-currents with a V0.5 of ∼−47 mV, similar to Q4–Q5, but in this case the currents were modestly, but significantly, enhanced by forskolin/IBMX treatment, and tended to be slightly enhanced in the presence of isoproterenol, though that effect was not significant. The effects of AVP and diclofenac were similar to what was observed for Q4–Q5 dimers, both in terms of suppression of current amplitude and the opposite shifts in voltage dependence (Figure 2).
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FIGURE 2. M-currents through channels formed from Kv7.5–7.4 (Q5–Q4) dimers were sensitive to cAMP/PKA activation and sensitive to AVP and diclofenac. (A) Representative superimposed raw current traces recorded from a cell expressing Q5–Q4 dimers subjected to a series of voltage steps applied from a holding voltage of −74 mV to test potentials ranging from −124 to −6 mV, followed by a step back to −120 mV. (B–E) Average normalized current–voltage (I–V) relationships of Q5–Q4 dimer before (closed circles) and during application of 10 μM forskolin in combination with 500 μM IBMX [Forskolin/IBMX for 15 min, open circles, n = 6, (B)], 1 μM isoproterenol [ISO for 15 min, open circles, n = 4, (C)], AVP [100 pM AVP for 15 min, open circles, followed by 500 pM AVP for 15 min open triangles, n = 5, (D)], diclofenac [100 μM for 15 min, open circles, n = 4, (E)]. (F,G) Mean fractional conductance plots calculated from tail currents measured before (closed circles) and during application of 100 pM AVP [open circles, n = 5, (F)] or 100 μM diclofenac [open circles, n = 4, (G)] fitted to the Boltzmann distribution.




Kv7.5–Kv7.4–Kv7.5–Kv7.4 (Q5–Q4–Q5–Q4) Tetramers

The Q5–Q4 dimer expression yielded M-currents with several characteristics that matched previous measurements of M-current in A7r5 cells co-expressing Kv7.4 and Kv7.5, supporting a likely tetramer stoichiometry of two Kv7.4 and two Kv7.5. Although the dimers might be expected to assemble in a head-to-tail format with alternating α-subunits (e.g., Q4–Q5–Q4–Q5), we could not rule out a side-by-side assembly, such that like α-subunits are adjacent (e.g., Q4–Q4–Q5–Q5). To force an alternating α-subunit assembly, we made an expression vector for a tetrameric concatemer of Q5–Q4–Q5–Q4. Expression of this Q5–Q4–Q5–Q4 construct in A7r5 cells resulted in M-currents (Figure 3A) that resembled those from the Q5–Q4 dimers in terms of V0.5 (∼−51 mV) and responses to forskolin/IBMX or isoproterenol (Figures 3B,C). These M-currents were slightly less sensitive to AVP, with an insignificant suppression of current amplitude or shift in V0.5 by 100 pM AVP, but a significant suppression of current amplitude by 500 pM AVP (Figures 3D,F). Diclofenac did not significantly alter the current amplitude, but there was still a ∼12 mV mean negative shift in the V0.5 of Q5–Q4–Q5–Q4 M-currents in the presence of diclofenac [Figures 3E,G, p = 0.022 (Student’s paired t-test), n = 6].
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FIGURE 3. M-currents through channels formed from concatenated Kv7.5–7.4–7.5–7.4 (Q5–Q4–Q5–Q4) tetramers were sensitive to cAMP/PKA activation and diclofenac, and sensitive to 500 pM AVP. (A) Representative superimposed raw current traces recorded from a cell expressing Q5–Q4–Q5–Q4 tetramers subjected to a series of voltage steps applied from a holding voltage of −74 mV to test potentials ranging from −124 to −6 mV, followed by a step back to −120 mV. (B–E) Average normalized current–voltage (I–V) relationships of concatenated Q5–Q4–Q5–Q4 before (closed circles) and during application of 10 μM forskolin in combination with 500 μM IBMX [Forskolin/IBMX for 15 min, open circles, n = 6, (B)], 1 μM isoproterenol [ISO for 15 min, open circles, n = 4, (C)], AVP [100 pM AVP for 15 min, open circles, followed by 500 pM AVP for 15 min open triangles, n = 5, (D)], diclofenac [100 μM for 15 min, open circles, n = 6, (E)]. (F,G) Mean fractional conductance plots calculated from tail currents measured before (closed circles) and during application of 100 pM AVP [open circles, n = 5, (F)] or 100 μM diclofenac [open circles, n = 6, (G)] fitted to the Boltzmann distribution.




M-Current Comparisons Among Kv7.4/Kv7.5 Heteromers From Co-expression, Dimer Expression, or Tetramer Expression


cAMP/PKA-Activating Stimuli

We compared the enhancing effects of forskolin/IBMX (Figure 4A) or isoproterenol (Figure 4B) on M-currents in A7r5 cells expressing Q4–Q5 dimers, Q5–Q4 dimers, or Q5–Q4–Q5–Q4 tetramers to M-currents measured in A7r5 cells co-expressing Kv7.4 and Kv7.5 (Q4 + Q5, based on data from results originally reported in Mani et al., 2016). Channels that formed from Q4–Q5 dimers were unresponsive to either the more robust cAMP/PKA-activating stimulus (forskolin/IBMX), or to isoproterenol (in both cases, significantly less responsive than channels formed from co-expressed Kv7.4 and Kv7.5). Expression of the reverse dimer (Q5–Q4) and the Q5–Q4–Q5–Q4 constructs produced M-currents that responded to forskolin/IBMX like the co-expressed Kv7.4/Kv7.5 M-currents, but they were slightly less sensitive to isoproterenol.


[image: image]

FIGURE 4. Summary of forskolin/IBMX and isoproterenol-induced increase in current amplitude of Q4–Q5 dimers, Q5–Q4 dimers, and Q5–Q4–Q5–Q4 tetramers, in comparison with M-currents through channels formed from co-expressed individual Kv7.4 and Kv7.5 α-subunits (Q4 + Q5). (A) Summarized bar graph of forskolin/IBMX (10 and 500 μM, respectively) -induced current enhancement through co-expressed individual Kv7.4 and Kv7.5 channels (Q4 + Q5, black, n = 5), Q4–Q5 dimer (red, n = 4), Q5–Q4 dimers (blue, n = 6), and Q5–Q4–Q5–Q4 tetramers (green, n = 6), measured at −20 mV. *Significant difference from co-expressed individual Kv7.4 and Kv7.5 channels (P = 0.002, One Way ANOVA). (B) Summarized bar graph of isoproterenol (1 μM)-induced current enhancement through co-expressed individual Kv7.4 and Kv7.5 channels (Q4 + Q5, black, n = 5), Q4–Q5 dimer (red, n = 4), Q5–Q4 dimers (blue, n = 4), and Q5–Q4–Q5–Q4 tetramer (green, n = 4), measured at −20 mV. *Significant difference from co-expressed individual Kv7.4 and Kv7.5 channels (P = 0.015, One Way ANOVA). Dashed lines indicate control current level.




AVP and Diclofenac Effects on M-Current Amplitude

Arginine–vasopressin induced a similar concentration-dependent suppression of current amplitude in heteromeric Kv7.4/Kv7.5 channels regardless of whether they formed by co-expression of the individual α-subunits or by expression of Q4–Q5 dimers, Q5–Q4 dimers, or Q5–Q4–Q5–Q4 tetramers (Figure 5A). Diclofenac reduced M-current amplitude at −20 mV in cells co-expressing Kv7.4 and Kv7.5, though there was considerable variability in the extent of the effect, with some cells unaffected and others with robust suppression of the M-currents (Figure 5B, Q4 + Q5, black bar, based on results from Brueggemann et al., 2011). Cells expressing Q4–Q5 or Q5–Q4 dimers displayed a somewhat more uniform modest suppression of M-currents by diclofenac (Figure 5B, red and blue bars, respectively), with a mean response that did not differ significantly from the Kv7.4 and Kv7.5 co-expressing cells (Q4 + Q5). The tetrameric Q5–Q4–Q5–Q4 construct was significantly less affected by diclofenac in terms of its M-current amplitude at −20 mV (Figure 5B, green bar).
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FIGURE 5. Summary of AVP and diclofenac-induced decrease in M-current amplitude of Q4–Q5 dimers, Q5–Q4 dimers, and Q5–Q4–Q5–Q4 tetramers, in comparison with M-currents through channels formed from co-expressed individual Kv7.4 and Kv7.5 α-subunits (Q4 + Q5). (A) Summarized bar graph of AVP (100 pM light color and 500 μM dark color, respectively)-induced current suppression through co-expressed individual Kv7.4 and Kv7.5 α-subunits (Q4 + Q5, gray/black, n = 6), Q4–Q5 dimers (red, n = 4), Q5–Q4 dimers (blue, n = 5), and Q5–Q4–Q5–Q4 tetramers (green, n = 5), measured at −20 mV. (B) Summarized bar graph of diclofenac (100 μM)-induced current suppression through co-expressed individual Kv7.4 and Kv7.5 α-subunits (Q4 + Q5, black, n = 11), Q4–Q5 dimer (red, n = 4), Q5–Q4 dimers (blue, n = 4), and Q5–Q4–Q5–Q4 tetramers (green, n = 6), measured at −20 mV. *Significant difference from co-expressed individual Kv7.4 and Kv7.5 channels (P = 0.031, One Way ANOVA). Dashed lines indicate control current level.




Voltage-Dependence of Activation

The voltages of half-maximal activation (V0.5) of Kv7.4/Kv7.5 heteromers formed by co-expressed individual Kv7.4 and Kv7.5 α-subunits (Q4 + Q5, based on results from Brueggemann et al., 2011, 2014b; Mani et al., 2016), Q4–Q5 dimers, Q5–Q4 dimers, and Q5–Q4–Q5–Q4 tetramers are compared in Figure 6A. The dimeric and tetrameric constructs all formed channels that activate at significantly more negative voltages (Figure 6A, red, blue, and green bars), compared with channels formed as a result of co-expression of the individual α-subunits (Figure 6A, black bar). However, the effects of 100 pM AVP and diclofenac on V0.5 were not significantly different among channels formed from co-expressed or concatenated constructs: AVP induced a positive shift of V0.5, ranging from ∼4 to 9 mV (Figure 6Bi), while diclofenac (100 μM) induced a negative shift that tended to be greater in co-expressed Q4 + Q5 channels (Figure 6Bii, black bar), but was not significantly different from the effect measured in cells expressing the dimeric or tetrameric constructs (Figure 6Bii, red, blue, and green bars).
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FIGURE 6. Voltage of half-maximal activation of M-currents through channels formed from Q4–Q5 dimers, Q5–Q4 dimers, and Q5–Q4–Q5–Q4 tetramers, in comparison with co-expressed individual Kv7.4 and Kv7.5 α-subunits (Q4 + Q5), and effects of AVP and diclofenac on voltage of half-maximal activation of corresponding channels. (A) Voltage of half-maximal activation (V0.5) of Kv7.4/Kv7.5 channels formed by co-expressed individual Kv7.4 and Kv7.5 V (Q4 + Q5, black, n = 17), Q4–Q5 dimers (red, n = 12), Q5–Q4 dimers (blue, n = 13), and Q5–Q4–Q5–Q4 tetramers (green, n = 17). *Significant difference from co-expressed individual Kv7.4 and Kv7.5 channel α-subunits (P < 0.001, One Way ANOVA). (Bi) AVP (100 pM)-induced positive shift of V0.5 of Kv7.4/Kv7.5 channels formed by co-expressed individual Kv7.4 and Kv7.5 α-subunits (Q4 + Q5, black, n = 6), Q4–Q5 dimers (red, n = 4), Q5–Q4 dimers (blue, n = 5), and Q5–Q4–Q5–Q4 tetramers (green, n = 5). (Bii) Diclofenac (100 μM)-induced negative shift of V0.5 of Kv7.4/Kv7.5 channels formed by co-expressed individual Kv7.4 and Kv7.5 α-subunits (Q4 + Q5, black, n = 11), Q4–Q5 dimers (red, n = 4), Q5–Q4 dimers (blue, n = 4), and Q5–Q4–Q5–Q4 tetramers (green, n = 6). *Significant difference from co-expressed individual Kv7.4 and Kv7.5 α-subunits (P = 0.016, One Way ANOVA).




DISCUSSION

Heteromeric channels containing Kv7.4 and Kv7.5 α-subunits remain among the least characterized subtypes of Kv7 channels despite increasing evidence that they are likely the predominant contributors to M-currents in many types of smooth muscle cells. A fundamental unanswered question is how do the α-subunits assemble to account for the properties of M-currents recorded in smooth muscle myocytes? Expressing concatenated dimers of Kv7.4 and Kv7.5, and concatenated tetramers with alternating Kv7.5 and Kv7.4 α-subunits in a smooth muscle cell line revealed that the previously reported unique characteristics of native smooth muscle M-currents can be largely reproduced under conditions that favor a 2 Kv7.4: 2 Kv7.5 stoichiometry, with alternating Kv7.4 and Kv7.5 α-subunits within a tetrameric structure. The results further revealed that responses to cAMP/PKA-activating stimuli appear to require unconstrained Kv7.5 N-termini for full effect.


Heteromeric Kv7.4/Kv7.5 Channels Behave Differently From Homomeric Kv7.4 and Homomeric Kv7.5 in a Smooth Muscle Expression System

Previous studies had revealed some notable differences in the effects of treatments on homomeric Kv7.4 and homomeric Kv7.5 currents using A7r5 smooth muscle cells as an expression system. Mani et al. reported that the combination of forskolin (10 μM) with IBMX (500 μM) increased current amplitude at −20 mV by ∼2.5-fold in cells overexpressing Kv7.5 channels, but had no detectable effect when Kv7.4 was overexpressed by itself (Mani et al., 2016). In another previous study, in A7r5 cells overexpressing Kv7.5 alone, AVP treatment significantly reduced Kv7.5 current amplitude at −20 mV by 66 ± 7% (n = 9) and 80 ± 6% (n = 6), with 100 and 500 pM AVP, respectively; in contrast, in A7r5 cells overexpressing Kv7.4 alone, AVP (100 or 500 pM) had no significant effect on the current amplitude (Brueggemann et al., 2014b). We also previously found that a pharmacological agent, diclofenac, had diametrically opposite effects on currents via Kv7.4 and Kv7.5 homomers overexpressed in A7r5 cells (Brueggemann et al., 2011). Stable Kv7.5 currents recorded at a −20 mV holding voltage were abruptly inhibited by 100 μM diclofenac treatment, whereas the same treatment in A7r5 cells overexpressing Kv7.4 alone resulted in ∼1.5-fold increase in current amplitude at the same holding voltage (Brueggemann et al., 2011).

In each of the previous studies (Brueggemann et al., 2011, 2014b; Mani et al., 2016), the effects of the treatments on cells co-expressing Kv7.4 and Kv7.5 were distinct from those elicited when either subunit was expressed alone. Notably the responses of the cells and the characteristics of the currents measured in A7r5 cells co-expressing Kv7.4 and Kv7.5 were similar to those measured in freshly isolated arterial myocytes from rat mesenteric arteries (Mackie et al., 2008; Brueggemann et al., 2011; Mani et al., 2016). Proximity ligation assays and results of co-immunoprecipitation studies supported a direct physical interaction between Kv7.4 and Kv7.5 α-subunits in both the A7r5 cell expression system and in the arterial myocytes (Brueggemann et al., 2014b), though it could not be determined whether channels with a particular subunit assembly pattern could account for the distinct responses to the treatments. To control the assembly of α-subunits within tetrameric channels, we constructed concatenated dimers of Kv7.4 and Kv7.5, and concatenated tetramers with alternating Kv7.5 and Kv7.4 α-subunits and measured their behavior in the same smooth muscle cell line.



Concatenated α-Subunits as a Model to Study Kv Channel Structure/Function

The pore-forming structures of many types of ion channels are thought to form as oligomeric assemblies of α-subunits, with Kv channels forming as tetramers of α-subunits (Catterall, 1988; Brueggemann et al., 2013). The Kv α-subunit proteins are encoded by individual genes in the cell, enabling multiple gene products to assemble in a variety of combinations. In native cell systems that express multiple Kv α-subunit genes, there is a distinct potential for a mix of Kv channel subtypes with different combinations of α-subunits, making the characteristics of tetrameric channels of a particular α-subunit composition difficult to resolve. One experimental approach that has been used to understand how α-subunit assembly affects channel function and pharmacological responsiveness is the overexpression of concatenated DNA constructs that constrain the assembly of α-subunits in certain orders or stoichiometries. For example, Hurst et al. (1992, 1995) created concatenated Kv1.1 constructs, linking four copies of the Kv1.1 cDNA 3′–5′, thereby producing a single DNA vector encoding four Kv1.1 α-subunits, with the C-terminus of one subunit connected to the N-terminus of the next. Expression of this construct in Xenopus oocytes yielded Kv currents that resembled the currents generated by overexpression of individual (non-concatenated) Kv1.1 α-subunits, which presumably assemble into tetramers (Hurst et al., 1992).

The characteristics of heteromeric Kv channels were also studied using concatenated constructs in the work of Wimmers et al. (2002). In that study, cDNAs encoding Kv11.1, Kv11.2, and Kv11.3 α-subunits (erg1, erg2, and erg3, respectively) were linked 5′–3′ in pairs, and expressed in Chinese Hamster Ovary (CHO) cells. The authors speculated that expression of alternating α-subunit dimeric constructs (e.g., erg1–erg2) would result in channels that formed as dimer pairs in a head-to-tail arrangement; for example, erg1–erg2 dimer expression would produce channels with alternating Kv11.1 and Kv11.2 α-subunits in the tetrameric structure (Wimmers et al., 2002). They found that erg1–erg1 dimer expression yielded Kv currents that were similar to currents generated when erg1 monomer was expressed, with slight differences in kinetics of activation and inactivation; in contrast, erg1–erg2, erg1–erg3, and erg3–erg2 dimer constructs generated channels with distinct electrophysiological characteristics, though their regulation by physiological or pharmacological modulators was not examined (Wimmers et al., 2002).

Recent work from the Kurata laboratory utilized concatenated kcnq2 and kcnq3 constructs to determine whether Kv7 channel activating drugs exert their effects by binding to individual α-subunits, or by binding to multiple α-subunits within the tetrameric channel structures (Wang et al., 2018; Yau et al., 2018). They utilized mutations that prevent the drug effects to determine that retigabine, a Kv7 channel activator, need interact with only a single retigabine-sensitive α-subunit within a tetrameric Kv7.3 channel to exert its full effect (Wang et al., 2018), whereas another Kv7 channel activator, ICA-069673, required four responsive α-subunits within Kv7.2 channels for its full response (Yau et al., 2018). Although these studies demonstrated that concatenated Kv7 channels are functional in an expression system (Xenopus oocytes), the physiological regulation of the channels was not explored.

The findings presented in this article represent the first evidence that heteromeric Kv7.4/Kv7.5 channels can form from expressed concatenated dimers or tetramers of the Kv7.4 and Kv7.5 α-subunits. The features previously found to distinguish Kv7.4/Kv7.5 heteromers from Kv7.4 and Kv7.5 homomeric channels, including their responses to physiological signaling pathways that positively or negatively regulate channel activity, were generally reproduced in M-currents through channels formed from the concatenated Kv7.4 and Kv7.5 α-subunit dimers or tetramers.

In the present study, the concatenated dimer results reveal that the α-subunit order is important, particularly for sensitivity to cAMP/PKA-activating stimuli. M-currents derived from expression of Q4–Q5 dimers were insensitive to forskolin/IBMX, compared with at least modest responsiveness of M-currents derived from expression of Q5–Q4 dimers. This difference may relate to the position of a previously identified N-terminal target for PKA: a serine at position 53 of the Kv7.5 N-terminal segment. In channels formed from individually expressed α-subunits, the Kv7.5 N-terminus would have relatively unconstrained mobility on the cytosolic side of the channel. In contrast, in Q4–Q5 dimers, the Kv7.5 N-terminal S53 site would be found in the concatenated segment between subunits, which may constrain its position in a way that shields it from phosphorylation by PKA. Alternatively, its localization in the segment that tethers two adjacent α-subunits may prevent the phosphorylated serine residue from interacting with the channel structure in a way that would increase its open probability [e.g., by enhancing the channel’s affinity for phosphatidylinositol 4,5-bisphosphate, as previously proposed (Brueggemann et al., 2020)]. According to these lines of reasoning, in the oppositely ordered Q5–Q4 dimer, the position of the Kv7.5 N-terminal S53 site is unconstrained, which would account for its greater sensitivity to cAMP/PKA-activating stimuli. Presumably, the second Q5 in the Q5–Q4–Q5–Q4 tetramer would be “shielded” from PKA regulation, though its enhancement by PKA-activating stimuli was about the same as for Q5–Q4 dimers, suggesting that availability of a single free Q5 N-terminus may be sufficient to confer PKA regulation.

The α-subunit order in concatenated dimers was apparently less important for other features, such as the V0.5, suppression by AVP, and the effects of diclofenac on current amplitude and voltage sensitivity, all of which were similar in M-currents of cells expressing either Q4–Q5 or Q5–Q4 dimers. The Q5–Q4–Q5–Q4 concatenated tetramer differed only in its insensitivity to suppression of current amplitude by diclofenac (each of the dimer constructs generated M-currents whose amplitudes at −20 mV were modestly suppressed by diclofenac), though a diclofenac-induced negative shift in V0.5 was apparent in both dimeric and tetrameric concatemers. It is notable that these responses to diclofenac are very different from the responses of homomeric Kv7.4 and homomeric Kv7.5. In A7r5 cells expressing Kv7.5 alone, 100 μM diclofenac induced a rapid voltage-dependent block, that was not observed in cells expressing Kv7.4 alone; the effect on Kv7.5 was accompanied by a robust (∼30 mV) negative shift in V0.5 (Brueggemann et al., 2011). In the case of Kv7.4 homomers, 100 μM diclofenac enhanced the current amplitude (by ∼40% at −20 mV) and negatively shifted V0.5 by ∼10 mV (Brueggemann et al., 2011). Co-expression of Kv7.4 and Kv7.5 in A7r5 cells produced M-currents that were neither enhanced nor inhibited by 100 μM diclofenac at −20 mV, but which demonstrated an intermediate negative shift in V0.5 of ∼15 mV (Brueggemann et al., 2011). The native M-currents in freshly dissociated MASMCs behaved like the co-expressed Kv7.4 and Kv7.5 in terms of their insensitivity to diclofenac at −20 mV and a 15 mV negative shift in V0.5, which was interpreted as evidence that the native channels are likely Kv7.4/Kv7.5 heteromers (Brueggemann et al., 2011). Like Q5–Q4–Q5–Q4, M-currents in MASMCs were also modestly enhanced by forskolin/IBMX (Mani et al., 2016), and modestly suppressed by AVP treatments (Mackie et al., 2008); these responses are markedly smaller than the responses of Kv7.5 homomers and markedly greater than the responses of Kv7.4 homomers to the same treatments (Brueggemann et al., 2014b; Mani et al., 2016). The similarity of MASMC M-currents to those derived from expression of Q5–Q4–Q5–Q4 concatenated tetramers, and their responses to diclofenac, as well as to forskolin/IBMX and AVP, further suggests that the native myocyte channels may be tetramers of alternating Kv7.4 and Kv7.5 α-subunits in a 2:2 stoichiometry.

While Q5–Q4–Q5–Q4 channels may be functionally present and contribute to M-currents in native myocytes, it cannot be ruled out that other functional channels (e.g., homomers or heteromers of Kv7.4 and Kv7.5) can also contribute to the native myocyte M-currents. In particular, a contribution of homomeric Kv7.4 might explain the findings that the voltage of half-maximal activation (V0.5) of concatenated Q5–Q4–Q5–Q4 channels (around −50 mV) is much more negative than that of native MASMC M-currents (−35 mV; Brueggemann et al., 2011). On the other hand, the inhibitory response of the native current to diclofenac (Brueggemann et al., 2011) is lost in concatenated Q5–Q4–Q5–Q4 channels; and the native current in MASMC is markedly inhibited by AVP (100 pM; Mackie et al., 2008), but nearly unaffected in Q5–Q4–Q5–Q4 channels, which might support a contribution of the more responsive homomeric Kv7.5 channels in MASMCs.



Limitations

There are some limitations of our present study that should be considered. Perhaps the most obvious is the question how well can a concatenated construct mimic the properties of a channel formed from individually expressed α-subunits? We examined several characteristics of the channels (V0.5, responses to physiological stimuli, drug responses) and found many similarities to native channels, but there were also some dissimilarities. Concatenation necessarily introduces a link between the C-terminus of one α-subunit and the N-terminus of another, which would not normally be present. Research from our laboratory implicated both the N- and C-termini in the signaling responses of Kv7.5, specifically attributing the response to cAMP/PKA activation to the N-terminal segment and the response to PKC-activating stimuli (including AVP) to the C-terminus (Haick et al., 2017; Brueggemann et al., 2018, 2020). Some differences in signaling sensitivities might therefore arise if the targeted N- or C-terminal segments are tethered to an adjacent α-subunit and less free to interact with kinases or downstream effectors. We did not explore the possibility that longer or more flexible linkers between adjacent α-subunits might result in channels that more closely mimic the regulatory characteristics of channels formed by individual α-subunits.

Signal transduction via Kv7 channels may also involve scaffolding proteins, such as A-kinase anchoring protein (AKAPs; Hoshi et al., 2003; Bal et al., 2010; Zhang et al., 2011) or post-synaptic density protein 95 (PSD-95; Sedó-Cabezón et al., 2015)—it is unclear whether the roles of these scaffolding proteins are altered by concatenation of the α-subunits. Ancillary channel subunits, particularly KCNE proteins, can also modulate the expression and function of Kv channels (Brueggemann et al., 2013); KCNE4 was found to interact with both Kv7.4 and Kv7.5 in MASMCs (Jepps et al., 2015). These interactions, and any changes that result from concatenation of α-subunits, are not considered in the present study. We have detected both AKAP150 and PSD-95, but have not detected expression of any of the five mammalian KCNEs (KCNE1-5) in A7r5 cells (Brueggemann et al., unpublished results).

As summarized in Figure 6A, we consistently observed a difference in voltage dependence of activation of concatenated channel constructs compared with co-expression of the individual α-subunits, with the concatenated channels activating 5–10 mV more negatively. Our previous study implicated the C-termini of Kv7.4 and Kv7.5 as important determinants of the V0.5 of the homomeric channels (Brueggemann et al., 2020). Those findings suggested that the cytosolic C-terminal tails of the α-subunits affect the movement of the membrane-resident voltage sensors. Hence, it is not entirely surprising that concatenation of α-subunits, involving links between C-termini and N-termini of adjacent α-subunits, might affect the interactions of C-termini with the voltage sensors, and thereby alter the voltage dependences of the fully formed channels, though we do not have enough structural information to explain why the voltage-dependence is shifted to a more negative range.

Another limitation of our study is that we did not explore an extended range of α-subunit stoichiometries to determine whether other Kv7.4/Kv7.5 subunit configurations are functional e.g., when constrained to assemble as heteromers with 3:1 stoichiometry (Q4–Q4–Q4–Q5, or Q5–Q5–Q5–Q4), or with like subunits adjacent within the tetramer (Q4–Q4–Q5–Q5). Future studies may determine whether these other configurations also reproduce features of the native smooth muscle Kv7.4/Kv7.5 channels. While it is important to emphasize that there may not be a single fixed stoichiometry or arrangement of α-subunits, our study illustrates that Kv7.4 and Kv7.5 heteromerization generates functional channels with distinct properties, and with the ability to serve as downstream targets in receptor-mediated smooth muscle signaling pathways.



Summary

Heteromeric Kv7.4/Kv7.5 channels formed from concatenated dimers or tetramers of Kv7.4 and Kv7.5 α-subunits conduct M-currents that exhibit many characteristics of native smooth muscle M-currents. Based on these findings, we speculate that in smooth muscle cells, such as MASMCs, where M-currents can be attributed primarily to heteromeric Kv7.4/Kv7.5 channels, the configuration of α-subunits within the tetrameric channel structure is likely alternating Kv7.4 and Kv7.5 in a 2:2 stoichiometry. Though the potential for contributions from channels with other arrangements of α-subunits is not ruled out, the alternating Kv7.4/Kv7.5 α-subunit configuration confers channel properties that are distinct from homomeric channels of either Kv7.4 or Kv7.5 α-subunits, in terms of their sensitivities to signaling pathways that target Kv7 channels to modulate smooth muscle contractility, and in terms of their responses to Kv7 channel modulating drugs. These findings have significance for our understanding of physiological smooth muscle signal transduction, as well as for development of smooth muscle therapeutics that target Kv7 channels.
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A Novel Kv7.3 Variant in the Voltage-Sensing S4 Segment in a Family With Benign Neonatal Epilepsy: Functional Characterization and in vitro Rescue by β-Hydroxybutyrate
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Pathogenic variants in KCNQ2 and KCNQ3, paralogous genes encoding Kv7.2 and Kv7.3 voltage-gated K+ channel subunits, are responsible for early−onset developmental/epileptic disorders characterized by heterogeneous clinical phenotypes ranging from benign familial neonatal epilepsy (BFNE) to early−onset developmental and epileptic encephalopathy (DEE). KCNQ2 variants account for the majority of pedigrees with BFNE and KCNQ3 variants are responsible for a much smaller subgroup, but the reasons for this imbalance remain unclear. Analysis of additional pedigrees is needed to further clarify the nature of this genetic heterogeneity and to improve prediction of pathogenicity for novel variants. We identified a BFNE family with two siblings and a parent affected. Exome sequencing on samples from both parents and siblings revealed a novel KCNQ3 variant (c.719T>G; p.M240R), segregating in the three affected individuals. The M240 residue is conserved among human Kv7.2-5 and lies between the two arginines (R5 and R6) closest to the intracellular side of the voltage-sensing S4 transmembrane segment. Whole cell patch-clamp recordings in Chinese hamster ovary (CHO) cells revealed that homomeric Kv7.3 M240R channels were not functional, whereas heteromeric channels incorporating Kv7.3 M240R mutant subunits with Kv7.2 and Kv7.3 displayed a depolarizing shift of about 10 mV in activation gating. Molecular modeling results suggested that the M240R substitution preferentially stabilized the resting state and possibly destabilized the activated state of the Kv7.3 subunits, a result consistent with functional data. Exposure to β-hydroxybutyrate (BHB), a ketone body generated during the ketogenic diet (KD), reversed channel dysfunction induced by the M240R variant. In conclusion, we describe the first missense loss-of-function (LoF) pathogenic variant within the S4 segment of Kv7.3 identified in patients with BFNE. Studied under conditions mimicking heterozygosity, the M240R variant mainly affects the voltage sensitivity, in contrast to previously analyzed BFNE Kv7.3 variants that reduce current density. Our pharmacological results provide a rationale for the use of KD in patients carrying LoF variants in Kv7.2 or Kv7.3 subunits.

Keywords: KCNQ, BFNE, encephalopathy, channelopathies, ketogenic diet


INTRODUCTION

Voltage-gated potassium (K+) channels (Kv channels) regulate the resting membrane potential and set the threshold and duration of the action potential in excitable cells. Among these, Kv7.2 and Kv7.3 voltage-gated K+ subunits, encoded by the KCNQ2 and KCNQ3 genes, are expressed in the central and peripheral nervous system (Brown and Adams, 1980; Wang et al., 1998). These subunits form homo- and heterotetrameric channels underlying the M-current (IKM), a non-inactivating K+ current with slow activation and deactivation kinetics that activates at the threshold potential of about −60/−50 mV, thus regulating the resting membrane potential and suppressing repetitive neuronal firing (Brown and Adams, 1980).

Pathogenic variants in KCNQ2 cause early-onset epilepsies with wide phenotypic heterogeneity (Allen et al., 2014; Miceli et al., 2018). Indeed, some variants have been identified in patients with benign familial neonatal epilepsy (BFNE), an autosomal-dominant epilepsy with seizures affecting otherwise healthy infants in the first days of life and spontaneously disappearing over the next several months, with mostly normal neurocognitive development (Jentsch, 2000; Singh et al., 2003; Soldovieri et al., 2006). At the severe end of the KCNQ2 spectrum is an early-onset developmental and epileptic encephalopathy (DEE) characterized by recurrent seizures starting in the neonatal period and neurodevelopmental disability (Weckhuysen et al., 2012). While more than 300 pathogenic variants have been described in KCNQ2, few variants in KCNQ3 have been detected, mostly in families with BFNE. In addition, de novo variants in KCNQ3 have been rarely described in children with DEE (Allen et al., 2013; Grozeva et al., 2015; Miceli et al., 2015; Ambrosino et al., 2018; Lauritano et al., 2019), intellectual disability (ID) apparently without epilepsy (Rauch et al., 2012; Deciphering Developmental Disorders, 2017), cortical visual impairment (Bosch et al., 2016), and in patients with ID and autism (Sands et al., 2019).

In most children affected with KCNQ2- or KCNQ3-related BFNE, seizures are controlled with conventional antiepileptic drugs, including sodium channel blockers (Sands et al., 2016). Instead, few options are available for patients with the most severe forms of KCNQ2- or KCNQ3-related disorders; in addition to sodium-channel blockers such as carbamazepine and phenytoin which appear to be highly effective (Pisano et al., 2015), ezogabine, a selective Kv7 channel activator, has been shown to improve seizure control and development in patients with Kv7.2 loss-of-function (LoF) variants (Millichap et al., 2016). Unfortunately, because of its unfavorable risk/benefit ratio, ezogabine has been withdrawn from the market. Among non-pharmacological therapies, ketogenic diet (KD) has been recently shown to be particularly effective in children with DEE caused by KCNQ2 variants (Ko et al., 2018), but the mechanisms of action are not completely understood and there are no data on the effects on KCNQ3 related disorders. KD is a low carbohydrate, high-fat, adequate-protein diet regimen that shifts the primary fuel source for neuronal activity from glucose to endogenous ketones: acetone, acetoacetate, and β-hydroxybutyrate (BHB). KD likely improves seizure control through a variety of mechanisms such as inhibition of the glycolysis, disruption of glutamatergic synaptic transmission, and activation of ATP-sensitive potassium channels (Lutas and Yellen, 2013). Recently, BHB has been shown to directly and specifically activate Kv7 channels containing Kv7.3 subunits by increasing current sensitivity to voltage (Manville et al., 2018, 2020).

In the present manuscript, we report the clinical, molecular and functional properties of a BFNE family carrying a novel KCNQ3 variant (c.719T>G; p.M240R) segregating with epilepsy in the three affected individuals. Whole cell patch-clamp recordings in Chinese hamster ovary (CHO) cells revealed that homomeric Kv7.3 M240R channels were not functional, whereas heteromeric channels incorporating Kv7.3 M240R mutant subunits with Kv7.2 and Kv7.3 displayed a depolarizing shift of about 10 mV in activation gating, consistent with a LoF in vitro effect. Consistent with these functional data, molecular modeling suggested that the M240R substitution preferentially stabilized the resting state and possibly destabilize the activated state of the Kv7.3 subunits. Finally, we demonstrate that BHB was able to reverse the functional alterations observed in heteromeric channels carrying Kv7.3 M240R subunits.



MATERIALS AND METHODS


Patients

The BFNE family was referred for an epilepsy genetics research study by their treating clinician and written informed consent was obtained. Exome sequencing was performed in both parents and each sibling, and the presence of c.719T > G (p.M240R) in affected members was confirmed by Sanger sequencing in a clinical genetics laboratory. The study was approved by the human research ethics committee of Columbia University Irving Medical Center.



Mutagenesis and Heterologous Expression of KCNQ2 and KCNQ3 cDNAs

Mutations were engineered in KCNQ3 human cDNA cloned into pcDNA3.1 by QuikChange site-directed mutagenesis (Agilent Technologies Italia SpA, Milan, Italy), as previously described (Miceli et al., 2013). Channel subunits were expressed in CHO cells by transient transfection. CHO cells were grown in 100 mm plastic Petri dishes in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% foetal bovine serum (FBS), L-glutamine (0.1 mM), penicillin (50 U/ml), and streptomycin (50 μg/ml) in a humidified atmosphere at 37°C with 5% CO2. For electrophysiological experiments, cells were seeded on glass coverslips (Carolina Biological Supply Company, Burlington, NC, United States) and transfected on the next day with the appropriate cDNAs using Lipofectamine 2000 (Invitrogen, Milan, Italy) according to the manufacturer’s protocol. A plasmid encoding for enhanced green fluorescent protein (Clontech laboratories, Inc., Palo Alto, CA, United States) was used as transfection marker; total cDNA in the transfection mixture was kept constant at 4 μg.



Whole-Cell Electrophysiology

Currents from CHO cells were recorded at room temperature (20–22°C) 1–2 days after transfection, using a commercially available amplifier (Axopatch 200A, Molecular Devices, Union City, CA, United States) and the whole-cell configuration of the patch-clamp technique, with glass micropipettes of 3–5 MΩ resistance. The extracellular solution contained (in millimolar): 138 NaCl, 2 CaCl2, 5.4 KCl, 1 MgCl2, 10 glucose, and 10 HEPES, pH 7.4 with NaOH. The pipette (intracellular) solution contained (in millimolar): 140 KCl, 2 MgCl2, 10 EGTA, 10 HEPES, 5 Mg-ATP, pH 7.3–7.4 with KOH. The pCLAMP software (version 10.0.2) was used for data acquisition and analysis. Current densities (expressed in picoamperes per picofarad) were calculated as peak K+ currents divided by C. Data were acquired at 0.5–2 kHz and filtered at 1–5 kHz with the four-pole lowpass Bessel filter of the amplifier. No corrections were made for liquid junction potentials. To generate conductance-voltage curves, the cells were held at −80 mV, then depolarized for 1.5 s from −80 mV to +20/+80 mV in 10 mV increments, followed by an isopotential pulse at 0 mV of 300 ms duration; the current values recorded at the beginning of the 0 mV pulse were measured, normalized, and expressed as a function of the preceding voltages. Data were fit to a Boltzmann distribution of the following form y = max/[1 + exp(V1/2−V)/k], where V is the test potential, V1/2 the half-activation potential, and k the slope factor.

For current-activation kinetics analysis, the current traces recorded in response to incremental voltage steps were fitted to a double-exponential function and then a single time constant, representing the weighted average of the slow and fast components, was obtained by using the following equation: τ = (τf Af + τs As)/(Af + As), where Af and As indicate the amplitude of the fast and slow exponential components, τf and τs the time constants of each component (Miceli et al., 2013).



Structural Modeling

Three-dimensional models of Kv7.3 subunits in different gating states were generated by using as templates the coordinates of resting and activated states of the Kv1.2/2.1 chimera (Long et al., 2007; PDB accession number 2R9R; 26% of sequence identity with Kv7.3) subjected to long (>200 μs) molecular dynamic simulations (Jensen et al., 2012). Modeling of the S1-S4 VSD in each state was performed with SWISS-MODEL, as described (Sands et al., 2019). The models were optimized through all-atom energy minimization by using the GROMOS96 implementation of Swiss-PDBViewer, and analyzed using both the DeepView module of Swiss-PDBViewer (version 4.0.11) and PyMOL2.



Statistics

Data are expressed as the mean ± SEM. Statistically significant differences between the data were evaluated with the Student’s t-test (p < 0.05).



RESULTS


Clinical and Genetic Features of the BFNE Pedigree With a Novel KCNQ3 Variant


Case II-1

A term male neonate was hospitalized for seizures starting in the first week of life. The seizures lasted less than 1 min, recurring every 2 h. Electroencephalography (EEG) recorded variable lateralization of ictal onset. Clinically, there was bilateral arm stiffening, rightward head version, and right leg stiffening, lasting 45 s. Workup for acute etiologies, including an MRI of the brain, was unrevealing. The child was treated with phenobarbital, but continued to have seizures after hospital discharge. He was cross-titrated onto levetiracetam from 3 weeks of age and seizures stopped around that time. Levetiracetam was weaned at 12 months. At 18 months he was diagnosed with isolated language delay (one standard deviation below expected) and started speech therapy. There was no concern for autism.



Case II-2

Nineteen months later, a female sibling was born. She began having episodes on the 5th day of life, characterized by limb stiffening and eye rolling. EEG confirmed seizures. Workup included a normal MRI of the brain. She was treated with phenobarbital and levetiracetam, which were weaned off at 4 and 6 months, respectively. She had recurrence with two back-to-back seizures at 22 months, and she was started on oxcarbazepine with seizure freedom. Follow-up EEGs have been normal. Developmental milestones have all been met on time as of 26 months.

Family history was notable for an isolated seizure in the father (case I-1) during infancy. The father’s interictal EEG was normal, the seizure did not recur, and he was not treated with anti-seizure medication. No seizure was ever described in the mother (case I-2; Figure 1A).


[image: image]

FIGURE 1. Pedigree, schematic representation of a single Kv7.3 subunit, and functional analysis of mutation at position 240. (A) Pedigree of the family. (B) Topological representation of a single Kv7 subunit. Arrows indicate the location of the mutation investigated (shaded in red). (A–D) Indicate the four putative alpha-helical domains identified in the Kv7 C-terminal region. (C) Sequence alignment of the S4 segments of the indicated Kv subunits (www.ebi.ac.uk/Tools/psa/). Residues are colored according to the following scheme: magenta represents basic; blue represents acid; red represents non-polar; green represents polar. 1, 2, 4, 5, and 6 refer to the positively charged arginines numbered according to their position along the S4 primary sequence. (D) Macroscopic currents from the indicated homomeric channels. Current scale, 50 pA; time scale, 0.2 s.


Exome sequencing, performed in all four family members, demonstrated a novel missense variant in KCNQ3, c.719T > G (p.M240R), in the two siblings and the affected father (Figure 1A), thus segregating with the phenotype. The variant is absent from gnomAD and predicted to be deleterious (polyphen-2, 0.989; SIFT, 0.9122; CADD score 27.3). The M240 residue lies between the R5 (R239) and R6 (R242) positions of the voltage-sensing S4 transmembrane segment within the voltage-sensing domain (VSD; Figure 1B). This non-polar residue is conserved among human Kv7.2-5 subunits, but not in Kv7.1 and other Kv channels such as Kv1.1, Kv1.2, and Kv2.1, although residues with similar physicochemical properties are present at this position (Figure 1C).



Functional and Pharmacological Properties of Homomeric and Heteromeric Channels Carrying Kv7.3 M240R Subunits

Heterologous expression of wild-type Kv7.3 subunits led to the appearance of voltage-dependent K+ −selective currents characterized by a rather slow time-course of activation and deactivation and a threshold for current activation of around −50 mV; the macroscopic K+ currents density at + 20 mV was 12.6 ± 1.1 pA/pF, similarly to previously reported values (Wang et al., 1998; Sands et al., 2019). By contrast, no measurable currents were recorded in cells expressing Kv7.3 M240R subunits, consistent with the variant causing a complete LoF effect (Figure 1D and Table 1).


TABLE 1. Biophysical and pharmacological properties of mutant Kv7.3 channels.

[image: Table 1]Kv7.3 subunits assemble with Kv7.2 subunits to form IKM (Wang et al., 1998). Co-expression of Kv7.2 and Kv7.3 subunits generated currents which were considerably larger than those recorded upon expression as Kv7.2 or Kv7.3 subunits alone; in addition, currents from Kv7.2 + Kv7.3 heteromeric channels displayed an increased sensitivity to blockade by tetraethylammonium (TEA) when compared to homomeric Kv7.3 channels (Table 1). When compared to currents from wild-type Kv7.2 + Kv7.3 subunits, co-expression of Kv7.3 M240R with Kv7.2 subunits caused a marked rightward shift (by about + 40 mV) of the activation gating, a significant decrease of slope of the G/V curve (see section Materials and Methods for details), a reduced current density by about 50% at depolarized potential, with no change in sensitivity to TEA blockade (Figures 2A–C and Table 1). The marked rightward shift of the G/V curves of the heteromeric Kv7.2 + Kv7.3 M240R channels markedly reduced current density at the physiologically relevant potentials of −50/−40 mV (Figure 2C). The activation kinetics of Kv7.2 + Kv7.3-M240R currents were slower than those of Kv7.2 + Kv7.3, particularly at more depolarized potentials. In fact, τactivation at + 20 mV were 142 ± 19 ms and 274 ± 71 ms, for Kv7.2 + Kv7.3 and Kv7.2 + Kv7.3-M240R, respectively. In order to assess the influence of the depolarizing pulse length on the current steady-state properties from Kv7.2 + Kv7.3-M240R-expressing channels, additional experiments in which the pulse length was increased from 1.5 to 3 s were performed. The results obtained revealed no significant difference in the V1/2 and k values on Kv7.2 + Kv7.3-M240R current using the two protocols; indeed, the V1/2 and the k values were, respectively, + 12.2 ± 7.6 and + 10.2 ± 5.4 mV (n = 4; p > 0.05), and 23.0 ± 3.6 and 23.5 ± 1.4 mV/e-fold (n = 4; p > 0.05) for Kv7.2 + Kv7.3- and Kv7.2 + Kv7.3-M240R-expressing cells.
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FIGURE 2. Functional properties of heteromeric channels incorporating subunits carrying the benign familial neonatal epilepsy (BFNE) variant. (A) Macroscopic current traces from the indicated heteromeric channels in response to the indicated voltage protocol. Current scale, 200 pA; time scale, 0.1 s. (B) Current density from the indicated heteromeric channels calculated at +20 mV. The asterisk indicates a statistically-significant value versus Kv7.2 + Kv7.3. (C) Conductance/voltage curves for Kv7.2 + Kv7.3, Kv7.2 + Kv7.3 M240R, Kv7.2 + Kv7.3 + Kv7.3M240R. Continuous lines indicate Boltzmann fits of the experimental data. Current scale, 200 pA; time scale, 0.1 s. Each data point is the mean (SEM) of 7–18 cells recorded in at least three separate experimental sessions.


Altogether these data suggest that Kv7.3 M240R subunits are able to form heteromeric channels with Kv7.2 subunits, although their currents display gating properties very different from Kv7.2 + Kv7.3 heteromeric channels. To replicate in vitro the genetic combination occurring in the affected family members who are heterozygous for the pathogenic allele (Individuals I-1, II-1, and II-2), functional studies were also carried out upon transfection of cDNAs for Kv7.2 + Kv7.3 + Kv7.3 M240R at a cDNA ratio of 1:0.5:0.5. The current density measured in CHO cells expressing heteromeric channels formed by the described subunit combinations was very similar to that recorded in cells expressing Kv7.2 + Kv7.3 subunits at a transfection ratio 1:1 (mimicking a healthy individual) (Figures 2A,B and Table 1) and no difference in the activation kinetics was observed between the Kv7.2 + Kv7.3 and Kv7.2 + Kv7.3 + Kv7.3 M240R currents; indeed the τactivation at + 20 mV were 142 ± 19 ms and 128 ± 28 ms, respectively. By contrast, the midpoint of activation of the currents recorded upon Kv7.2 + Kv7.3 + Kv7.3 M240R subunit co-expression was right-shifted by about 10 mV when compared to Kv7.2 + Kv7.3 (Figures 2A–C and Table 1), thus confirming LoF effects of the mutant subunits also when incorporated into channel tetramers with Kv7.2 + Kv7.3 subunits.



Structural Basis for the LoF Effect by the Kv7.3 M240R Substitution

The herein identified M240R variant introduces an extra positively charged residue into the S4 segment of Kv7.3 subunits, between R5 and R6. To achieve a better understanding of the possible role of the M240 residue in the gating process and of the structural consequences of its replacement with an R, we built homology models of a Kv7.3 subunit in both resting and activated states, as previously described (Jensen et al., 2012; Sands et al., 2019). Our structural models suggested that, no electrostatic interaction between the M240 residue side chain and surrounding protein residues occurs in both the resting and the activated VSD configurations (Figure 3A); in particular, in the resting VSD state and in two of the four subunits, the M240 side chain points toward the N-terminal region of the same subunits, whereas in the other two subunits it points in the opposite direction, namely toward the S5 segment (Figure 3B). Substitution of the non-polar M residue at position 240 with an R introduces a novel electrostatic interaction between R240 side chain and a highly conserved negatively charged N-terminal glutamate (E116) in one Kv7.3 subunit. This interaction only occurred in the resting state of the VSD (Long et al., 2007) (Figure 3C). Instead, VSD movement during the activation process translated the R240 side chain in a tight pocket surrounded by non-polar residues, possibly destabilizing the tight network of hydrophobic interactions within this pocket. As a result, our model suggests that the M240R substitution may preferentially stabilize the closed state and possibly destabilize the activated state of the Kv7.3 subunits.


[image: image]

FIGURE 3. Structural modeling of homomeric Kv7.3 channel subunits in resting gating states. (A) Homology model of a homotetrameric Kv7.3 channel subunits, obtained as described in the section “Materials and Methods.” (B,C) Enlarged views showing the N-terminal domain encompassing the E116 residue in the wild-type (B) or M240R mutant (C) subunits, showing the occurrence the E116-R240 polar interaction (highlighted in yellow).




Pharmacological Effects of BHB Exposure on Heteromeric Channels Incorporating the Kv7.3 Epilepsy-Causing Variant

The results described suggest that heteromeric channels incorporating Kv7.3 M240R subunits display a reduced sensitivity to voltage, strongly suggesting a LoF pathogenic mechanism. Given that BHB has been recently shown to potentiate Kv7.3 and Kv7.2 + Kv7.3 currents by a mechanism opposite to that introduced by the M240R variant (Manville et al., 2018, 2020), we further evaluated its ability to counteract in vitro the described functional alteration. We tested the effects of the BHB using a voltage protocol in which Kv7.2 + Kv7.3 and Kv7.2 + Kv7.3 + Kv7.3 M240R currents were activated by 3 s voltage ramps from −80 to +20 mV. Perfusion with 100 μM BHB enhanced ramp-evoked Kv7.2 + Kv7.3 and Kv7.2 + Kv7.3 + Kv7.3 M240R currents; this effect was reversible since the currents returned to basal values after about 10 s upon BHB removal from the bath (Figure 4A). In addition, steady-state experiments revealed that at −40 mV, a membrane potential value close to the activation threshold, 100 μM BHB increased Kv7.2 + Kv7.3 and Kv7.2 + Kv7.3 + Kv7.3 M240R currents (Figure 4B) and also caused a 10 mV negative shift in the G/V curve (Figure 4C). Interestingly, the V1/2 value of Kv7.2 + Kv7.3 + Kv7.3 M240R currents upon BHB exposure was similar to that of Kv7.2 + Kv7.3-expressing cells (Figure 4C and Table 1), suggesting the ability of the BHB to restore Kv7.2 + Kv7.3 + Kv7.3 M240R currents to that of wild-type.


[image: image]

FIGURE 4. Effect of β-hydroxybutyrate (BHB) on heteromeric Kv7.2 + Kv7.3, Kv7.2 + Kv7.3 + Kv7.3 M240R channels. (A) Current responses from the indicated heteromeric channels to voltage ramps from −80 to +20 mV. (B,C) Quantification of the effects of 100 μM BHB on the indicated heteromeric channels. Data are expressed as current density calculated at −40 mV (B) and in the V1/2 values. Current scale, 200 pA; time scale, 200 ms. * indicates p < 0.05 vs. corresponding controls.




DISCUSSION

Inherited variants in KCNQ2 or KCNQ3 cause BFNE, a neonatal-onset familial epilepsy, characterized by recurrent focal tonic seizures in otherwise well infants (Sands et al., 2016). While seizure onset is most often in the first days of life, seizures can present later in infancy (Zara et al., 2013), as demonstrated by the father in our pedigree, or not at all, as penetrance is incomplete. Seizures tend to remit over the first year, but ∼30% of individuals have seizures later in life (Grinton et al., 2015), as illustrated by case II-2.

Most BFNE families carry pathogenic variants in KCNQ2, whereas only a small percentage carry KCNQ3 variants (Grinton et al., 2015; Sands et al., 2016; Miceli et al., 2017, 2018). KCNQ2 variants responsible for BFNE are missense, stop-gain, frameshift, splice variants, and deletions randomly distributed along the entire primary sequence of the subunit. In contrast, BFNE-causing KCNQ3 variants are all missense, affecting specific residues located in the pore region of the channel (S5–S6 and intervening loop; Table 2). Prior studies have reported 13 such variants, each affecting a different Kv7.3 residue located in and around the pore (Table 2); in addition, four Kv7.3 variants affecting residues in the long C-terminus have also been described, although the pathogenic role of these variants appears questionable due to their ample representation in the gnomAD population database without the benefit of supportive functional data (N821S, Bassi et al., 2005; R780C, Zara et al., 2013), or with functional data that fail to support a disease association (N468S, Singh et al., 2003; P574S, Miceli et al., 2009). Out of the 13 KCNQ3 variants causing BFNE, those nine with supportive functional data lie within a span of 51 residues (V279 to R330) in this region. Functional analyses of these variants to date, e.g., V279F, I317T, R330C, and R330L, have mostly demonstrated a reduction in maximal current with no effect on the voltage-dependence of activation (Soldovieri et al., 2014; Miceli et al., 2015; Maljevic et al., 2016), consistent with these variants being in the pore. Only W309R induced both a reduction in currents (by about 60%) and a rather small (3–4 mV) rightward shift in the V1/2 value, when expressed together with Kv7.2 and Kv7.3 (Uehara et al., 2008).


TABLE 2. Missense variants reported for KCNQ3.

[image: Table 2]In the present work, we report a BFNE family carrying the first variant in KCNQ3 located in the S4 helix of the VSD (M240R). Functional studies revealed that the M240R variant abolishes channel function in homomeric configuration, but that this is partially rescued in heteromeric channels with wild-type Kv7.2 and/or Kv7.2/3 subunits. Differently from all other Kv7.3 BFNE variants characterized to date, M240R subunits, when expressed with Kv7.2 and Kv7.3 subunits, show a significant decrease of channel sensitivity to voltage of about 10 mV, without major changes in pore properties and heteromerization. These functional results suggest that the introduction of an additional positively charged residue at the bottom of S4 in Kv7.3 subunits destabilizes the activated conformation of the voltage sensor, thereby impeding pore opening. Structural modeling provides a potential explanation for such a conclusion; indeed, introduction of an R at position 240 stabilizes the VSD resting state by forming a novel strong ionic interaction with an highly conserved residue in the N-terminus; in addition, the larger R side chain may destabilize the tight network of hydrophobic interaction occurring in the activated state. Further studies using residue swapping or charge reversion are needed to confirm the potential interaction between the R240 and E116 residues. The available data do not allow us to determine whether the G/V shift introduced by the mutation originates from the participation of the 240 residue in voltage-sensing or in the subsequent steps along the activation pathway leading to pore opening. However, the fact that recent structural data from human Kv7.1 (Sun and MacKinnon, 2020), reveal that the V241 residue, corresponding to the M240 residue in Kv7.3, is located within a key region for VSD-pore electro-mechanical coupling (Hou et al., 2020), raises the possibility that this residue may play a similar functional role also in Kv7.3. Therefore, a LoF mechanism appears mainly responsible for BFNE pathogenesis in our family. Similar conclusions have been reached for BFNE-causing variants in Kv7.2, where haploinsufficiency, corresponding to an IKM reduction of only ∼25%, appears responsible for disease pathogenesis (Jentsch, 2000).

Benign familial neonatal epilepsy with normal neurocognitive development is not the only phenotype associated with variants in Kv7.3. In fact, individuals with mild/moderate ID have been described in BFNE pedigrees (I317T, R330L; Soldovieri et al., 2014; Miceli et al., 2015); moreover, de novo variants in KCNQ3 have been described in children with DEE (Allen et al., 2013; Grozeva et al., 2015; Miceli et al., 2015; Ambrosino et al., 2018; Lauritano et al., 2019), ID apparently without epilepsy (Rauch et al., 2012; Deciphering Developmental Disorders, 2017), cortical visual impairment (Bosch et al., 2016), and in patients with ID and autism (Sands et al., 2019). Such phenotypic heterogeneity is at least in part correlated with variant-specific functional effects, by yet unknown mechanisms; in fact, opposite to BFNE variants causing LoF, gain-of-function (GoF) variants cause non-verbal ID, autism, and prominent sleep-activated multifocal epileptiform EEG discharges without neonatal seizures (Singh et al., 2003; Sands et al., 2019).

The observation that epilepsy-associated variants in KCNQ2 are more than 10 times more frequent than those in KCNQ3, suggests that KCNQ3 tolerates variation better than KCNQ2. Several pieces of evidence support this view; as an example, while heterozygous frameshift variants in KCNQ2 are frequent causes of BFNE (Miceli et al., 2018), no heterozygous pathogenic frameshift KCNQ3 variant has ever been associated with a human phenotype. In addition, no individual carrying KCNQ2 frameshift variants in homozygosity has ever been described, as minimal KCNQ2 residual activity is probably essential for survival (Lauritano et al., 2019); by contrast, two recent studies reported the occurrence of homozygous frameshift variants in KCNQ3 (each inherited from an asymptomatic parent) in patients with developmental delay and neonatal seizures (Kothur et al., 2018; Lauritano et al., 2019), demonstrating that, homozygous variants in KCNQ3 are compatible with life. Moreover, a distinct functional role of these two genes emerging from developmental and genetic studies in humans, appears also to be recapitulated in mice. In fact, while KCNQ2 homozygous KO mice died at birth, homozygous KCNQ3 KO mice showed no seizures and survived until adulthood (Tzingounis and Nicoll, 2008; Kim et al., 2016); similarly, conditional deletion of KCNQ2 in cortical pyramidal neurons increased neuronal excitability and decreased lifespan, whereas deletion of KCNQ3 neither increased pyramidal neurons excitability nor affected mice survival (Soh et al., 2014).

Notably, in heteromeric channels, the functional effects of the M240R variant in Kv7.3 herein described in a BFNE family are quantitatively and qualitatively very similar to those triggered by the R213Q variant in Kv7.2, the latter identified in sporadic patients with DEE (Weckhuysen et al., 2012; Millichap et al., 2016). The fact that similar, dramatic in vitro functional consequences are associated to a severe phenotype in Kv7.2 and to self-limiting epilepsy in Kv7.3, further supports the hypothesis that Kv7.3 is more tolerant than Kv7.2 to genetic changes causing LoF effects. Among many others, such as inclusion/exclusion of both genes in panels for DEE, diagnostic NGS coverage, and epistatic compensation, an attractive explanation for such distinct functional role lies in the different developmental pattern of expression, with KCNQ2 being expressed at earlier stages of development when compared to KCNQ3, in both mice and humans (Tinel et al., 1998; Kanaumi et al., 2008).

In patients with KCNQ2- and KCNQ3-related disorders, seizures are controlled with sodium channel blockers in most patients (Pisano et al., 2015; Sands et al., 2016). However, a percentage continues to have seizures, which may contribute to cognitive impairment. In addition, successful management of seizures does not address the neurodevelopmental disability that occurs in KCNQ2 and KCNQ3 DEEs. Efficacy of the KD, with greater than 90% seizure reduction, has been reported in patients with monogenic DEEs, including KCNQ2-DEE (Ko et al., 2018) and Dravet syndrome (Knupp and Wirrell, 2018). Our finding that the endogenous ketone BHB can activate heteromeric Kv7.2 + Kv7.3 channels containing Kv7.3 M240R subunits to the same extent as wild-type Kv7.2 + Kv7.3 channels (Manville et al., 2018, 2020), thereby counteracting the underlying pathophysiology, suggests that the KD could represent precision medicine for more severe phenotypes caused by KCNQ2 and KCNQ3 LoF variants. Further work is required to identify additional patients carrying KCNQ3 or KCNQ2 pathogenic LoF variants retaining responsiveness to BHB in vitro and who may benefit from KD treatment in vivo.



CONCLUSION

In conclusion, we describe the first missense LoF pathogenic variant located in the S4 segment of KCNQ3 as a cause of BFNE. In contrast to BFNE-KCNQ3 variants previously described, functional and modeling data suggest that the M240R variant primarily affects the voltage sensitivity of heteromeric channels. Our study provides a pharmacological rationale for investigating the use of KD in patients with DEE caused by KCNQ3 and KCNQ2 LoF variants.
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Heterozygous missense variants in KCNQ2, which encodes the potassium channel subunit Kv7.2, are among the most common genetic causes of severe neonatal-onset epileptic encephalopathy. Because about 20% of known severe Kv7.2 missense changes lie within the intracellular C-terminal region, improving understanding of the underlying pathogenic mechanisms is important. We analyzed the basis for the severe phenotypes of Kv7.2 A337T and A337G, variants in the C-terminal’s calmodulin (CaM)-binding Helix A. When expressed heterologously in mammalian cells, alone or in combination with wild type Kv7.2 or with wild type Kv7.2 and Kv7.3, both variants strongly suppressed channel currents. A337T channels expressed alone exhibited significantly reduced protein half-life and surface trafficking and co-immunoprecipitated less CaM. For both variants, increasing cellular phosphatidylinositol 4,5-bisphosphate (PIP2) by overexpression of PI(4)P5-kinase restored current densities. For both variants, the fraction of current suppressed by activation of M1 muscarinic receptors with 10 μM oxotremorine methiodide, which depletes PIP2, was less than for controls. During voltage-sensitive phosphatase-induced transient PIP2 depletion and resynthesize, potassium current inhibition and recovery kinetics were both markedly slowed. These results suggest that these variants may reduce currents by a mechanism not previously described: slowing of PIP2 migration between the bulk membrane and binding sites mediating channel electromechanical coupling. A novel Kv7.2/3-selective opener, SF0034, rescued current amplitudes. Our findings show that these two Helix A variants suppress channel current density strongly, consistent with their severe heterozygous phenotypes, implicate impairment of CaM and PIP2 regulation in KCNQ2 encephalopathy pathogenesis, and highlight the potential usefulness of selective Kv7 openers for this distinctive pathogenic mechanism and patient subgroup.

Keywords: SF0034, Kv7.2, epileptic encephalopathy, phosphatidylinositol 4,5-bisphosphate, calmodulin


INTRODUCTION

Variants in KCNQ2 can underlie a severe syndrome consisting of intractable neonatal onset seizures and profound global developmental delay called KCNQ2 encephalopathy (Weckhuysen et al., 2012; Millichap et al., 2016). Indeed, recent cohort studies have shown that 10–30% of previously undiagnosed patients with early infantile epileptic encephalopathy (EIEE) have de novo heterozygous missense or single codon deletion variants in KCNQ2 (Saitsu et al., 2012; Weckhuysen et al., 2012; Kato et al., 2013; Milh et al., 2013; Olson et al., 2017). KCNQ2 was first discovered at the locus for a mild, self-limiting neonatal syndrome, benign familial neonatal epilepsy (BFNE) (Biervert et al., 1998; Charlier et al., 1998; Singh et al., 1998). KCNQ2 variants causing BFNE are usually inherited as an autosomal dominant trait with high penetrance but sometimes appears de novo. It is important to understand KCNQ2 genotype-phenotype relationships so that individuals with BFNE or with rare non-pathogenic variants can be rapidly distinguished from those with EIEE-causing variants. BFNE infants have a good prognosis, and ill infants with non-pathogenic KCNQ2 variants need further diagnostic efforts. Individuals with pathogenic KCNQ2 encephalopathy variants have ended their diagnostic odyssey, have a poor long-term prognosis, and are appropriate candidates for novel therapeutic trials.

KCNQ2 and its close homolog, KCNQ3, encode potassium channel subunits Kv7.2 and Kv7.3, respectively, which form tetrameric neuronal voltage-gated potassium channels. Both homomers (formed by Kv7.2 alone) and heteromers (combining Kv7.2 and Kv7.3) underlie the neuronal M-current (IM), a voltage-dependent, slowly activating, non-inactivating current regulated by Gq-coupled receptors including M1 muscarinic acetylcholine receptors (M1Rs; Wang et al., 1998; Delmas and Brown, 2005). These channels are broadly expressed in the central nervous system, where they are highly concentrated at axon initial segments (AISs) and nodes of Ranvier, and can influence action potential generation and conduction (Cooper et al., 2000; Devaux et al., 2004; Pan et al., 2006; Shah et al., 2008; Battefeld et al., 2014). Kv7.2 and Kv7.3 have a classical 6-transmembrane voltage-gated potassium channel topology but possess a distinctive, large intracellular CT domain (Figure 1A). Known roles of the CT include integrating modulatory interactions, including with calmodulin (CaM; Wen and Levitan, 2002; Yus-Nájera et al., 2002) and phosphatidylinositol 4,5-bisphosphate (PIP2; Zhang et al., 2003; Li et al., 2005; Brown et al., 2007; Gamper and Shapiro, 2007; Hernandez et al., 2008; Zaydman and Cui, 2014).

[image: Figure 1]

FIGURE 1. A337T and A337G suppressed Kv7.2 currents. (A) Cartoon showing Kv7.2 membrane topology, highlighting positions of functionally important α-helical segments and domains, and the variants analyzed in this study. The side chain changes resulting from the two clinical variants at A337 are shown. Alignment of human KCNQ sequences around KCNQ2 A337 (red and asterisk) shows high conservation across the gene family. Basic residues previously implicated in PIP2 binding (Zhang et al., 2013; Kim et al., 2016a; Soldovieri et al., 2016; purple) and the canonical CaM binding IQ motif (blue), are highlighted. A337 (highlighted in red and asterisk) is near the proximal end of Helix A. (B) Representative currents from Chinese hamster ovary (CHO) cells transfected with WT Kv7.2, A337G, and A337T in response to depolarization steps from −80 mV to between −70 and +40 mV. (C) Current-voltage plots show significant current reductions in cells expressing either A337T or A337G (**p < 0.01, ***p < 0.001, Two-way ANOVA, Bonferroni test, n = 14–31, see Table 1). (D) Conductance-voltage plots show no significant differences of WT and mutant-containing channels (see Table 1). (E) Western blots of cell lysates (left lanes, **p = 0.003, One-way ANOVA, Tukey test) and surface biotinylated proteins (right lanes, ***p < 0.001, One-way ANOVA, Tukey test) from CHO cells electroporated with empty pcDNA3 vector (negative control), Kv7.2, A337G or A337T (n = 4). In plots, quantification of total channel protein normalized to GAPDH (left) and surface channel protein normalized to total channel protein are shown. Values are normalized to WT. (F) Western blot of cell lysates (left lanes) and surface membrane biotinylated proteins (right lanes) from CHO cells electroporated with WT Kv7.2 alone or with 1:1 ratio of Kv7.2 and A337G or A337T cDNAs (n = 4). The cropped blot images are from full-length gels shown as supplementary information (Supplementary Figure S2).


Considerable evidence indicates that CaM and PIP2 interactions are allosterically coupled (Kosenko et al., 2012; Kosenko and Hoshi, 2013; Zaydman and Cui, 2014; Alberdi et al., 2015; Chen et al., 2015). Although Kv7.1 atomic structures have recently been obtained in the presence of CaM, with and without bound PIP2 (Sun and MacKinnon, 2017, 2020), dynamic mechanisms of Ca2+-CaM and PIP2 regulation remain poorly understood. CaM binding at two α-helical segments of the Kv7.2 CT domain, Helix A and B, has been proposed to be required for ER exit and targeting to the axon (Etxeberria et al., 2008; Alaimo et al., 2009; Cavaretta et al., 2014; Liu and Devaux, 2014). PIP2 binding is required for the voltage-dependent opening of Kv7 channels and appears to contribute directly to coupling voltage sensor movement and pore gate opening (Zaydman et al., 2013; Zaydman and Cui, 2014; Sun and MacKinnon, 2017, 2020). However, sites functionally implicated in Kv7 channel PIP2 modulation extend beyond the binding pocket seen by cryoelectron microscopy and include conserved H, K, and R residues from the S2–3 linker, S4–5 linker, S6, the CT region upstream of the Helix A, and on linkers between the A, B, and C helices (Hernandez et al., 2008; Telezhkin et al., 2013; Zaydman and Cui, 2014; Hille et al., 2015).

Most BFNE missense variants cause mild loss-of-function when co-expressed with wild type (WT) subunits, whereas most EIEE variants cause severe dominant-negative suppression of activity. However, only a small proportion of known variants have been studied to date. Previous studies of human Kv7.2 variants from the CT domain have mostly focused on those causing BFNE (Richards et al., 2004; Alaimo et al., 2009; Orhan et al., 2014; Alberdi et al., 2015; Ambrosino et al., 2015). Recently, a heterozygous Kv7.2 EIEE variant in the proximal CT, R325G, was shown to suppress currents by directly impairing PIP2 binding (Soldovieri et al., 2016). Here, we analyze the functional consequences of A337T and A337G, two KCNQ2 encephalopathy variants (Saitsu et al., 2012; Millichap et al., 2016), at a conserved residue in the CaM-binding Helix A (Figure 1A). The pathogenicity of these variants has remained less certain due to rarity: To date, only one individual has been described with each. We found that both variants cause loss of current amplitude sufficient to be considered as dominant-negative, supporting the clinical diagnoses of KCNQ2 encephalopathy. We obtained evidence that the suppression of Kv7.2 + Kv7.3 channel function involves a novel pattern of disruption of PIP2 and (for A337T) CaM interaction. Ezogabine was previously used successfully to control seizures and improve EEG in the infant with A337T (Millichap et al., 2016). We show that SF0034, a close ezogabine analog with improved potency and KCNQ2/3 selectivity (Kalappa et al., 2015), rescued current loss. Our findings highlight the importance of PIP2 interaction in causation and potential therapy for KCNQ2 encephalopathy.



MATERIALS AND METHODS


Ethics

Animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at Baylor College of Medicine, in accordance with guidelines of the Association for Assessment and Accreditation of Laboratory and Animal Care (AAALAC) and the U.S. National Institutes of Health (NIH). Clinical data were collected according to procedures reviewed and approved by the Institutional Review Board of Baylor College of Medicine. The study protocol allows inclusion of information on registered patients enrolled after informed written consent, as well as deidentified data regarding anonymous patients entered after verbal parental consent to the treating physician.



cDNA Constructs, Drugs, and Nomenclature

Human KCNQ2 (Genbank: NM_004518) and KCNQ3 (NM_004519) cDNA (Biervert et al., 1998; Schroeder et al., 1998) clones were provided by Thomas Jentsch and subcloned into pcDNA3.1 (Thermo Fisher Scientific). Point mutations were introduced using QuikChange (Agilent Technologies). C. intestinalis voltage sensitive phosphatase (ciVSP) cDNA (Murata and Okamura, 2007) was provided by Yasushi Okamura (Osaka Univ.). Mouse phosphatidylinositol-4-phosphate 5-kinase type I gamma (PIP5K, NM_001293647) cDNA was provided by Robin Irvine (Cambridge Univ.). Human M1 muscarinic receptor (M1R, NM_000738.3) cDNA was provided by Bruce Conklin (University of California, San Francisco). SF0034 was provided by SciFluor Life Sciences (Cambridge, MA). Oxotremorine methiodide (Oxo-M) was purchased from (Sigma-Aldrich). Kv7.2 protein variants are listed with respect to the 872 codon reference sequence (NCBI Reference Sequence: NM 172107.3).



Cell Culture and cDNA Expression

Chinese hamster ovary (CHO) cells and human embryonic kidney (HEK) 293 T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) at 5% CO2 and 37°C. All patch clamp studies shown were conducted using CHO cells transfected using PolyJet (SignaGen). To achieve higher protein expression levels required for cycloheximide (CHX) protein stability experiments, HEK cells transfected using Lipofectamine 2000 (Thermo Fisher Scientific) were used. Electroporation using the Neon system (Thermo Fisher Scientific) was used with CHO cells for surface protein biotinylation experiments and CaM co-immunoprecipitation, and with acutely dissociated hippocampal neurons for AIS localization experiments.



Whole Cell Electrophysiology

Transfected CHO cells were recorded at room temperature (20–22°C), 1–3 days post-transfection, using an Axopatch 200B (Molecular Devices) amplifier, pCLAMP v.9, a cFlow perfusion controller and mPre8 manifold (Cell MicroControls), and glass micropipettes (VWR International) with 1–4 MΩ resistance. The extracellular solution consisted of (in mM): 138 NaCl, 5.4 KCl, 2 CaCl2, 1 MgCl2, 10 glucose, 10 HEPES, pH 7.4 with NaOH (Miceli et al., 2013). Pipette solution contained (in mM): 140 KCl, 2 MgCl2, 10 EGTA, 10 HEPES, and 5 Mg-ATP, pH 7.4 with KOH. Series resistance was compensated by 70% after compensation using Axopatch 200B fast and slow capacitance controls. Currents were digitally sampled at 5–10 kHz, depending on the protocol, and filtered at 5 kHz using a low-pass Bessel filter. For voltage-activation experiments, cells were held at −80 mV and depolarized in 10 mV incremental steps from −80 to +40 mV for 1 s, then stepped to 0 mV for 60 ms. Tail currents at 0 mV were fitted using the Boltzmann function: [image: image] to obtain the half-maximum activation voltage (V1/2) and the slope factor (k). Activation and deactivation rates were measured in SigmaPlot or Clampfit using a single exponential function: I = Ae−t/τ + C. TEA sensitivity experiments were performed as previously described (Soldovieri et al., 2016). Currents were elicited by 3 s ramp depolarizations from −80 to 40 mV. To monitor inhibition by Oxo-M, cells were pulsed every 2 s for 200 ms to +40 mV from a holding potential of −80 mV before, during and after perfusion with drug solution. In experiments using ciVSP to study recovery, cells were held at −80 mV, then pre-pulsed for 2 s at −20 mV before stepping to +100 mV for 10 s, and then held at −20 mV for 30 s to monitor recovery. Kinetic parameters for current depletion and recovery were determined by non-linear regression models in SigmaPlot. Rates of current decline after ciVSP activation were estimated by fitting to a sigmoidal equation: [image: image]. For WT Kv7.2 + Kv7.3 heteromers, current recovery kinetics after the end of a ciVSP-activating step were fit using the squared exponential function: [image: image] as described previously (Falkenburger et al., 2010; Alberdi et al., 2015). Current recovery for channels containing variants were fit poorly using this squared exponential but could be better fit using another sigmoidal equation, the 4-parameter logistic: [image: image]). A calculated liquid junction potential (−3.62 mV) was not corrected.



Biotinylation, Immunoprecipitation, and Western Blotting

CHO cell membrane protein biotinylation was performed 48 h after electroporation, using Sulfo-NHS-LC-Biotin (Pierce) as described previously (Kosenko et al., 2012). Excess biotin was quenched using 100 mM glycine and cells were lysed. After clearing by centrifugation, NeutrAvidin agarose beads (Pierce) were used to collect biotinylated proteins. For CaM co-IP, lysates were incubated with Dynabead protein A magnetic beads (Thermo Fisher) pre-coated with guinea pig anti-KCNQ2-C2 antibodies (Surti et al., 2005). Proteins were separated on 8% (Kv7) or 12% (CaM) SDS-PAGE gels, transferred onto nitrocellulose membranes, and analyzed by western blotting. For CaM blots, PVDF membranes were used, and protein gels were transferred in 0.1 M potassium phosphate buffer (pH 7.4) overnight and then fixed in 0.2% glutaraldehyde for 45 min. Membranes were blocked and then blotted with antibodies, imaged using enhance chemiluminescence (ThermoFisher Pierce Supersignal) and film, and bands were quantified as described previously (Cooper et al., 2001; Pan et al., 2006; Jin et al., 2009). Primary blotting antibodies were guinea pig-anti-KCNQ2-C2 and anti-KCNQ3-N1, mouse-anti-calmodulin (Pierce), and chicken-anti-GAPDH as loading control (Cell Signal) in 2% IgG-Free BSA (Jackson ImmunoResearch), blocking buffer was tris-buffered saline with 0.1% Tween-20 (TBS-T, Bio-Rad), and secondary antibodies were HRP-conjugated anti-guinea pig, anti-mouse or anti-chicken (Jackson ImmunoResearch). For quantification of channel or calmodulin expression in whole cell lysates, each channel band was normalized against the intensity of the anti-GAPDH band in the same lane. Bar graphs show results of normalized versus WT control samples. Band intensities were averaged across the indicated numbers of independent transfections and blots.



Cycloheximide Treatment

Forty-eight hours after transfection, HEK cells were treated with 100 μg/ml of CHX (Sigma-Aldrich) or dimethyl sulfoxide (DMSO) (Thermo Fisher) at the same start time and then processed for cell lysis at subsequent time points as shown.



Hippocampal Neuron Culture and Immunocytochemistry

Hippocampi from male and female Sprague-Dawley rats (Charles River) were dissected at E18–19 incubated with proteases at 37° C for 15 min, and cells were dissociated by trituration with fire-polished Pasteur pipettes. After electroporation (Thermo Fisher Neon, 1 μg total DNA per sample, 1,200 V, 40 ms, 1 pulse), neurons were plated on poly-D-lysine (Sigma-Aldrich) and rat tail collagen (Roche) coated 12 mm glass coverslips (Warner Instruments) at 5 × 104 cells per well in a 24-well plate in a plating media [minimal essential medium (MEM), 10% FBS, 0.5% glucose, 1 mM sodium pyruvate, 25 μM glutamine, and 50 units penicillin/streptomycin]. After 4 h, medium was changed to Neurobasal medium supplemented with B-27 and 25 mM glutamine and 50 units pen/strep. At 3 days in vitro (DIV), neuronal cultures were treated with 2 μM cytosine arabinoside. Half of the neuronal culture medium was replaced with fresh medium every 5–6 days. At 7 DIV, the neurons were fixed with 1% PFA in Na-acetate, pH 6.0 for 20 min and washed with PBS. Coverslips were blocked in 3% BSA, 0.1% Triton X-100 for 1 h at RT and then incubated with lab-made primary rabbit-anti-KCNQ2-N1 and guinea pig-anti-KCNQ3-N1 antibodies as previously described (Cooper et al., 2001; Devaux et al., 2004; Pan et al., 2006). Labeling with mouse-anti-Ankyrin-G (clone N106/36; UC Davis/NINDS/NIMH NeuroMab Facility) was used to demark AISs. Secondary antibodies were anti-rabbit DyLight 488, anti-mouse Cy3, and anti-guinea-pig Cy5-conjugated secondary antibodies (Jackson ImmunoResearch). Cover slips were mounted in ProLong Gold with DAPI (Thermo Fisher). Images were acquired using a Nikon 80i microscope, a 60× NA 1.4 Plan Apo oil-immersion objective lens, NIS-Elements software (Nikon), and an ExiAqua (QImaging) CCD camera. In each experiment, acquisition settings for each color channel were identical for all samples. Quantification of the immunofluorescence signals along the AIS was performed as described previously (Battefeld et al., 2014). The NIS-Elements intensity profile tool was used to mark the AIS trajectory, using abrupt increases and decreases in labeling for ankyrin-G to mark the AIS origin and distal tip. For each color channel in each set of images acquired in parallel, the black (0 intensity) level was specified by measuring a minimal intensity value at a non-AIS location; this quantity was subtracted from all measurements for all images to be compared. Intensity values along each AIS trajectory were binned in 16 segments, and these values were averaged to determine mean segment intensities for each condition and fluorophore. These values were normalized to the mean maximal values measured in images of control neurons electroporated with WT Kv7.2 and Kv7.3 cDNAs to obtain relative intensity values at each distance along the AIS (Battefeld et al., 2014).



Statistics

Statistical analyses were performed in SigmaPlot (v.13). One‐ or two-way ANOVA was followed by Tukey’s or Bonferroni’s post-hoc test for multiple comparisons. For drug treatment studies, one‐ or two-way repeated measures (RM) ANOVA was performed. On figure panels: *p < 0.05, **p < 0.01 and ***p < 0.001. All fluorescence intensities, band intensities, and electrophysiology analyses are reported as mean ± SEM.




RESULTS


Clinical Descriptions

Description of patients with EIEE and the KCNQ2 de novo variants c.1009G>A; p.Ala337Thr (Millichap et al., 2016) and c.1010C>G; p.Ala337Gly (Saitsu et al., 2012) appeared previously. The A337T individual is now age 8 years of age and has been followed clinically since birth. Electroencephalograms (EEGs) at ages 6 days, 5 months (prior to ezogabine use), and 6 months (with high dose ezogabine) were presented previously. Focal tonic seizures and clusters of flexor spasms, hypotonia, and encephalopathy were noted at age 2 days. The neonatal EEG background had primarily a burst-suppression appearance, except for brief intervals of continuity (high-amplitude delta activity with multifocal epileptiform discharges) during wakefulness. The EEG evolved by age 4 months to a modified hypsarrhythmia pattern with multifocal epileptiform activity and frequent electroclinical focal tonic seizures (several per day) continued despite serial anti-seizure medication trials including phenobarbital, topiramate, oxcarbazepine, and lamotrigine. Ezogabine treatment at age 5 months was followed closely with serum levels, EEG, and clinical observation. Ezogabine caused urinary retention at 23 mg/kg/day but this resolved easily and the treatment was resumed at 14 mg/kg/day and later increased to 21 mg/kg/day. Ezogabine exposure was associated with improvement in seizures, which was reflected in diminished epileptiform activity. The patient remained on ezogabine until it was removed from the market by the manufacturer almost 4.5 years later. Despite ezogabine, however, the patient remains globally developmentally delayed (nonverbal but can choose objects by pressing a button on an assistive device, non-ambulatory), although breakthrough seizures became rare. The A337G individual was described at 7 years old in 2012 (Saitsu et al., 2012). Very briefly, the patient was diagnosed with Ohtahara syndrome as a neonate, due to tonic seizure onset at age 7 days, burst-suppression EEG, and encephalopathy. The patient remained globally impaired at age 7 years, without the ability to speak meaningful words or walk.



Kv7.2 A337T and A337G Are Loss-of-Function Variants

Under whole cell voltage-clamp, CHO cells transfected with WT Kv7.2 produced large, slowly activating, non-inactivating currents, but cells expressing A337T alone or A337G alone gave little detectable voltage-activated current (Figures 1B,C). Compared to WT Kv7.2, CHO cells transfected with A337T + Kv7.2 plasmids in a 1:1 ratio to mimic the heterozygous genotype displayed about 40% less current at +40 mV and A337G + Kv7.2 about 80% less current (Figure 1C; Kv7.2: 89.6 ± 9.6 pA/pF; A337G + Kv7.2: 20.2 ± 3.6 pA/pF; A337T + Kv7.2: 55.3 ± 11.9 pA/pF). The conductance/voltage relationship of cells co-expressing WT and A337 variants 1:1 was not significantly changed compared to WT alone (Figure 1D). Experiments using co-expression with the tetraethylammonium (TEA)-resistant mutant, Kv7.2 Y284C (Hadley et al., 2003; Soldovieri et al., 2016), were used to assess for co-assembly. The principle of this assay is that channels formed by coassembly with Y284C exhibit an intermediate sensitivity to TEA. A337T and A337G, when co-expressed with Y284C (or with WT), indeed showed currents that were more sensitive to TEA than Y284C expressed alone (Supplementary Figure S1). Thus, the A337 variants are capable of forming tetramers with Y284C, and the most parsimonious explanation of the results is that in homomers, A337T partly and A337G more fully exerts a current-suppressing effect on WT Kv7.2.

We used surface biotinylation and western blots to further assess whether the observed decreases in current could be explained by a reduction of protein levels. Total and surface-localized Kv7.2 protein levels from cells expressing A337G were not significantly different from WT controls. Cells expressing A337T alone showed significantly decreased total Kv7.2 protein (0.56 ± 0.08 of WT) and reduced surface abundance (0.43 ± 0.06 of WT). These reductions were insufficient to account for the nearly complete loss of current exhibited (Figure 1E). Moreover, when either A337T or A337G was co-expressed with WT Kv7.2 in a 1:1 ratio, total protein (Kv7.2: 1.00 ± 0.11; A337G + Kv7.2: 0.78 ± 0.17; A337T + Kv7.2: 0.73 ± 0.17) and surface abundance (Kv7.2: 1.00 ± 0.01; A337G + Kv7.2: 1.23 ± 0.12; A337T + Kv7.2: 1.20 ± 0.16) were restored to control levels (Figure 1F; see Supplementary Figure S2 for full blots).

Although homomeric Kv7.2 channels are found within the nervous system, Kv7.2 + Kv7.3 heteromeric channels give much larger currents and appear to be the main contributors to neuronal somatic and axonal M-currents in many neuronal types (Wang et al., 1998; Cooper et al., 2000; Hadley et al., 2003; Devaux et al., 2004; Pan et al., 2006; Battefeld et al., 2014). Therefore, we co-transfected each A337 variant with WT Kv7.2 and Kv7.3 cDNAs in a 1:1:2 ratio, mimicking the heterozygous genotype and the heteromeric subunit composition. Remarkably, inclusion of either A337T or A337G as 25% of total cDNA suppressed maximal current density by about 60% (Figures 2A,B: at +40 mV, Kv7.2 + Kv7.3: 416.0 ± 30.9 pA/pF; A337T + Kv7.2 + Kv7.3: 164.7 ± 18.6 pA/pF; A337G + Kv7.2 + Kv7.3: 146.4 ± 30.3 pA/pF). Transfection with a 1:1 ratio of A337T or A337G and Kv7.3 cDNA produced current density levels that were decreased by nearly 80% compared to WT alone (at +40 mV, A337T + Kv7.3: 88.5 ± 14.3 pA/pF; A337G + Kv7.3: 87.8 ± 28.7 pA/pF). No differences were observed between the conductance-voltage curves of Kv7.2 + Kv7.3, A337T + Kv7.2 + Kv7.3, and A337G + Kv7.2 + Kv7.3, but a small rightward shift in V1/2 was observed for A337T + Kv7.3, and the calculated steepness of voltage activation was slightly increased for both A337T + Kv7.3 and A337G + Kv7.3 (Figure 2C; Table 1). In addition, activation and deactivation rates were not changed in A337T + Kv7.2 + Kv7.3 channels compared to WT heteromers (Figures 2D,E). Neither variant reduced total or surface biotinylated Kv7.2 protein levels (Figure 2F; see Supplementary Figure S3 for full blots).
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FIGURE 2. A337T and A337G strongly suppressed heteromeric Kv7.2 + 7.3 currents. (A) Currents produced by the indicated combinations of subunits; voltage protocol is shown as an inset. (B) Current-voltage plots show significant reductions by A337T and A337G compared to control at voltages of −20 and above (**p < 0.01, ***p < 0.001, Two-way ANOVA, Bonferroni test, n = 10–20, see Table 1). (C) Conductance-voltage plots of WT only and mutant-containing channels (n = 5–20, *p = 0.02, ***p < 0.001, Two-way ANOVA, Bonferroni test; see Table 1). (D,E) Single exponential fits for heteromeric channels showing the (D) activation time constant and (E) deactivation time constant (at −40 mV, *p < 0.05, Two-way ANOVA, Bonferroni test, n = 6–10). (F) Western blot analysis of cell lysates (left lanes) and isolated biotinylated membrane surface proteins (right lanes) from CHO cells expressing Kv7.2 + Kv7.3 co-transfected with A337 variants (n = 5). Upper, representative results; lower, quantification performed as for Figure 1. Images are of the entire immunoblots are shown as supplementary information (Supplementary Figure S3).




TABLE 1. Current density and activation gating parameters of wild type or variant-containing Kv7.2 and Kv7.2/7.3 channels.
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To analyze the losses of total and membrane protein when A337T was expressed alone, we compared the protein stability of WT Kv7.2 and A337T channels in transfected HEK cells using the translation inhibitor, cycloheximide. After CHX treatment, A337T protein degradation was more rapid than WT (Supplementary Figure S4). Treatment with 0.1% DMSO (the CHX vehicle) gave no significant effects over 24 h, but A337T protein levels were lower than the WT, as shown above using CHO cells (see Supplementary Figure S5 for full blots).

Next, we used co-immunoprecipitation to compare effects of A337T on the binding of CaM by homomers and heteromers. Expressed alone, A337T exhibited significantly decreased ability to co-precipitate CaM, whereas binding by G279S, a missense change at the GYG selectivity filter with strongly dominant-negative effects on conduction (Schroeder et al., 1998), was similar to WT (Kv7.2: 1.00 ± 0.16; G279S: 0.71 ± 0.22; A337T: 0.24 ± 0.12; Figure 3A). However, in heteromeric channels containing the A337T variant subunit, CaM-bound levels were comparable to WT and G279S controls (Figure 3B). Thus, for A337T, reduced protein levels were correlated with reduced half-life and CaM binding. However, the near-absence of current observed when A337T or A337G were expressed alone and the partial loss of current seen when the mutant subunits were co-expressed to mimic heterozygosity could not be explained by these mechanisms (see Supplementary Figure S6 for full blots).
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FIGURE 3. A337T homomers are less able to co-immunoprecipitate calmodulin than WT Kv7.2 homomers. (A) Representative western blot analysis and quantification of calmodulin (CaM) co-immunoprecipitated using anti-Kv7.2 antibodies and transfected human embryonic kidney (HEK) cells expressing WT Kv7.2, G279S, or A337T. CaM co-immunoprecipitated is significantly reduced for A337T (*p = 0.04, One-way ANOVA, Tukey test, n = 5) but not G279S. In plots, CaM immunoprecipitated is normalized to wild type (WT). (B) Representative western blot analysis and quantification of CaM co-immunoprecipitated from cells expressing WT Kv7.2 + Kv7.3, alone or in a 1:1:2 ratio with G279S or A337T, show no differences between groups (n = 4). These cropped blot images are from full-length gels shown as supplementary information (Supplementary Figure S6).




In Cultured Hippocampal Neurons, Three Pore Domain Variants (A274M, A294V, and G279S) Reduce AIS Trafficking, but A337T Localizes Normally to the AIS

Localization of Kv7.2/Kv7.3 heteromeric channels at the AIS is critical for their roles in regulating neuronal excitability (Battefeld et al., 2014). To assess for potential AIS trafficking effects of variants, we electroporated cDNAs into freshly dissociated hippocampal neurons at embryonic day 18–19 (E18–19) and analyzed their ability to become concentrated along the AIS as axons develop in culture. At 7 DIV, ankyrin-G is highly concentrated at the AIS but endogenous Kv7.2 and Kv7.3 remain weakly expressed and are undetectable at the AIS under our imaging conditions (Nakada et al., 2003; Rasmussen et al., 2007; Abidi et al., 2015). To maximize sensitivity for observing an effect of the pathogenic Kv7.2 variants, each was co-expressed with Kv7.3 in a 1:1 ratio, i.e., a subunit composition that produced 80% current loss in CHO cells. Neurons co-expressing WT Kv7.2 and Kv7.3 exhibited concentrated staining for both subunits in the AIS (Figure 4A). Quantification of the relative staining intensity along the AIS revealed a length profile similar to that seen in vivo (Battefeld et al., 2014), with light labeling proximally, and strong labeling in the middle and distal AIS (Figure 4B). By contrast, three previously studied pore domain variants, G279S, A294V, and T274M (Peters et al., 2005; Orhan et al., 2014; Abidi et al., 2015), did not concentrate at any portion of the AIS and were instead retained at the soma (Figures 4C–H). Unlike these pore variants, A337T proteins were concentrated in the AIS in a pattern that was similar to that seen in neurons co-expressing Kv7.2 and Kv7.3 only (Figures 4I,J). Thus, even as homozygous heteromers, A337T-containing channels traffic to the AIS similarly to WT Kv7.2 + Kv7.3 heteromers, while the three different pore domain variants appear to strongly suppress AIS trafficking.
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FIGURE 4. A337T does not disrupt localization of Kv7.2 or Kv7.3 subunits at the AIS of hippocampal neurons. (A) Representative image of cultured rat hippocampal neurons electroporated with WT Kv7.2 + Kv7.3 cDNAs at E18 and imaged after 7 DIV. Neurons were labeled with DAPI, anti-AnkG, anti-Kv7.2, and anti-Kv7.3. Merged (color) and greyscale images show Kv7.2 + Kv7.3 localized at the AIS (scale, for all images: 10 μm). (B) Intensity profile quantifications of AnkG, Kv7.2, and Kv7.3 antibody labeling along the AIS. (C–H) Representative images of hippocampal neurons electroporated with pore mutations G279S, A294V, and T274M and their respective intensity profile quantifications. Expression of these variants prevents concentration of Kv7.2 and Kv7.3 at the AIS. (I,J) Representative image of A337T and its intensity profile quantification show a normal pattern of Kv7.2 and Kv7.3 localization at the AIS (histograms: n = 69–104 neurons).




A337T and A337G Alter Channel Regulation by PIP2

Activation of Gq-coupled receptors, including the M1 muscarinic acetylcholine receptor, rapidly inhibits neuronal Kv7 currents (Brown and Adams, 1980; Delmas and Brown, 2005). The primary signaling pathway for this inhibition is depletion of membrane PIP2, leading to dissociation of PIP2 from channel binding sites and uncoupling of voltage sensing from opening of the ion pore (Figure 5A; Suh and Hille, 2002; Zhang et al., 2003; Falkenburger et al., 2010; Zaydman et al., 2013). Given the obligatory role of PIP2 in Kv7 activation, we investigated whether these variants affected PIP2 interaction. Treatment of CHO cells co-expressing M1 receptors and WT Kv7.2 + Kv7.3 with the muscarinic agonist oxotremorine methiodide (Oxo-M) strongly inhibited currents (Figure 5B; pre-Oxo-M, 391.5 ± 48.5 pA/pF; after 20 s Oxo-M, 158.5 ± 28.0 pA/pF, 41 ± 7% of pre). As expected, channels formed from 1:1:2 co-expression of WT Kv7.2, an A337 variant, and Kv7.3, gave much smaller basal currents. However, these small currents were also, proportionally, less completely suppressed by Oxo-M (A337T: pre-Oxo-M, 140.9 ± 36.4 pA/pF; after 20 s Oxo-M, 107.8 ± 29.3 pA/pF, 77 ± 20% of pre; A337G: pre-Oxo-M, 104.4 ± 36.3 pA/pF; after 20 s Oxo-M, 71.7 ± 28.6 pA/pF, 69 ± 27% of pre).
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FIGURE 5. Currents suppressed by A337 variants were restored by co-expression of PIP5K. (A) Diagram of the main transduction pathway underlying cholinergic inhibition of M-current. Agonist oxotremorine methiodide (Oxo-M) activates the M1 muscarinic receptor (M1R), activating a heterotrimeric G-protein (α, βγ) and phospholipase C (PLC). PLC cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) residing in the membrane, reducing PIP2 available for binding to the channel. (B) Time course of current inhibition by Oxo-M (10 μM, bar) in CHO cells transfected with M1R, Kv7.2, and Kv7.3, with and without A337 variants. (C) Representative families of currents produced in response to step depolarizations by the indicated combinations of WT and mutant Kv7.2 subunits when co-transfected with PIP5K. (D) Current-voltage relationships for channels co-expressed with PIP5K compared to without PIP5K (***p < 0.001, two-way ANOVA, Bonferroni test, n = 5–16, see Table 1). (E) Conductance-voltage relationships from cells transfected with PIP5K compared to WT Kv7.2 without PIP5K. Activation of WT Kv7.2 expressed alone, WT + A337T, and WT + A337G are significantly shifted to hyperpolarized potentials (***p < 0.001, two-way ANOVA, Bonferroni test, n = 5–16, see Table 1). (F) Representative currents produced by the indicated combinations of heteromeric WT and mutant Kv7.2 subunits in cells co-transfected with PIP5K. (G) Current densities in cells co-expressing PIP5K compared to WT Kv7.2 + Kv7.3 (***p < 0.001, Two-way ANOVA, Bonferroni test, n = 10–20). (H) Conductance-voltage relationships from cells transfected with PIP5K compared to WT Kv7.2 + Kv7.3 expressed without PIP5K. PIP5K overexpression shifts activation significantly to hyperpolarized potentials (***p < 0.001, two-way ANOVA, Bonferroni test, n = 10–20, see Table 1).


The pattern of smaller basal currents and lessened suppression by Oxo-M resulting from co-expressing the variants could reflect reduced ability to be activated by depolarization, despite binding of PIP2. To further assess this, we used co-expression of the PIP2-synthesizing enzyme PIP5K to boost the bulk membrane PIP2 concentration (Falkenburger et al., 2010; Kim et al., 2016b; Soldovieri et al., 2016). In cells expressing WT Kv7.2 subunits alone, PIP5K overexpression increased current density nearly 3-fold (Figures 5C,D) and shifted the conductance-voltage curve to the left (Figure 5E). Remarkably, co-expressing PIP5K with a 1:1 ratio of one variant and WT Kv7.2 subunits augmented currents strongly. Indeed, current densities were not significantly different from WT alone (At +40 mV, Kv7.2: 89.6 ± 9.6 pA/pF; Kv7.2 + PIP5K: 266.8 ± 35.8 pA/pF; A337T + Kv7.2 + PIP5K: 219.8 ± 43.7 pA/pF; A337G + Kv7.2 + PIP5K: 199.0 ± 37.3 pA/pF; Figure 5D; Table 1). Also, whereas expression of A337T or A337G alone gave current barely detectable above background, with PIP5K overexpression, A337T or A337G currents were readily detected (Figure 5D). Indeed, for A337T or A337G with PIP5K, current density at +40 mV was about half of WT without exogenous PIP5K (A337T: 4.9 ± 1.6 pA/pF; A337T + PIP5K: 47.5 ± 15.9 pA/pF; A337G: 6.5 ± 1.1 pA/pF; A337G + PIP5K: 48.4 ± 24.7 pA/pF; Figure 5D).

Next, we repeated the PIP5K co-expression experiment for WT Kv7.2 + Kv7.3 heteromers with and without A337T or A337G. Whereas currents in this configuration were diminished strongly by the co-expression of the A337 variants (Figures 2A,B), PIP5K increased current in cells expressing either variant in 1:1:2 ratio with WT Kv7.2 and Kv7.3 to levels equal to WT (at +40 mV, Kv7.2 + Kv7.3: 416.0 ± 30.9 pA/pF; Kv7.2 + Kv7.3 + PIP5K: 643.0 ± 58.3 pA/pF; A337T + Kv7.2 + Kv7.3 + PIP5K: 725.4 ± 95.5 pA/pF; A337G + Kv7.2 + Kv7.3 + PIP5K: 537.4 ± 46.9 pA/pF, Figures 5F,G; see Table 1). The conductance-voltage curves of WT and A337T or A337G-containing heteromers were left-shifted equally (Figure 5H). In contrast, channels formed by 1:1 co-expression of Kv7.2 and G279S, a mutation within the selectivity filter that exhibits dominant-negative effects (Schroeder et al., 1998), were only partly restored in amplitude by overexpressed PIP5K (Supplementary Figure S7). In combination, the M1 receptor and PIP5K experiments indicated that including A337T or A337G subunits within channel tetramer confers reduced PIP2 responsiveness upon channels formed by these subunits and WT Kv7.2 or Kv7.2 and Kv7.3. Furthermore, these effects can be reversed, all or in part, by raising the cellular PIP2 concentration with PIP5K overexpression. In contrast to channels incorporating G279S variants, A337T and A337G containing channels appeared able to conduct well and to couple voltage-sensing and pore opening well, but to require higher levels of PIP2.


To analyze these mechanisms further, we co-expressed the Ciona intestinalis voltage-sensitive phosphatase (ciVSP) with channel subunits. Previous studies have shown that strong membrane depolarization of cells expressing ciVSP rapidly depletes membrane PIP2, and M-current is inhibited at rates reflecting net unbinding of PIP2 from the channels (Murata and Okamura, 2007; Falkenburger et al., 2010). In CHO cells co-expressing ciVSP and WT channels, 10 s long step depolarizations induced currents that activated and then declined (Figure 6A; see Supplementary Figure S8A). The onset and rate of current decline increased progressively with membrane depolarizations above +30 mV (Figure 6A). Because the M1R and PIP5K experiments indicated that A337T and A337G may reduce basal PIP2 binding, we expected ciVSP co-expression to reveal a hastening of unbinding for those variants, as seen in studies of R325G, a site 12 residues closer to the S6 membrane helix which may interact directly with PIP2 (Soldovieri et al., 2016). Unexpectedly, in cells co-expressing ciVSP and A337T + Kv7.2 + Kv7.3, at steps to +30 mV and above, the rate of current decline was slower and the fraction of current depleted after 10 s was less than for WT (Figure 6B). At +100 mV, we found that inclusion of A337T or A337G significantly delayed ciVSP-induced current declines compared to controls (Figure 6C). The decay rate constants were 3.29 s (Kv7.2 + Kv7.3), 14.80 s (A337T + Kv7.2 + Kv7.3), and 9.38 s (A337G + Kv7.2 + Kv7.3). Current decline during ciVSP activation was also slowed by co-expression of either variant with WT Kv7.2 (i.e., in homomeric channels; see Supplementary Figure S8B). It is unlikely that co-expression of A337G or A337T was slowing the rate at which ciVSP activation was depleting unbound, bulk membrane PIP2. Instead, inclusion of the variants seemed to slow the effective rate of dissociation from the channels (see Discussion).
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FIGURE 6. C. intestinalis voltage sensitive phosphatase (ciVSP) induced current suppression and recovery is slower in cells expressing A337T or A337G. (A,B) Currents produced by Kv7.2 + Kv7.3 (A) or A337T + Kv7.2 + Kv7.3 (B), in response to 10 s step depolarizations, in cells co-expressing ci-VSP. The voltage protocol in A applies. (C) Normalized current densities from cells co-transfected with the indicated subunits and ciVSP, at intervals during 10 s depolarizing steps to +100 mV (At 10 s, ***p < 0.001, *p = 0.025, two-way ANOVA, Bonferroni test, n = 8–11). (D) Voltage protocol and representative currents showing ciVSP induced current inhibition (at +100 mV) and recovery at −10 mV). Both appear faster for WT Kv7.2 + Kv7.3 heteromers, compared to A337T + Kv7.2 + Kv7.3. (E) Recovery is delayed in cells transfected with the mutant subunits, compared to WT heteromer only controls (***p < 0.001, **p = 0.004, two-way ANOVA, Bonferroni test, n = 8–11). (F) Recovery rates for A337T + Kv7.2 + Kv7.3, and A337G + Kv7.2 + Kv7.3 channels are significantly slowed compared to control (*p = 0.02, **p < 0.004, one-way ANOVA, Bonferroni test, n = 9–15).


Reduced equilibrium binding of a ligand to a single site can result from slowing of both “on” and “off” rates, if the change in “on” rate is greater. To investigate whether the variants very strongly slowed rates of PIP2 binding, we used an established depletion-recovery protocol (Falkenburger et al., 2010). PIP2 was extensively depleted by strong ciVSP activation (10 s at +100 mV), and then currents were monitored for 30 s at −20 mV, as PIP2 was resynthesized (Figure 6D). As observed previously (Falkenburger et al., 2010), recovery followed an S-shaped time course, and the rate of recovery appeared independent of the extent of prior PIP2 depletion (see Supplementary Figure S8C). Compared to WT channels, currents recovered more slowly in channels including the A337 variants than in WT-only channels, and this appeared due to an increase in the latency in initiation of recovery (Figures 6D–F; see Supplementary Figure S9), potentially contributing to reduced apparent affinity. However, the approximately 2-fold slowing in recovery was similar to the 3‐ to 5-fold change in the rate of current reduction seen in the depletion experiments. To further probe PIP2 interactions with the gating machinery, we measured activation and deactivation kinetics, since mutations near some PIP2 binding sites can affect the rate of deactivation (Chen et al., 2015). A337T did not influence voltage-dependent activation and deactivation rates (Figures 2D,E). Together, these data show that incorporation of A337T or A337G into heteromeric Kv7.2 + Kv7.3 channels impaired PIP2 interaction in a novel pattern, appearing to decrease occupancy at sites required for electromechanical coupling at basal conditions of whole cell patch recording, without hastening the unidirectional rate of unbinding if membrane PIP2 was strongly depleted.



SF0034 Rescued Subthreshold Current Density in Heterozygous A337T Channels

Ezogabine, an FDA-approved drug that increases Kv7.2/7.3 currents by shifting voltage activation to more hyperpolarized voltages and increasing maximal current density, has been proposed as a targeted therapeutic in KCNQ2 encephalopathy and use with some apparent benefit has been described in small clinical case series, including in the A337T proband (Gunthorpe et al., 2012; Millichap and Cooper, 2012; Weckhuysen et al., 2013; Millichap et al., 2016). However, ezogabine exhibits modest selectivity and potency and has side effects, including acute urinary retention and blue skin discoloration, which limit its clinical usefulness (Brickel et al., 2012; Clark et al., 2015; Food and Drug Administration, U.S., 2015; Kalappa et al., 2015). The infant with neonatal onset epileptic encephalopathy and a heterozygous A337T variant was given ezogabine at 4.5 months of age, resulting in improved seizure control and interictal electroencephalographic pattern, but urinary retention limited dosing to 21 mg/kg/day (Millichap et al., 2016), which achieves a brain concentration estimated at approximately 1 μM (Gunthorpe et al., 2012). SF0034 is an ezogabine analogue with improved potency and selectivity in in vitro and in vivo (Kalappa et al., 2015). In HEK cells, SF0034 was ~5-fold more potent than ezogabine in shifting the voltage-dependence of activation of Kv7.2 + Kv7.3 heteromers but was less efficacious than ezogabine against Kv7.4 or Kv7.5 homomers. The effects of SF0034, like for ezogabine, were abolished by point mutation of Kv7.3 Trp265. SF0034 treatment was shown to slow spike frequency in mouse CA1 pyramidal neurons, but this effect was markedly reduced in littermate mice with Kv7.2 conditionally deleted from these neurons. To begin to assess whether such “second generation” openers merit exploration as candidate therapeutic agents for KCNQ2 encephalopathy, we studied the effects of SF0034 on channels including the A337T pathogenic variant.

At 1 μM, SF0034 increased currents in cells expressing WT heteromeric channels and cells co-expressing A337T (Figure 7A). SF0034 shifted the conductance-voltage curve to hyperpolarized potentials equivalently (Kv7.2 + Kv7.3: pretreatment control V1/2 = −23.8 ± 0.6 mV, SF0034 V1/2 = −34.5 ± 0.6 mV; A337T + Kv7.2 + Kv7.3: pretreatment control V1/2 = −23.0 ± 0.4 mV, SF0034 V1/2 = −32.5 ± 0.4 mV; Figures 7B,C). Although absolute increases in current were greater with a strongly depolarizing voltage step to +40 mV compared to −40 mV (Figure 7D), relative increases were greatest at weak depolarizations (Figures 7E,F). Thus, 1 μM SF0034 increased current density of WT Kv7.2 + Kv7.3 channels about four-fold at −40 mV (Figure 7E; Ctrl: 21.3 ± 3.2 pA/pF, SF0034: 68.7 ± 9.89 pA/pF) and about 25% at +40 mV (Figure 7F; Ctrl: 422.0 ± 52.1 pA/pF, SF0034: 542.4 ± 62.1 pA/pF). SF0034 treatment of cells co-expressing A337T subunits were also significantly increased at both −40 mV (Figure 7E; Ctrl: 4.7 ± 0.9 pA/pF, SF0034: 24.3 ± 5.7 pA/pF) and + 40 mV (Figure 7F; A337T Ctrl 200.6 ± 46.7 pA/pF, SF0034 266.7 ± 66.5 pA/pF). Current density in SF0034-treated A337T co-expressing cells was equivalent to that of untreated WT only expressing cells (n.s. between Kv7.2 + Kv7.3 controls versus A337T + Kv7.2 + Kv7.3 SF0034 at both −40 and +40 mV; results summarized in Supplementary Table S1).
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FIGURE 7. SF0034 partially restored current loss due to A337T mutation. (A) Kv7.2 + Kv7.3 and A337T + Kv7.2 + Kv7.3 currents in CHO cells, before and after treatment with 1 μM SF0034. Protocol given in inset. (B) Conductance-voltage relationship of WT Kv7.2 + Kv7.3 before and after SF0034 treatment (Control (Ctrl): V1/2 = −23.8 ± 0.6 mV, k = 10.7 ± 0.7 mV; SF0034: V1/2 = −34.8 ± 0.6 mV, k = 10.5 ± 0.7 mV (n = 16). (C) Conductance-voltage relationship of A337T + Kv7.2 + Kv7.3 before and after SF0034 treatment. Ctrl: V1/2 = 23.1 ± 0.4 mV, k = 8.9 ± 0.4 mV; SF0034: V1/2 = −32.5 ± 0.4 mV, k = 9.6 ± 0.5 mV (n = 16). (D) Kv7.2 + Kv7.3 currents response to the indicated depolarizing steps, before and after SF0034. (E,F) Current densities before and after SF0034 treatment for the indicated subunit combinations at −40 mV (*p = 0.02; **p = 0.002; and ***p < 0.001) and +40 mV (*p = 0.03 and ***p < 0.001). SF0034 treated A337T-containing channel current density was not significantly different compared to untreated WT control at either −40 or +40 mV (two-way repeated measures ANOVA, Bonferroni test, one-way ANOVA, Kruskal-Wallis test, n = 16).





DISCUSSION

Our analysis of human KCNQ2 variants from severely affected individuals, with particular attention to effects of co-expression with WT subunits to mimic heterozygosity as is observed in people, serves two important purposes. First, finding a markedly abnormal functional profile supports a variant’s classification as pathogenic for a severe phenotype (Miceli et al., 2013; Orhan et al., 2014; Richards et al., 2015; Soldovieri et al., 2016). Second, characterization of novel variants giving severe phenotypes, even when heterozygous (i.e., expressed along with wild type subunits), builds an “intolerance map” of functionally critical sites within the protein structure and may highlight contributions to allosteric mechanisms that have been overlooked by hypothesis-driven experiments. Although heterozygous missense variants clustered near the CaM-binding Helix A and B of the intracellular CT domain account for approximately 21% of cases of KCNQ2 encephalopathy (Millichap et al., 2016), studies to date have only begun to explain why very severe phenotypes result from some variants, while others cause benign familial neonatal epilepsy (Orhan et al., 2014; Soldovieri et al., 2016; Zhang et al., 2020). Understanding how these variants confer severe outcomes may aid development of targeted novel therapies.

Our analysis of Kv7.2 A337T and A337G, de novo missense variants within Helix A from patients with refractory seizures and developmental impairment (Saitsu et al., 2012; Millichap et al., 2016), yielded three main findings. First, these variants generated minimal or no detectable current when expressed alone and induced dominant-negative suppression when co-expressed with WT Kv7.2 (A337G) or with Kv7.2 and Kv7.3 (both A337T and A337G). The fractional reduction in conductance seen here was similar to that previously observed for T274M and G290D, two severe pore domain variants near the selectivity filter, and for R325G, a missense change at a proximal CT arginine residue that may contribute directly to PIP2 binding (Orhan et al., 2014; Soldovieri et al., 2016). Thus, our findings support the conclusion that these rare variants are pathogenic and provide further support for the idea that dominant-negative current suppression is an informative in vitro signature of severe EIEE phenotypes. Second, although A337G was not studied, trafficking of A337T to the AIS was normal in hippocampal neurons, as also shown recently for R325G and I205V (Soldovieri et al., 2016; Niday et al., 2017). In contrast, we showed that three pore domain mutations, a well-studied experimental mutation of the selectivity filter, G279S, and two of the most highly recurrent human KCNQ2 encephalopathy variants (Millichap et al., 2016), T274M and A294V, strongly prevent AIS trafficking. These findings indicate that severe variants fall into at least two classes with respect to trafficking, a major difference in disease mechanism that has implications for therapy. It is unknown why mutations buried within the transmembrane ion pore would prevent AIS surface expression. It is intriguing to imagine that neuronal quality control mechanisms could distinguish between available and pore-blocked channels, and this deserves more study. Third, we showed that PIP2-dependent modulation was altered by both A337 variants, even though this residue, unlike the R325 studied by Soldovieri et al. 2016, lies within the CaM binding Helix A at a distance from any basic residue previously implicated in direct PIP2 interaction. Our PIP5K experiments suggest that treatments increasing PIP2 or making channels more responsive to PIP2 represent potential therapeutic approaches for these variants. Although the above listed conclusions are robust, our studies also exposed questions that are highly intriguing, interrelated, and for the present time, incompletely resolved, in spite of new related information on the structure of Kv7 channels obtained by cryoelectron microscopy (Sun and MacKinnon, 2020). These questions concern the impact of the variants on CaM binding, the kinetics of PIP2 association and dissociation from the channel, and on allosteric interaction between these two modulators.


A337T CaM Binding Changes and Relevance to Pathogenicity

We found that protein half-life, total and surface protein abundance, and CaM binding were all reduced by the A337T mutation, but only when A337T subunits were expressed alone, i.e., without WT subunits. Protein stability effects were not seen for A337G, even though A337G strongly reduced current amplitudes. These rare variants, like nearly all of those found in KCNQ2 encephalopathy, cause clinical symptoms in heterozygous individuals, so the observed effects on CaM binding and protein expression may not contribute to clinical severity. Alternatively, important effects on CaM binding may be insensitively detected in the transient expression systems used here and may be informatively brought to light by expressing the mutated subunit alone. Another example suggesting the potential predictive utility of data from variants expressed alone experiments is provided by a recent analysis of R144Q, R198Q, R201C, and R201H, KCNQ2 voltage-sensor domain variants associated with severe encephalopathy phenotypes. These variants gave strong hyperpolarizing shifts in gating voltage-dependence if expressed alone but much smaller effects when co-expressed with WT subunits (Miceli et al., 2015; Millichap et al., 2016; Mulkey et al., 2017). Nonetheless, the markedly altered voltage-dependence exhibited by the variants when expressed alone correlated with the delayed age of onset of seizures and impaired development, distinctive aspects of the otherwise severe clinical phenotypes. Analysis of a larger number of pathogenic variants in vitro, and, potentially, studies of mouse models where the mutant alleles are driven by native promoters (Ihara et al., 2016), will clarify parameters for interpreting results obtained from variant-alone expression as part of efforts to assess pathogenicity and predict clinical severity.



PIP2 Interaction Changes: Implications for Channel Allostery and Pathogenicity

PIP2 binding is obligatory for Kv7 channel activation. The conserved site mediating electromechanical coupling has been determined via cryoelectron microscopy of Kv7.1 in the PIP2-bound, open state (Sun and MacKinnon, 2020). Nonetheless, the dynamic interactions between PIP2 with the intact channel that result in macroscopic current properties remain very incompletely understood. These issues are potentially critical for learning how heterozygous variants can severely impair function within an assembled channel including both mutant and wild type subunits. Our experiments shed new light on PIP2 interactions with WT channels. WT Kv7.2 homomers gave about 4-fold smaller currents than WT Kv7.2 + Kv7.3 heteromers, but PIP5K co-expression enhanced homomer currents about 3-fold and heteromer currents only about 50%. Also, recovery from ciVSP-induced current inhibition followed a sigmoid time course well-fitted by a squared exponential function, as seen previously—an indication that binding of more than one PIP2 molecule is required for a channel to become active, as predicted by functional analysis (Falkenburger et al., 2010) and apparent in the new atomic structure. The ability of PIP5K co-expression to shift voltage-gating to the left, for both WT homomers and heteromers (Figure 6) suggests that elevated PIP2 concentration increased binding stoichiometry above levels minimally sufficient for voltage-gating. In sum, these results indicate that, under our recording conditions without PIP5K co-expression, PIP2 binding is not saturated and that Kv7.2 + Kv7.3 heteromers have higher affinity than Kv7.2 homomers, consistent with earlier single channel recordings (Hernandez et al., 2008).

Channels including A337T and A337G subunits gave reduced current amplitudes, whether the mutated subunits were expressed alone or co-expressed with WT subunits. The ability of M1 receptor or ciVSP activation to inhibit currents was reduced for heteromers containing mutant subunits, as if the mutations were occluding the PIP2 depleting effects of these treatments. In addition, when either A337T or A337G was expressed alone or with WT subunits, PIP5K co-expression strongly enhanced currents to levels equal to WT-only channels, and shifted gating to hyperpolarized potentials, as also seen for WT channels. These findings suggest that the channels including the A337 variants carry out electromechanical coupling similarly to WT channels, but bind less PIP2 under the basal conditions of our experiments. Further experiments, including recording of excised patches using application of PIP2 analogues to assess effects on single channel open probability and kinetics, could be used to test this interpretation.

The striking observations that A337T and A337G slow the kinetics of both current inhibition and current recovery during and after a ciVSP activation step (Figure 6; Supplementary Figures S8, S9) were unexpected. Those results could be explained if A337T and A337G exert their main effects not by altering PIP2 binding at the channel sites directly mediating electromechanical coupling, but instead, by delaying the migration of PIP2 between those sites and the bulk membrane. The Kv7.1 atomic structure shows conspicuous water-filled portals between the bulk cytoplasm and the intracellular mouth of the ion pore which includes patches lined by a number of basic residues (Sun and MacKinnon, 2017, 2020). It is noteworthy that additional basic residue sites between Helix A and B have been shown to functionally contribute to PIP2 interaction (Hernandez et al., 2008; Telezhkin et al., 2013; Kim et al., 2016a). These sites between Helix A and B are likely more peripherally located, but are not yet included in the known atomic structure. These basic sites may contribute to channel availability and modulation kinetics by maintaining an annular microdomain with an elevated local PIP2 concentration around the channel and helping to orchestrate migration bidirectionally.

Structures of the Helix A from Kv7.1, Kv7.3, and Kv7.4, co-crystallized with Helix B and bound CaM, show the conserved Ala residue (homologous to KCNQ2 A337) buried under and interacting with sidechains from the CaM C-lobe (Sachyani et al., 2014; Strulovich et al., 2016; Chang et al., 2018). In the intact channel, the four subunits’ Helix A-B/CaM modules form a ring below the transmembrane domain (Mruk et al., 2012; Sachyani et al., 2014; Alberdi et al., 2015; Sun and MacKinnon, 2017, 2020). CaM binding is highly dynamic (Mruk et al., 2012) and has been proposed to include multiple potential modes: binding to a Helix A alone, a Helix B alone, an A–B pair contributed by a single subunit, or crosslinked helices from two subunits (Alaimo et al., 2014; Sachyani et al., 2014; Alberdi et al., 2015; Chang et al., 2018; Sun and MacKinnon, 2020). Importantly, the Kv7.1 structure obtained with and without PIP2 bound reveals a large, nearly 180° flipping of the entire Helix A–B/CaM complex between the two states. How the large segment between Helix A and B participates in this state change is unknown. A337T and A337G are centrally located near the pivot point for this remarkable conformational flip. They may impair PIP2’s migration between the bulk membrane and the S4-linker binding site by altering the preferred CaM binding configuration, or by slowing the rate of the c-terminal conformational flip that follows PIP2 binding and unbinding. Evidence for dual impact on CaM and PIP2 was developed for another pathogenic variant, L637R, located much more distally in Helix D (Alberdi et al., 2015). There is already functional evidence that several modulatory signals, including elevated [Ca2+]i and phosphorylation by PKC and protein kinase CK2, may coordinately regulate the CaM configuration and PIP2 binding and thus, available current (Suh and Hille, 2008; Kosenko et al., 2012; Kosenko and Hoshi, 2013; Kang et al., 2014; Chang et al., 2018). It will be exciting to see a more integrated understanding of this refined and ancient mechanism emerge through future experiments.

Ezogabine, an activator of Kv7.2–5 subunit-containing channels that is approved for epilepsy in adults, has been shown to reverse effects of KCNQ2 encephalopathy variants in patch clamp experiments (Miceli et al., 2013; Orhan et al., 2014; Soldovieri et al., 2016). Although ezogabine has also shown some benefits in seizure control in several KCNQ2 encephalopathy infants, including an individual heterozygous for A337T (Weckhuysen et al., 2013; Millichap et al., 2016), side effects have limited its use. SF0034 is an ezogabine analog showing greater potency and selectivity in both cell-based and in vivo models (Kalappa et al., 2015). We found that SF0034 can increase macroscopic currents of A337T-containing channels, by some measures restoring current density levels to that of WT channels in the absence of drug. Novel Kv7 openers merit further study as a candidate therapy for KCNQ2 encephalopathy due to loss-of-function variants, including those in the CT region that impair PIP2 modulation. Our A337T patient received ezogabine in the 6th month of life, with benefits for seizures but continued severe developmental impairment. Very early diagnosis and intervention may represent the best opportunity for favorable impact on development.
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Relaxation and contraction of the urinary bladder smooth muscle, also known as the detrusor smooth muscle (DSM), facilitate the micturition cycle. DSM contractility depends on cell excitability, which is established by the synchronized activity of multiple diverse ion channels. K+ channels, the largest family of channels, control DSM excitability by maintaining the resting membrane potential and shaping the action potentials that cause the phasic contractions. Among the members of the voltage-gated K+ (KV) channel superfamily, KV type 7 (KV7) channels — KV7.1–KV7.5 members encoded by KCNQ1–KCNQ5 genes — have been recently identified as functional regulators in various cell types including vascular, cardiac, and neuronal cells. Their regulatory roles in DSM, however, are just now emerging and remain to be elucidated. To address this gap, our research group has initiated the systematic investigation of human DSM KV7 channels in collaboration with clinical urologists. In this comprehensive review, we summarize the current understanding of DSM Kv7 channels and highlight recent discoveries in the field. We describe KV7 channel expression profiles at the mRNA and protein levels, and further elaborate on functional effects of KV7 channel selective modulators on DSM excitability, contractility, and intracellular Ca2+ dynamics in animal species along with in vivo studies and the limited data on human DSM. Within each topic, we highlight the main observations, current gaps in knowledge, and most pressing questions and concepts in need of resolution. We emphasize the lack of systematic studies on human DSM KV7 channels that are now actively ongoing in our laboratory.
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INTRODUCTION

The urinary bladder smooth muscle, also referred to as the detrusor smooth muscle (DSM) forms the bladder wall and ultimately determines the two fundamental functions of the organ: urine storage and voiding (Andersson and Arner, 2004; Andersson and Wein, 2004). DSM relaxation along with the closure of the urinary bladder sphincter facilitates urine storage. On the other hand, coordinated DSM contractions and the opening of the urinary bladder sphincter promote urine voiding. The understanding of the complex factors regulating urinary bladder function is continuously evolving and involves myogenic, neuronal, and urothelial interacting mechanisms (see reviews by Andersson and Arner, 2004; de Groat et al., 2015; Fry and McCloskey, 2019; Dalghi et al., 2020). The myogenic concept stresses the intrinsic role of DSM cell excitability for regulating contractility. DSM cells express various types of ion channels including Ca2+, K+, non-selective cation, and Cl– channels (for a general overview, please see the most recent review by Malysz and Petkov, 2020). In general, the opening of K+ channels causes membrane hyperpolarization, reduction of L-type voltage-gated Ca2+ (CaV) channel open probability, decrease in net Ca2+ influx, and smooth muscle relaxation (Petkov, 2009; Brading and Brain, 2011; Petkov, 2012; Fry and McCloskey, 2019). Inhibition of K+ channels has an opposite effect, promoting DSM excitability, and thus contractility (Petkov, 2009, 2012; Brading and Brain, 2011; Fry and McCloskey, 2019; Malysz and Petkov, 2020). Among the 40 genes encoding all of the known KV channels, the functions the KV7 subfamily are just beginning to be unraveled in the DSM of human and animal species. The KV7 channel subfamily contains five members — named KV7.1- KV7.5 and encoded by KCNQ1–KCNQ5 genes. They can form either a homotetrameric (e.g., KV7.1) or a heterotetrameric (e.g., KV7.2/KV7.3) channel combination, with each exhibiting distinct electrophysiological and pharmacological properties (Barrese et al., 2018b). Further, KV7 tetrameric channel complexes may preferentially associate with regulatory accessory subunits such as KCNE that fine-tune channel biophysical properties (e.g., KV7.1-KCNE1) (Barrese et al., 2018b).

Recent and current medicinal chemistry efforts have discovered a number of excellent pharmacological tool compounds, either inhibitors or activators, which are KV7 subtype-specific. They include (1) retigabine and flupirtine, both pan-specific activators of KV7.2-KV7.5 channels; (2) ICA-069673, a selective activator of KV7.2/KV7.3 channels; (3) ML213, a preferential activator of KV7.2, KV7.2/KV7.3, and KV7.4 channels; (4) XE991 and linopirdine, pan-selective inhibitors of KV7.1-KV7.5 channels (Miceli et al., 2008, 2018; Yu et al., 2010, 2011; Amato et al., 2011; Barrese et al., 2018b). More recently, the next generation of subtype-specific and selective modulators for KV7.2/KV7.3 and KV7.4/KV7.5 channels has been described (Liu et al., 2019; Osuma et al., 2019; Zhang et al., 2019; Ostacolo et al., 2020). These compounds provide an excellent opportunity to determine the functions of KV7 channels subtypes in DSM and elsewhere.

Current knowledge of DSM KV7 channels lags behind that of other cell types where KV7 channels are already well recognized as critical regulators of cell function. A number of prior reviews describe in detail KV7 channels in smooth muscle and other cell types including regulatory mechanisms under normal and pathophysiological conditions (Stott et al., 2014; Barrese et al., 2018b; Byron and Brueggemann, 2018; Nappi et al., 2020). For non-bladder smooth muscle, transcript and protein expressions of KV7 channels as well as functional roles (patch-clamp electrophysiology and contractility) have been revealed in arteries (cerebral, basal, mesenteric, renal, gracilis, penile, and visceral adipose), portal vein, airway, gastrointestinal tract, uterus, and corpus cavernosum (Yeung and Greenwood, 2005; Yeung et al., 2008; Jepps et al., 2009; McCallum et al., 2009; Zhong et al., 2010; Ipavec et al., 2011; Mani et al., 2011, 2013; McCallum et al., 2011; Ng et al., 2011; Brueggemann et al., 2012a, 2014, 2018; Evseev et al., 2013; Chadha et al., 2014; Jepps et al., 2016; Barrese et al., 2018a; Stott et al., 2018; Zavaritskaya et al., 2020). The expression profiles of KV7 channel subtypes differ substantially based on smooth muscle cell (SMC) type. In rodent and human blood vessels, evidence points to the predominant role of KV7.4 and KV7.5 channel subtypes – but not KV7.2 or KV7.3 – regulating vascular membrane potential and contractility (Mackie and Byron, 2008; Mackie et al., 2008; Zhong et al., 2010; Ng et al., 2011; Chadha et al., 2014). In airway smooth muscle, KV7.1 – KV7.5 channel subtypes demonstrate species-specific expression profiles (Brueggemann et al., 2012a; Evseev et al., 2013). In the heart, the expressed KV7.1 channels co-assembled with KCNE1 proteins underlie the voltage-gated delayed rectifier K+ channel currents that contribute to the late repolarization phase of the cardiac action potential (Barhanin et al., 1996). Neuronal heteromeric KV7 channels incorporating KV7.2, KV7.3, KV7.4, or KV7.5 channel subtypes are expressed in various brain regions, and they control the membrane potential and action potential pattern generation (Brown and Passmore, 2009). Of note, the pharmacological activation of heteromeric KV7.2/KV7.3 channels is thought to underlie the primary mechanism of action for retigabine, a previously approved anti-epileptic drug (Wickenden et al., 2000). Mechanistically, retigabine shifts the voltage dependency of KV7.2–KV7.5 channels to hyperpolarized membrane potentials (due to an increase in open probability), accelerates the activation, and reduces deactivation of the currents (Tatulian et al., 2001; Tatulian and Brown, 2003). A single tryptophan within the S5 domain of KV7.2-KV7.5 channels has been shown to be essential for the effect of retigabine (Schenzer et al., 2005).

This review summarizes our current understanding of the KV7 channels’ physiological roles in DSM. First, we highlight the initial findings for retigabine, a KV7.2–KV7.5 channel activator causing urinary retention in clinical trials for epilepsy, which suggested for the first time a role for KV7 channels in the control of urinary bladder function. Next, we provide an overview of subsequent in vivo animal model studies of urinary bladder function with retigabine and other KV7 channel modulators. Then, we describe the current understanding of the roles of KV7 channels in DSM based on systematic studies that our group — initially at the University of South Carolina and now at the recently established Urology Research Center, University of Tennessee, Memphis — has pioneered in this field and those of other investigators. We summarize the expression profiles for KV7 channel subtypes in DSM whole-tissue and single-cell preparations, electrophysiological findings for KV7 channel modulators in DSM cell patch-clamp and tissue conventional microelectrode electrophysiological experiments, and how KV7 channel pharmacological modulators affect intracellular Ca2+ concentrations and DSM contractility. Within each topic, we highlight the main findings and current knowledge gaps and emphasize the most pressing questions and concepts regarding DSM KV7 channels that await scientific resolution.



KV7 CHANNEL PHARMACOLOGICAL ACTIVATION IS ASSOCIATED WITH URINARY RETENTION IN PATIENTS

The initial realization that KV7 channels may be involved in regulating urinary bladder function dates to the very first clinical testing of retigabine as an adjunct therapy for controlling epilepsy (Brickel et al., 2012). Safety analyses of clinical data for retigabine (phases 2/3) revealed urinary retention as a notable side-effect. Indeed, subjects taking retigabine in comparison to placebo reported a ∼2-fold higher incidence of urinary retention (0.9% versus 0.5%) and a relative risk of 1.32 (95% confidence interval, 0.986 – 1.761) of reporting a urinary/renal side effect (Brickel et al., 2012). Intriguingly, these findings suggested that retigabine, by activating KV7 channels, might prove beneficial in ameliorating overactive bladder/detrusor overactivity. Retigabine, however, has not been clinically examined specifically for any urinary bladder condition. In contrast, its very close structural analog flupirtine has progressed into a phase 2 study for overactive bladder (Michel et al., 2012). Flupirtine has a long history (since 1981) of clinical use in Europe (but was not approved in the US) as a centrally acting, non-opioid analgesic (Devulder, 2010). Unfortunately, discoveries of other unexpected side-effects hampered clinical uses of retigabine and flupirtine (Brickel et al., 2012; Michel et al., 2012). For retigabine, this includes a prolongation of the QT interval and potential development of cardiac arrhythmias in certain patients (Barrese et al., 2010; Splinter, 2013). The mechanism involved remains to be elucidated; however, a direct effect on the heart is unlikely. When tested in guinea pig and human cardiomyocytes, retigabine induced a reduction rather than a prolongation of the action potential (Rubi et al., 2017). Other limitations for retigabine and flupirtine are their non-selectivity among KV7 channel subtypes (both are active at KV7.2-KV7.5 channels), and their relatively weak potency (Miceli et al., 2008, 2011, 2018). Thus, novel subtype-specific KV7 channel activators are needed. Both retigabine and flupirtine remain as excellent tools for preclinical investigations of KV7 channels, including their roles in DSM, as described below.



KV7 CHANNEL MODULATORS AFFECT URINARY BLADDER FUNCTION IN VIVO IN EXPERIMENTAL ANIMAL MODELS

A seminal report, published back in 2004, described that retigabine altered urinary bladder function in vivo (Streng et al., 2004). In conscious female adult rats, with continuously monitored bladder function by cystometry, retigabine applied intravenously (i.v., 0.5–5 mg/kg), intracerebroventricularly (10 or 50 μg bolus), and intravesically (100–1000 ng/ml) increased micturition volume and voiding intervals, and when given intravesically, decreased capsaicin-induced DO. Since XE991, a pan-selective KV7 channel blocker, completely inhibited the effects of retigabine, the study authors concluded that “KCNQ channels can be interesting targets aiming at micturition control” (Streng et al., 2004).

A later report on unanesthetized adult female rats confirmed the inhibitory effects of retigabine (applied orally at 0.5 mg/kg) on capsaicin-induced DO where the KV7 channel activator compound retigabine decreased micturition volume output (Svalo et al., 2012). This study also demonstrated retigabine efficacy in an animal model of acetic-acid-induced DO examined under anesthesia. Specifically, retigabine (i.v.) increased micturition interval (doses 0.001–1 mg/kg) and micturition volume (0.1 mg/kg). While cardiovascular effects on blood pressure were observed, they occurred only at the highest dose tested (1 mg/kg). The lower doses (0.01–0.3 mg/kg) still displayed positive effects on urinary bladder function, and these data, thus, showed separation of desirable urinary bladder effects and unwanted cardiovascular effects in vivo. Similarly, in rats, retigabine at a dose of 0.1 mg/kg (i.p.) reduced the frequency of spontaneous contractions during bladder filling, and it also completely abolished (10 mg/kg i.p.) acetic acid-enhanced (0.25%) micturition activity (Argentieri and Sheldon, 2006).

More recently, the effects of retigabine (0.01–3 mg/kg, i.v.) were examined on rhythmic bladder contractions (RBCs) in adult female rats under anesthesia (Aizawa et al., 2017). Retigabine dose-dependently decreased both the frequency and amplitude of RBCs with the former parameter showing higher sensitivity. This study also revealed a reduction in afferent nerve fiber firing activities of myelinated Aδ and unmyelinated C-fibers by retigabine at 1 mg/kg, but not at lower doses (Aizawa et al., 2017). Interestingly, retigabine at 0.3 mg/kg reduced the frequency of RBCs by ∼50% without affecting the afferent neuronal firing, suggesting that the primary cellular site of action for retigabine at this particular dose involved DSM (Aizawa et al., 2017).

Similarly, in adult mice, retigabine almost completely attenuated the afferent nerve firing associated with RBCs (referred to as transient contractions/TCs in this publication) during ex vivo bladder filling (Tykocki et al., 2019). Of note, retigabine reduced the magnitude of RBCs (i.e., TC integral in the report). Since XE991 prevented the effects of retigabine on afferent firing and RBCs, the findings supported the involvement of KV7 channels. Interestingly, XE991 examined alone did not change the RBC magnitude (integral), but rather its frequency, in contrast to observations with retigabine (Tykocki et al., 2019).

Collectively, KV7 channel modulators exhibit in vivo efficacy in experimental animal models, supporting that KV7 channels play a regulatory role in the urinary bladder. Below, we summarize the experimental evidence based on systematic studies initiated and continued today by our group and others on KV7 channel subtypes in DSM by describing their expression and function in DSM.



EXPRESSION OF KV7 CHANNEL SUBTYPES IN DSM WHOLE-TISSUE AND SINGLE CELLS

KV7 channel subtypes have been detected at mRNA or protein levels in guinea pig, rat, and human DSM whole tissues or isolated cells (Svalo et al., 2012; Afeli et al., 2013; Anderson et al., 2013; Svalo et al., 2013, 2015; Provence et al., 2015, 2018). An important consideration for interpretation of the results from whole-DSM tissue preparations is that — since RT-PCR is a very sensitive technique —a detected mRNA signal can potentially originate from any cell type present in the whole tissue preparation, including DSM cells, interstitial cells, nerve fibers, and fibroblasts. Thus, to conclude that a given mRNA product is expressed directly in DSM cells, positive detections in isolated single DSM cells are required. In adult male guinea pig DSM whole-tissues and single cells, all KV7.1–KV7.5 were detected at mRNA and protein levels (Afeli et al., 2013; Anderson et al., 2013; Provence et al., 2015). Our qRT-PCR experiments revealed the following rank order of expressions in DSM whole-tissue: (KV7.1∼KV7.2 > KV7.3∼KV7.5 > KV7.4) and single cells (KV7.1∼KV7.2 > KV7.5 > KV7.3∼KV7.4) (Afeli et al., 2013). Further confirmations were made with RT-PCR, immunohistochemistry (with co-labeled DSM cells), and DSM cell immunocytochemistry determinations (Afeli et al., 2013; Anderson et al., 2013; Provence et al., 2015). Since KV7 channels can assemble as preferential heteromers, the expression data suggested that guinea pig DSM KV7 channels could potentially comprise KV7.2/KV7.3, KV7.3/KV7.5, and KV7.4/KV7.5 heteromeric complexes as well as homomeric channels. Experimental evidence from DSM cells based on in situ proximity ligation assay supported the presence of KV7.4/KV7.5 channel complexes (Provence et al., 2018). The positive detection of KV7.2 and KV7.3 subtypes in DSM cells along with functional findings of efficacy on excitability and contractility by the selective KV7.2/KV7.3 channel activator ICA-069673 were consistent with the existence of KV7.2/KV7.3 heteromeric channels (Provence et al., 2015). A remaining question is to determine which of the possible homomeric or heteromeric combinations comprise the most physiologically relevant native DSM KV7 channel.

In contrast, the published KV7 channel expression data in rats, pigs, and humans are only available for whole-DSM tissues (Argentieri and Sheldon, 2006; Svalo et al., 2012, 2013, 2015; Bientinesi et al., 2017; Seefeld et al., 2018). Although initially in rat DSM mRNAs for KV7.1, KV7.3, and KV7.5 channels were detected, subsequent studies also confirmed the presence of KV7.4 channels (Argentieri and Sheldon, 2006). In adult female rats, qRT-PCR analysis showed the highest level of expression for the KV7.4 subtype followed by lower but still detectible KV7.1 and KV7.5 subtypes and marginal/not present KV7.2 and KV7.3 subtypes (Svalo et al., 2012). Western blot studies of whole DSM tissue preparations found protein expression for KV7.4 but not KV7.2 (Svalo et al., 2012). Comparative parallel qRT-PCR expression analyses on the heart (KV7.1 > KV7.4 > KV7.2∼KV7.3 > KV7.5), aorta (KV7.1 > KV7.4 > KV7.5 > KV7.3 > KV7.2), and brain (KV7.3 > KV7.2∼KV7.5 > KV7.4 > KV7.1) revealed differential mRNA expression profiles for KV7 channel subtypes (Svalo et al., 2012). The relative level of KV7.4 channel mRNA expression in the bladder approximated or reached a level slightly lower than that identified for the other three organs (Svalo et al., 2012). qRT-PCR analyses of KV7.3–KV7.5 channel mRNAs in pig DSM tissue provided similar findings with the following rank order of expression: KV7.4 > KV7.5 > KV7.3 subtypes (Svalo et al., 2013). For the KV7.4 subtype, the relative levels of mRNA expression were 0.6-fold and 2.8-fold lower in the bladder than in the cortex and the heart (Svalo et al., 2013). When compared to KV7.3 and KV7.5 channel subtypes, the relative DSM mRNA expression levels of the KV7.4 channel subtype were, respectively, 10- and 2.5-fold lower in the heart and 200- and 2500-fold lower in the cortex (Svalo et al., 2013). These observations reinforced a high level of expression for KV7.4 channels in DSM and organ-specific expression profiles of KV7 channel subtypes.

Initial qRT-PCR investigations on human whole DSM tissue preparations detected KV7 channel subunits with relative mRNA expression: KV7.3∼KV7.4∼KV7.5∼KV7.1 > KV7.2 (Svalo et al., 2015). Two other groups found a similar rank order in human DSM tissues: KV7.4 ≥ KV7.5∼KV7.1 > KV7.3 > KV7.2 (Bientinesi et al., 2017) and KV7.4∼KV7.5 > KV7.3 > KV7.2 (Seefeld et al., 2018). Thus, these studies identified the KV7.4 channel subtype as the most highly expressed while the KV7.2 channel subtype was the lowest. There is, however, an earlier publication where mRNAs for only KV7.3 and KV7.5 channels were detected but not for KV7.1, KV7.2, and KV7.4 channels in human bladder specimens, which raised the possibility of some experimental variability (Argentieri and Sheldon, 2006). Interestingly, in DSM tissues obtained from urinary bladders with partial outlet obstruction (POO) due to benign prostatic hyperplasia (BPH), the transcript expression of KV7.1 channels increased 3.4-fold (Svalo et al., 2015). For other KV7 subtypes, mRNA expression remained unchanged except for KV7.2 channels, which were undetectable in POO-bladders (Svalo et al., 2015). The observed KV7.1 channel expression increase may reflect a compensatory upregulation that developed to counteract DO under POO. Since accessory KCNE subunits can assemble with KV7 channels altering the KV7 channel complex properties, it is of interest to elucidate their expression and function in DSM. Currently, only a single report has provided such expression data using qRT-PCR. That analysis showed transcript expressions of all KCNE1-5 subunits with comparative relative mRNA expressions, which did not change under POO due to BPH (Svalo et al., 2015). A key limitation of human and animal model expression studies is the lack of data on single DSM cells at both mRNA and protein levels. Thus, future studies of DSM specimens from patient-donors and animal models with both normal and aberrant bladder function are needed.



KV7 CHANNEL FUNCTIONAL STUDIES ON DSM CELL EXCITABILITY


Electrophysiological Characterizations of KV7 Channels in Regulating DSM Cell Excitability


Studies on Single DSM Cell Excitability

The initial evidence for a role of KV7 channels in determining DSM cell excitability dates back to 2013. At that time, two independent research laboratories, Karen McCloskey’s and our group, found that retigabine and flupirtine, both KV7.2–KV7.5 channel activators, affected electrophysiological properties of guinea pig DSM cells (Afeli et al., 2013; Anderson et al., 2013). As shown in Figure 1, retigabine hyperpolarized the DSM cell membrane potential by ∼7 mV when examined with the perforated whole-cell patch-clamp technique (Afeli et al., 2013). Of note, in DSM cells that exhibited spontaneous action potentials, retigabine caused their inhibition via membrane potential hyperpolarization (Afeli et al., 2013). This key finding, thus, mechanistically linked activation of KV7 channels with inhibition of L-type CaV channels in DSM cells. In a separate study using the conventional whole-cell approach, voltage step-induced K+ currents were increased by flupirtine and also meclofenamic acid, another KV7 channel activator displaying preference for KV7.2/KV7.3 channels (Anderson et al., 2013). Flupirtine also caused a reversible hyperpolarization of ∼5 mV in DSM cells measured with the conventional whole-cell current-clamp method (Anderson et al., 2013). XE991 and linopirdine, both KV7.1–KV7.5 channel blockers, displayed effects opposite of those of either retigabine or flupirtine (Anderson et al., 2013; Provence et al., 2015, 2018). XE991 induced DSM cell depolarization (examined with either the perforated or conventional whole-cell current-clamp approach) and inhibited the voltage-step-induced K+ currents (conventional whole-cell) (Anderson et al., 2013; Provence et al., 2015, 2018). Linopirdine mimicked the effects of XE991 on the membrane potential (conventional current-clamp) and whole-cell K+ currents (conventional voltage-clamp). Additionally, chromanol 293B, a KV7.1 and KV7.1/KCNE1 channel inhibitor (Lerche et al., 2000), attenuated the voltage-step induced K+ currents (conventional whole-cell) in DSM cells suggesting a regulatory role of this channel subtype (Anderson et al., 2013). Collectively, these electrophysiological studies solidified the notion that multiple KV7 channel subtypes determine guinea pig DSM cell excitability.
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FIGURE 1. Retigabine, a KV7.2–KV7.5 channel activator, induced hyperpolarization and inhibited generation of spontaneous action potentials in freshly isolated guinea pig DSM single cells. (A) An original current-clamp membrane potential recording in a DSM cell — obtained with the amphotericin-B perforated patch-clamp method — shows spontaneous action potentials. Retigabine (10 μM) inhibited these spontaneous action potentials and caused membrane hyperpolarization. Upon washout, membrane potential and action potentials fully recovered. The insets in (A) depict electrical activity on an expanded time scale for the time points indicated. (B) An original membrane potential recording from a DSM cell in which spontaneous action potentials were absent. Retigabine (10 μM) induced membrane hyperpolarization that recovered following washout of the compound. (C) Summary data show statistically significant hyperpolarization of DSM cells by retigabine (10 μM) (n = 12 DSM cells, N = 11 guinea pigs) and the recovery from hyperpolarization upon its washout (n = 8 DSM cells, N = 7 guinea pigs). The bars depict the actual mean membrane potential and SEM values for each experimental condition. The comparisons showed statistical significance of ***P < 0.001 and *P < 0.05 for the specified conditions, ns, non-significant (P > 0.05). This figure is a reproduction from our previous PLoS One publication (Afeli et al., 2013) and used according to the publisher’s copyright policy.


Recent medicinal chemistry efforts have led to the discovery of new channel-selective tool compounds for the study of KV7 channel subtypes. These novel compounds exhibit KV7 channel subtype preferential targeted profiles. Two such novel KV7 channel activators are ICA-069673 and ML213 (Yu et al., 2010, 2011; Amato et al., 2011). ICA-069673 has 20-fold or higher selectivity for KV7.2/KV7.3 channels (EC50 = 0.69 μM) over KV7.3/KV7.5 and KV7.1 channels, and this novel KV7 activator exhibited no measurable activity against a panel of cardiac ion channels including hERG, NaV1.5, L-type CaV and KV7.1 channels (Amato et al., 2011). ML213 shows a preference for KV7.2 (EC50 = 0.33 μM), KV7.2/KV7.3 (EC50 = 0.37 μM), and KV7.4 (EC50 = 0.51 μM) channels with a high degree of selectivity (at least 80-fold, EC50 > 30 μM) over KV7.1, KV7.1/KCNE1, KV7.3, and KV7.5 channels (Yu et al., 2010, 2011). Both ICA-069673 and ML213, when studied on guinea pig DSM isolated cells with the perforated whole-cell patch-clamp approach, hyperpolarized the cell membrane potential in an XE991-dependent manner (Provence et al., 2015, 2018). Specifically, pretreatment of DSM cells with XE991 prevented the hyperpolarizing effects of ICA-069673 and ML213 (Provence et al., 2015, 2018). Further, XE991 applied in the presence of either one of these KV7 channel activators caused reversal of the compound-induced membrane hyperpolarization (Provence et al., 2015, 2018).

The pharmacological efficacy of ML213 extends to DSM whole-cell K+ currents (Provence et al., 2018). ML213 increased voltage-step induced K+ currents under experimental conditions that maximized the detection of KV7 channel currents, specifically recording the electrical activity in the presence of paxilline, a BK channel inhibitor, and GdCl3, an inhibitor of both L-type CaV and nonselective cation channels, using a depolarized holding potential of -10 mV, which ensures inactivation of non-KV7 channels (Provence et al., 2018). The ML213-induced channel activation was fully reversible upon washout of the compound (Provence et al., 2018). Indeed, this seminal finding made by our group was the very first-ever successful recording of native KV7 channel currents in DSM cells with the perforated patch-clamp approach, complementing previous findings with the conventional whole-cell approach (Anderson et al., 2013; Provence et al., 2018). The studies with ICA-069673 and ML213, therefore, demonstrated that KV7 channel subtype-specific targeting by selective pharmacological activation decreases DSM cell excitability by promoting hyperpolarization.

In contrast to results for these animal models, the precise physiological role of KV7 channels in human DSM cells has yet to be evaluated by systematic approaches. Initial data from our group revealed the effects of KV7 channel modulators on single DSM cell excitability (Provence et al., 2015, 2018). In these studies, single human DSM cells were obtained using a highly optimized methodology (Malysz et al., 2020). Retigabine and XE991, respectively, hyperpolarized and depolarized DSM cell membrane potentials recorded with the amphotericin perforated current-clamp (Provence et al., 2015, 2018). Retigabine also increased ramp-protocol evoked KV currents under experimental conditions optimized for recording of native KV7 currents with the perforated voltage-clamp approach (Provence et al., 2018). In addition, a preliminary report on cultured human DSM cells using patch-clamp electrophysiology revealed retigabine induced membrane potential hyperpolarization and an increase in voltage-step-induced currents. Future comprehensive studies — already underway in our laboratory — will reveal the specific details as to how KV7 channel modulators, both pan- and subtype-selective, alter human DSM cell excitability.

Two other common animal models, rat and mouse, have not been comprehensively evaluated for the electrophysiological properties of DSM KV7 channels. A patent application from Wyeth/Pfizer (Argentieri and Sheldon, 2006), revealed that in rat DSM cells, retigabine (1) enhanced voltage step- or ramp-induced K+ currents by 2–3-fold as measured, and (2) hyperpolarized the membrane potential by ∼10 mV (Argentieri and Sheldon, 2006). Subsequent applications of XE991 in the presence of retigabine at least partially reversed the effects of retigabine on whole-cell currents and the cell membrane potential in rat DSM cells (Argentieri and Sheldon, 2006).

The role of KV7 channels in mouse DSM cells has not been well studied. Currently, there are no publications using direct molecular biology approaches to detect KV7 channel expression in mouse DSM, and the single available report using patch-clamp electrophysiology did not record KV7 currents in mouse DSM cells, most likely due to the use of non-optimal conventional whole-cell patch-clamp recording protocols (Tykocki et al., 2019). The utilized protocol consisted of 500 ms duration depolarizing steps from −60 to +20 mV (10 mV increments with a 10 s pause between steps), but the holding potential was not specified although it appeared to be ≤−60 mV (Tykocki et al., 2019). The voltage-step induced K+ currents that they recorded were reduced by XE991 (10 μM, at +20 mV from ∼ 6 to 3 pA/pF) but not affected by retigabine, although kinetic response time courses and washout effects were not reported (Tykocki et al., 2019). A possible confounding issue related to the interpretation of the pharmacological effects of XE991 in that study was that this compound also inhibits KV2.1 and KV2.1/KV9.3 channel currents at 10–100 μM rather modestly (20–25%); in comparison, IC50 values of XE991 (0.6–5.5 μM) for KV7 channel subtypes are much lower (Wang et al., 1998; Wladyka and Kunze, 2006; Zhong et al., 2010). KV2.1 channels and currents have been reported in mouse DSM cells (Thorneloe and Nelson, 2003) and also in guinea pig and likely in human DSM cells (Hristov et al., 2012a,b). Of note, retigabine (0.3–3 μM) is known to effectively inhibit recombinant KV2.1 channel currents (Stas et al., 2016) and, therefore, is expected to attenuate KV2.1 channel currents in DSM cells. Furthermore, native SMC KV7 channel currents are best studied using an optimized voltage protocol and the perforated patch-clamp method (Mani et al., 2011, 2013, 2016; Brueggemann et al., 2012b, 2014, 2018), which was not used in the Tykocki et al. (2019) study. The optimized KV7 current recording protocol involves holding SMCs at a very depolarized membrane potential such as –4 mV and conducting voltage steps within a range of voltages from −70 mV up to ∼+20 mV for at least 1 s (1–5 s) and, importantly, in the presence of Gd3+. Gd3+ blocks non-selective cation currents as well as L- and T-type CaV channels, while the highly depolarized membrane potential promotes inactivation of non-KV7 channel currents (Mani et al., 2011). These specific conditions facilitate experimental isolation of native KV7 channel currents. Indeed, native KV7 channel currents in guinea pig DSM cells were previously recorded using this optimized protocol and in the presence of the BK channel blocker paxilline. These KV7 currents were increased by the novel KV7 channel activator ML213 (Provence et al., 2018). Tykocki et al. (2019) also reported that DSM cell membrane potentials (∼−45 mV on average and the majority of DSM cells ≤ −40 mV, up to ∼−60 mV), recorded with the perforated patch-clamp approach, were not hyperpolarized by retigabine (Tykocki et al., 2019). Not surprisingly, whole-cell currents (conventional patch-clamp method) measured at −40 mV in a gap-free recording mode under elevated extracellular K+ (EK = −10 mM) were not affected by 10 μM retigabine (Tykocki et al., 2019). In contrast, in guinea pig DSM cells where the DSM cell membrane potential is more depolarized at ∼−20 mV (perforated patch-clamp method), retigabine induced hyperpolarization (Afeli et al., 2013). Hence, the dissimilar effects of retigabine reported by Tykocki et al. (2019) may be related to specific experimental conditions, including the membrane potential level and voltage-protocol steps utilized, or to species differences. Tykocki et al. (2019) provided a caveat regarding mouse urinary bladder smooth muscle (UBSM) “it is conceivable that KV7 currents could be present and necessary for maintaining UBSM, but were undetectable using our patch-clamp parameters” (Tykocki et al., 2019). Hence, future studies should address what may have been methodological issues and confirm the functional presence of KV7 channels in mouse DSM cells using more precise patch-clamp protocols for recording native KV7 channel currents.

Tykocki et al. (2019) also suggested that retigabine may cause partial inhibition of the L-type CaV channels in mouse DSM cells, consistent with prior findings (Mani et al., 2013; Rubi et al., 2017). At 10 μM, retigabine weakly attenuated the mouse DSM inward voltage-gated CaV current by ∼25% (from 8 to 6 pA/pF, evoked by the voltage step from −60 to +20 mV), while 60 mM KCl induced tonic contraction (primarily mediated via L-type CaV channel activation) by ∼20% (Tykocki et al., 2019). Similarly, recombinant peak L-type CaV channel currents (human CaV1.2 channels expressed in ts201 cells) were reduced ∼10 and ∼50% by 10 and 100 μM retigabine, respectively, while native L-type CaV currents in basal artery SMCs displayed a slightly higher sensitivity to 10 μM retigabine and showed ∼60% inhibition in the peak CaV channel current amplitude at +10 mV (Mani et al., 2013). In contrast to retigabine, the dihydropyridine L-type CaV channel blocker isradipine almost completely inhibited both the mouse DSM inward voltage step-induced CaV channel currents (from ∼−3.5 to −0.5 pA/pF, evoked by the step from −80 to +0 mV) and the 85 mM K+ induced tonic contraction by >85% (Wegener et al., 2004). Similarly, in guinea pig DSM cells and DSM strips, nifedipine induced comparable near-complete inhibition of inward L-type CaV channel currents and 60 mM K+ induced tonic contractions (Malysz et al., 2014; Provence et al., 2015). However, since comparative concentration-responses to retigabine attenuating DSM strip contractility under low (physiological; e.g., 5 or 20 mM) and elevated (e.g., 60 mM) extracellular K+ were not yet studied in mouse DSM including by Tykocki et al. (2019) it remains unknown how the relatively minor inhibition on L-type CaV channels contributes to the overall effect of retigabine in mouse DSM. Hence, the conclusion that L-type CaV channel blockade accounts solely for the effect of retigabine on mouse DSM requires validation and additional experimental evidence. In contrast, elevation of extracellular K+ from 5 or 20 to 60 mM reduced retigabine-, ICA-069673-, and ML213-induced relaxation in rat or guinea pig DSM strips, consistent with a K+ conductance underlying the effect of these KV7 channel activators on DSM contractility (Argentieri and Sheldon, 2006; Rode et al., 2010; Provence et al., 2015). Given the potential confounding issues with retigabine and XE991 — especially their selectivity — systematic examinations of the effects of newer KV7 channel modulators on DSM cells should reveal what role KV7 channels play in the regulation of mouse DSM excitability. Such additional studies should also involve determinations of expression profiles of KV7 channel subtypes in freshly isolated DSM cells (mRNA and protein), whole tissues, and afferent urinary bladder neurons, as these datasets are currently not well understood. Indeed, published findings by multiple groups have confirmed expressions and functional roles of KV7 channels in guinea pig, rat, pig, and human DSM tissues and/or isolated DSM cells (Argentieri and Sheldon, 2006; Rode et al., 2010; Svalo et al., 2012, 2013, 2015; Afeli et al., 2013; Anderson et al., 2013; Provence et al., 2015, 2018; Bientinesi et al., 2017).



Electrophysiological Investigations of DSM Muscle Bundle/Tissue Strip Preparations

Pharmacological effects of KV7 channel modulators have been examined with the conventional (“sharp”) microelectrode electrophysiology in DSM muscle bundles/strips and muscularis mucosae smooth muscle (MMSM) preparations in the guinea pig urinary bladder. These two types of urinary bladder smooth muscle display similar types of electrical activity encompassing electrical quiescence as well as regular and irregular action potentials (Takagi and Hashitani, 2016; Lee et al., 2018). Flupirtine either completely abolished DSM action potentials or slowed their generation by decreasing frequency without any changes in the resting membrane potential attenuated or in action potential parameters (Takagi and Hashitani, 2016). On the other hand, XE991 induced membrane potential depolarization (∼4 mV) and this effect was associated with an increased action potential discharge (Takagi and Hashitani, 2016). In MMSM intact preparations, XE991 alone did not alter any of the action potential parameters or the resting membrane potential, although an increase of ∼30% in the number of spontaneous action potentials occurring during a burst of action potentials was observed (Lee et al., 2018). Flupirtine decreased the MMSM peak action potential amplitude by ∼25%, and the action potential after-hyperpolarization amplitude by ∼15%, without a significant change in resting membrane potential (Lee et al., 2018). These observations suggest a relatively higher contribution of KV7 channels to the regulation of DSM excitability rather than of MMSM in guinea pigs, although in both types of urinary bladder smooth muscle, pharmacological modulators of KV7 channels clearly affected the function.

In summary, evidence supports a role for KV7 channels in regulating DSM excitability, but very few studies are currently available, thus additional systematic research efforts are warranted, especially on human DSM, and such systematic studies are currently underway in our laboratory.



KV7 Channel Pharmacological Modulators Affect DSM Contractility and Intracellular Ca2+


Studies of DSM Contractility in Experimental Animal Models

As of now, the guinea pig is the most thoroughly characterized species for determining the functional effects of KV7 channel modulators, both activators and blockers, on DSM contractility. Our group and others have evaluated how diverse compounds acting on KV7 channels affect spontaneous phasic, 20 mM KCl-induced, and electrical field stimulated (EFS)-induced contractions (Tables 1, 2). KV7 channel activators — including retigabine (pan-selective for KV7.2–KV7.5 channels), flupirtine (pan-selective for KV7.2–KV7.5 channels), L-364373 (active on KV7.1 channels), ICA-069673 (selective for KV7.2/KV7.3 channels), ML213 (preferential selectivity for KV7.2, KV7.2/KV7.3, and KV7.4 channels), and meclofenamic acid (preferential activity on KV7.2/KV7.3 channels)—have shown inhibitory effects on guinea pig DSM contractions as summarized in Table 1. Conversely, KV7 channel blockers — XE991 and linopirdine (both inhibitors of KV7.1–KV7.5 channels) and chromanol 293B (a KV7.1 channel inhibitor) — enhanced DSM contractility as summarized in Table 2. Of critical importance are the findings of pretreatment of DSM tissue strips with an inhibitor such as XE991 on subsequent relaxation-inducing responses of KV7 channel activators. Since KV7 channel inhibition attenuated or prevented the subsequent effects of KV7 channel activators, these findings substantiated that the underling pharmacological mechanism-of-action for the compounds involves KV7 channels. Specifically, XE991 effectively attenuated both ICA-069673-induced and ML213-mediated inhibitions of DSM spontaneous phasic contractions (Provence et al., 2015, 2018). Collectively, to date all published pharmacological studies using diverse KV7 channel modulators support a role of multiple KV7 channel subtypes in the regulation of guinea pig DSM contractility.


TABLE 1. Effects of KV7 channel activators on DSM contractility in various animal species and humans.
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TABLE 2. Effects of KV7 channel inhibitors on DSM contractions in various animal species and humans.

[image: Table 2]The rat is the next most common animal species in which DSM KV7 channels have been studied, but only three publications are currently available (Argentieri and Sheldon, 2006; Rode et al., 2010; Wang et al., 2014) and a single report on pig DSM (Svalo et al., 2013). In rat DSM, retigabine and ML213 effectively inhibited DSM spontaneous phasic, 20 mM KCl-induced phasic, or carbachol-potentiated phasic contractions (Argentieri and Sheldon, 2006; Rode et al., 2010; Wang et al., 2014). The elevation of extracellular K+, which results in a reduction of the driving force for K+, caused attenuation in retigabine-induced relaxation (Argentieri and Sheldon, 2006). This finding indicates that retigabine effects on DSM involve activation of K+ channels. In contrast, the inhibitor XE991 displayed either no effect or a strong potentiation of DSM contractility (Rode et al., 2010; Wang et al., 2014). The reason for the differential experimental outcomes for XE991 remains to be resolved. In pig DSM, retigabine inhibited both EFS- and carbachol-induced contractions only in the absence but not in the presence of XE991. XE991 alone enhanced 20 mM KCl-induced but not EFS-induced contractions; chromanol 293B was ineffective in altering either of these two types of stimulated contractions, indicating a negligible role of KV7.1 channels in pig DSM (Svalo et al., 2013). In mouse DSM, the effects of retigabine and XE991 on isolated strip contractility have only been described, so far, under the condition of highly elevated extracellular K+ (60 mM) and the resultant non-physiological tonic contraction (Tykocki et al., 2019). Since responses to KV7 channel modulators have not yet been examined under conditions of physiological extracellular K+ concentration (i.e., ∼5 mM K+), the role of KV7 channels in mouse DSM strip contractility remains to be determined. The limited number of publications on rat, pig, and mouse DSM seeking to determine pharmacological modulation of KV7 channels provide inconsistent findings and this scientific controversy needs clarification. Given that these initial studies found substantial pharmacological modulatory effects on contractility with KV7 channels in these animal models, additional studies of the effects of new and improved subtype-specific KV7 channel modulators are highly warranted.



Initial Studies on Human DSM Contractility

The gap in the understanding of DSM KV7 channels lies in the lack of systematic studies on human DSM contractility; such studies are already ongoing in our laboratory in collaboration with clinical urologists. Currently, there are only two publications with very limited data available on this topic (Svalo et al., 2015; Bientinesi et al., 2017). In an earlier study, retigabine inhibited DSM contractility that was enhanced by carbachol and K+ (20 or 40 mM) (Svalo et al., 2015). ML213 also inhibited carbachol-potentiated but not KCl-enhanced DSM contractions (Svalo et al., 2015). The KV7.1 channel activator ML277 displayed inhibitory effects on carbachol- and 20 mM KCl-induced contractions, but not on 40 mM KCl (Svalo et al., 2015). XE991 could only increase contractions potentiated by 20 mM K+, but not by carbachol or 40 mM K+ (Svalo et al., 2015). The specific experimental conditions employed, hence, influenced the outcome of pharmacological experiments. The second study on human DSM showed that DSM strips exhibiting quiescence and lacking phasic contractions responded to increasing concentrations of XE991 with the development of step-wise enhanced tonic contractions (Bientinesi et al., 2017). While application of XE991 caused an appearance of DSM phasic contractions, they were very low in amplitude and therefore could not be reliably analyzed (Bientinesi et al., 2017). Further, retigabine and flupirtine attenuated muscarinic agonist (bethanechol)-potentiated DSM tonic contractions (phasic contractions were minimal under the stimulated condition) in a concentration-dependent manner (Bientinesi et al., 2017). The effects of flupirtine and retigabine were reduced in the presence of XE991 but not affected by either the NaV channel inhibitor tetrodotoxin or the N-type CaV blocker ω-conotoxin GVIA. The lack of efficacy of tetrodotoxin as well as ω-conotoxin GVIA on retigabine- and flupirtine-induced DSM relaxations suggested that KV7 channels expressed on DSM cells mediated the inhibitory effects of these two activators (Bientinesi et al., 2017). These two reports — while valuable, interesting, and providing some initial evidence for a role of KV7 channels in regulating human DSM contractility — have multiple experimental limitations (Svalo et al., 2015; Bientinesi et al., 2017). The stimulated (e.g., carbachol and high KCl) and non-stimulated DSM contraction patterns recorded had all very low amplitudes, and the only experimental variable reliably quantified was average muscle tone. Other DSM phasic contraction parameters, especially amplitude, muscle force, duration, and frequency, were not quantified. Since these characteristics can be measured only for robust contractions (as previously reported by our group and others) on human DSM (Sibley, 1984; Darblade et al., 2006; Hristov et al., 2011, Hristov et al., 2012a, Hristov et al., 2012c, Hristov et al., 2013, Hristov et al., 2016, Hristov et al., 2017; Oger et al., 2011; Afeli et al., 2012; Soder et al., 2013; Xin et al., 2016), additional studies conducted under physiologically relevant experimental conditions are needed. The second limitation involves the absence of spontaneous phasic contractions under non-stimulated conditions (e.g., without elevated K+ or cholinergic agonists). These DSM spontaneous contractions are attributed to the inherent intrinsic contractility of DSM cells; also, when excessive, they drive the development of DO (Brading et al., 1986; Turner and Brading, 1997; Andersson and Arner, 2004). The third limitation lies in the current lack of knowledge of how KV7 channel modulators alter bladder contractility under pathophysiological conditions. Future and ongoing systematic studies on human DSM contractility — including those underway in our laboratory — that will overcome these limitations are needed to comprehensively validate KV7 channel subtypes as critical regulators of human DSM contractility, and to identify them as potential therapeutic targets for urinary bladder dysfunction.



Pharmacological Effects of KV7 Channel Modulators on DSM Intracellular Ca2+ Concentration

In DSM as in other types of smooth muscle preparations, intracellular Ca2+ regulates contractility (Andersson and Arner, 2004; Andersson and Wein, 2004). Thus, it is important to elucidate how KV7 channel modulators affect intracellular Ca2+ concentrations in DSM cells. Currently, only studies on guinea pig DSM are available in the literature (Anderson et al., 2013; Provence et al., 2015, 2018). DSM muscle bundles displayed either coordinated whole bundle Ca2+ flashes or spontaneous Ca2+ transients and smaller localized Ca2+ events in individual DSM cells, detected using the Ca2+ fluorescence indicator Fluo-4AM (Anderson et al., 2013). The KV7 channel blocker XE991 increased all three types of Ca2+ events in DSM cells (bundle Ca2+ flashes, individual whole-cell Ca2+ oscillations, and localized Ca2+ events) (Anderson et al., 2013). Although that particular study (Anderson et al., 2013) did not examine the effects of a KV7 channel activator, two more recent studies by our group did (Provence et al., 2015, 2018). We found that intracellular Ca2+ concentration in DSM tissue and cells, imaged by Fura-2AM, was decreased following the application of two subtype-preferential KV7 channel activators, ICA-069673 (Provence et al., 2015) and ML213 (Provence et al., 2018). Further, the study with the channel blocker ML213 showed that pretreatment of DSM with nifedipine, an L-type CaV channel blocker, prevented the decrease in intracellular Ca2+ concentration induced by the KV7 channel activator (Provence et al., 2018). This finding provided experimental support that the KV7 channel activator-induced decrease in intracellular Ca2+ concentrations mechanistically involves L-type CaV channels. Since the studies examining the effects of KV7 channel modulators on intracellular Ca2+ concentration are limited only to the guinea pig and to a very few compounds tested, additional investigations are needed. These critical follow-up studies on DSM that are crucial in humans should also be examined in animals models including rat, mouse, and pig testing novel subtype-specific KV7 channel modulators under highly optimized experimental imaging conditions (such as newer generation Ca2+ dyes, genetically encoded Ca2+ indicators selectively expressed in DSM cells, and high resolution, fast speed, whole-tissue microscopy). Our laboratory has already initiated systematic studies in this context.



DISCUSSION AND CLOSING REMARKS

In this comprehensive review, we have summarized the current knowledge of DSM KV7 channels, highlighting expression profiles (mRNA and protein) in DSM whole-tissue and single cells and pharmacological effects of KV7 channel modulators on DSM excitability (whole-cell patch-clamp and sharp microelectrode electrophysiology), intracellular Ca2+ concentrations (muscle bundle/tissue and DSM cells), and DSM contractility examined in various species (guinea pig, rat, mouse, pig, and human). Since humans are the target for therapeutic intervention, determining how KV7 channels regulate human urinary bladder function at the cellular, tissue, organ, and whole-body levels is essential. However, our present understanding is rudimentary and limited to only a few studies. Although the initial clinical finding from epilepsy clinical trials identified urinary bladder retention as a retigabine use-associated side effect that has been further supported by animal in vivo and in vitro studies, the concept that KV7 channels provide a potential novel therapeutic target for overactive bladder remains to be adequately validated. Additional systematic studies on human DSM are needed to fill current critical gaps in knowledge to determine how KV7 channels regulate urinary bladder function under normal and pathophysiological conditions. Our laboratory has already initiated systematic investigations in this area in collaboration with clinical urologists from multiple clinical settings in the US. These studies will validate the KV7 channel as a viable therapeutic target for urinary bladder dysfunction.

Among the animal models examined, most studies of DSM KV7 channels, until now, have been conducted primarily on guinea pigs, which have revealed expression of all KV7 channel subtypes (KV7.1–KV7.5) and functional roles for KV7 channel subtypes in determining DSM cell excitability, intracellular Ca2+ concentration, and tissue contractility. Guinea pig DSM, however, displays a differential KV7 channel subtype expression profile compared to that of humans and rats. Further, in vivo urinary bladder functional assessments with KV7 channel modulators in guinea pigs are lacking. The translational usefulness of the mouse model for DSM KV7 channel studies has been questioned (Tykocki et al., 2019).

Therefore, the rat appears to be the best animal model for future studies of DSM KV7 channels given the subtype expression similarity to human (whole-tissue level), the already demonstrated in vivo efficacy of KV7 channel modulators on urinary bladder function, and initial DSM excitability and contractility outcomes. To fully validate the rat model, additional studies are needed on single DSM cells and tissues illustrating expression and functional roles of KV7 channels, including supportive findings based on dysfunction in smooth muscle-specific KV7 channel animal knock-out models.

While in this review we have focused on DSM, with an emphasis on KV7 channel expression and its functional roles, KV7 channels expressed on urinary bladder innervating neurons and fibers, in the spinal cord, and the brain, as well as non-DSM cells (e.g., interstitial cells) in the bladder can affect overall urinary bladder function. Indeed, some limited experimental evidence has been provided for KV7 channels expressed in interstitial cells and dorsal root ganglia/sensory afferents (Anderson et al., 2009; Tykocki et al., 2019). These additional cell types provide other opportunities for future research endeavors on KV7 channels in the urinary bladder.

In conclusion, the currently available experimental evidence strongly supports the functional expression and regulatory roles of KV7 channels in DSM. The reported findings, however, are based on limited studies in humans and animal models, as summarized here. To advance our understanding of KV7 channel subtypes in DSM and urinary bladder, additional dedicated research efforts on human DSM tissues and cells (obtained from patient donors exhibiting healthy/control and pathological urinary bladder phenotypes) as well as a translationally relevant animal model, such as the rat, are urgently needed. The already initiated systematic research investigations in collaboration with clinical urologists at our Urology Research Center, University of Tennessee, Memphis will reveal how DSM KV7 channels impact urinary bladder function and whether they can be targeted for management of urinary bladder diseases.



AUTHOR CONTRIBUTIONS

JM prepared the initial draft, edited the content, and approved the final version. GP edited the initial draft and content, and approved the final version. Both the authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by grants from the National Institutes of Health R01-DK106964 and P20-DK123971 and Van Fleet Endowment to GP.



ACKNOWLEDGMENTS

The authors thank Drs. Amanda Clarke, Viktor Yarotskyy, Daniel Collier, and Ms. Sarah E. Maxwell for their help and constructive criticism that significantly contributed to improving the scientific quality of this comprehensive review.


ABBREVIATIONS

BPH, benign prostatic hyperplasia; CaV, L-type voltage-gated Ca2+ (channel); DO, detrusor overactivity; DSM, detrusor smooth muscle; EFS, electrical field stimulation; ICA-069673, N-(2-Chloro-5-pyrimidinyl)-3,4-difluorobenzamide; KV7, voltage-gated potassium type 7 (channel); KCNE, K+ voltage-gated channel subfamily E (member); ML213, N-(2,4,6-Trimethylphenyl)-bicyclo[2.2.1]heptane-2-carboxamide; ML277, (2R)-N-[4-(4-Methoxyphenyl)-2-thiazolyl]-1-[(4-methylphenyl)sulfonyl]-2-piperidinecarboxamide; MMSC, muscularis mucosae smooth muscle; qRT-PCR, quantitative reverse transcription polymerase chain reaction; RBC, rhythmic bladder contraction; SMC, smooth muscle cell; TC, transient contraction; XE991, 10,10-bis(4-Pyridinylmethyl)-9(10H)-anthracenone dihydrochloride.


REFERENCES

Afeli, S. A., Malysz, J., and Petkov, G. V. (2013). Molecular expression and pharmacological evidence for a functional role of KV7 channel subtypes in Guinea pig urinary bladder smooth muscle. PLoS One 8:e75875. doi: 10.1371/journal.pone.0075875

Afeli, S. A., Rovner, E. S., and Petkov, G. V. (2012). SK but not IK channels regulate human detrusor smooth muscle spontaneous and nerve-evoked contractions. Am. J. Physiol. Renal Physiol. 303, F559–F568.

Aizawa, N., Wakamatsu, D., Kida, J., Otsuki, T., Saito, Y., Matsuya, H., et al. (2017). Inhibitory effects of retigabine, a KV7 channel activator, on mechanosensitive primary bladder afferent activities and nociceptive behaviors in rats. Neurourol. Urodyn. 36, 280–285. doi: 10.1002/nau.22920

Amato, G., Roeloffs, R., Rigdon, G. C., Antonio, B., Mersch, T., Mcnaughton-Smith, G., et al. (2011). N-Pyridyl and Pyrimidine Benzamides as KCNQ2/Q3 Potassium Channel Openers for the Treatment of Epilepsy. ACS Med. Chem. Lett. 2, 481–484. doi: 10.1021/ml200053x

Anderson, U. A., Carson, C., Johnston, L., Joshi, S., Gurney, A. M., and Mccloskey, K. D. (2013). Functional expression of KCNQ (KV7) channels in guinea pig bladder smooth muscle and their contribution to spontaneous activity. Br. J. Pharmacol. 169, 1290–1304. doi: 10.1111/bph.12210

Anderson, U. A., Carson, C., and Mccloskey, K. D. (2009). KCNQ currents and their contribution to resting membrane potential and the excitability of interstitial cells of Cajal from the guinea pig bladder. J. Urol. 182, 330–336. doi: 10.1016/j.juro.2009.02.108

Andersson, K. E., and Arner, A. (2004). Urinary bladder contraction and relaxation: physiology and pathophysiology. Physiol. Rev. 84, 935–986. doi: 10.1152/physrev.00038.2003

Andersson, K. E., and Wein, A. J. (2004). Pharmacology of the lower urinary tract: basis for current and future treatments of urinary incontinence. Pharmacol. Rev. 56, 581–631. doi: 10.1124/pr.56.4.4

Argentieri, T. M., and Sheldon, J. H. (2006). Methods of Selecting Compounds for Modulation of Bladder Function. US2006/0252201A1. Madison, NJ: Wyeth.

Barhanin, J., Lesage, F., Guillemare, E., Fink, M., Lazdunski, M., and Romey, G. (1996). KVLQT1 and lsK (minK) proteins associate to form the IKs cardiac potassium current. Nature 384, 78–80. doi: 10.1038/384078a0

Barrese, V., Miceli, F., Soldovieri, M. V., Ambrosino, P., Iannotti, F. A., Cilio, M. R., et al. (2010). Neuronal potassium channel openers in the management of epilepsy: role and potential of retigabine. Clin. Pharmacol. 2, 225–236.

Barrese, V., Stott, J. B., Figueiredo, H. B., Aubdool, A. A., Hobbs, A. J., Jepps, T. A., et al. (2018a). Angiotensin II Promotes KV7.4 channels degradation through reduced interaction with HSP90 (heat shock protein 90). Hypertension 71, 1091–1100. doi: 10.1161/hypertensionaha.118.11116

Barrese, V., Stott, J. B., and Greenwood, I. A. (2018b). KCNQ-encoded potassium channels as therapeutic targets. Annu. Rev. Pharmacol. Toxicol. 58, 625–648. doi: 10.1146/annurev-pharmtox-010617-052912

Bientinesi, R., Mancuso, C., Martire, M., Bassi, P. F., Sacco, E., and Curro, D. (2017). KV7 channels in the human detrusor: channel modulator effects and gene and protein expression. Naunyn Schmiedebergs Arch. Pharmacol. 390, 127–137. doi: 10.1007/s00210-016-1312-9

Brading, A. F., and Brain, K. L. (2011). “Ion channel modulators and urinary tract function,” in Part of Handbook of Experimental Pharmacology book series, eds K. E. Andersson and M. C. Michel (Berlin: Springer-Verlag), 375–393. doi: 10.1007/978-3-642-16499-6_18

Brading, A. F., Mostwin, J. L., Sibley, G. N., and Speakman, M. J. (1986). The role of smooth muscle and its possible involvement in diseases of the lower urinary tract. Clin. Sci. 70, (Suppl. 14), 7s–13s. doi: 10.1042/cs070s007

Brickel, N., Gandhi, P., Vanlandingham, K., Hammond, J., and Derossett, S. (2012). The urinary safety profile and secondary renal effects of retigabine (ezogabine): a first-in-class antiepileptic drug that targets KCNQ (KV7) potassium channels. Epilepsia 53, 606–612. doi: 10.1111/j.1528-1167.2012.03441.x

Brown, D. A., and Passmore, G. M. (2009). Neural KCNQ (KV7) channels. Br. J. Pharmacol. 156, 1185–1195. doi: 10.1111/j.1476-5381.2009.00111.x

Brueggemann, L. I., Cribbs, L. L., Schwartz, J., Wang, M., Kouta, A., and Byron, K. L. (2018). Mechanisms of PKA-dependent potentiation of KV7.5 channel activity in human airway smooth muscle cells. Int. J. Mol. Sci. 19:2223. doi: 10.3390/ijms19082223

Brueggemann, L. I., Haick, J. M., Cribbs, L. L., and Byron, K. L. (2014). Differential activation of vascular smooth muscle KV7.4, KV7.5, and KV7.4/7.5 channels by ML213 and ICA-069673. Mol. Pharmacol. 86, 330–341. doi: 10.1124/mol.114.093799

Brueggemann, L. I., Kakad, P. P., Love, R. B., Solway, J., Dowell, M. L., Cribbs, L. L., et al. (2012a). KV7 potassium channels in airway smooth muscle cells: signal transduction intermediates and pharmacological targets for bronchodilator therapy. Am. J. Physiol. Lung. Cell Mol. Physiol. 302, L120–L132.

Brueggemann, L. I., Mani, B. K., Haick, J., and Byron, K. L. (2012b). Exploring arterial smooth muscle KV7 potassium channel function using patch clamp electrophysiology and pressure myography. J. Vis. Exp. 67:e4263.

Byron, K. L., and Brueggemann, L. I. (2018). KV7 potassium channels as signal transduction intermediates in the control of microvascular tone. Microcirculation 25:e12419. doi: 10.1111/micc.12419

Chadha, P. S., Jepps, T. A., Carr, G., Stott, J. B., Zhu, H. L., Cole, W. C., et al. (2014). Contribution of KV7.4/KV7.5 heteromers to intrinsic and calcitonin gene-related peptide-induced cerebral reactivity. Arterioscler. Thromb. Vasc. Biol. 34, 887–893. doi: 10.1161/atvbaha.114.303405

Dalghi, M. G., Montalbetti, N., Carattino, M. D., and Apodaca, G. (2020). The urothelium: life in a liquid environment. Physiol. Rev. 100, 1621–1705. doi: 10.1152/physrev.00041.2019 [Epub ahead of print].

Darblade, B., Behr-Roussel, D., Oger, S., Hieble, J. P., Lebret, T., Gorny, D., et al. (2006). Effects of potassium channel modulators on human detrusor smooth muscle myogenic phasic contractile activity: potential therapeutic targets for overactive bladder. Urology 68, 442–448. doi: 10.1016/j.urology.2006.03.039

de Groat, W. C., Griffiths, D., and Yoshimura, N. (2015). Neural control of the lower urinary tract. Compr. Physiol. 5, 327–396.

Devulder, J. (2010). Flupirtine in pain management: pharmacological properties and clinical use. CNS Drugs 24, 867–881. doi: 10.2165/11536230-000000000-00000

Evseev, A. I., Semenov, I., Archer, C. R., Medina, J. L., Dube, P. H., Shapiro, M. S., et al. (2013). Functional effects of KCNQ K+ channels in airway smooth muscle. Front. Physiol. 4:277. doi: 10.3389/fphys.2013.00277

Fry, C. H., and McCloskey, K. D. (2019). Spontaneous activity and the urinary bladder. Adv. Exp. Med. Biol. 1124, 121–147. doi: 10.1007/978-981-13-5895-1_5

Hristov, K. L., Afeli, S. A., Parajuli, S. P., Cheng, Q., Rovner, E. S., and Petkov, G. V. (2013). Neurogenic detrusor overactivity is associated with decreased expression and function of the large conductance voltage- and Ca2 + -activated K+ channels. PLoS One 8:e68052. doi: 10.1371/journal.pone.0068052

Hristov, K. L., Chen, M., Afeli, S. A., Cheng, Q., Rovner, E. S., and Petkov, G. V. (2012a). Expression and function of KV2-containing channels in human urinary bladder smooth muscle. Am. J. Physiol. Cell Physiol. 302, C1599–C1608.

Hristov, K. L., Chen, M., Kellett, W. F., Rovner, E. S., and Petkov, G. V. (2011). Large conductance voltage- and Ca2 + -activated K+ channels regulate human detrusor smooth muscle function. Am. J. Physiol. Cell Physiol. 301, C903–C912.

Hristov, K. L., Chen, M., Soder, R. P., Parajuli, S. P., Cheng, Q., Kellett, W. F., et al. (2012b). KV2.1 and electrically silent KV channel subunits control excitability and contractility of guinea pig detrusor smooth muscle. Am. J. Physiol. Cell. Physiol. 302, C360–C372.

Hristov, K. L., Parajuli, S. P., Provence, A., Rovner, E. S., and Petkov, G. V. (2017). Nongenomic modulation of the large conductance voltage- and Ca2 + -activated K+ channels by estrogen: a novel regulatory mechanism in human detrusor smooth muscle. Physiol. Rep. 5:e13351. doi: 10.14814/phy2.13351

Hristov, K. L., Parajuli, S. P., Soder, R. P., Cheng, Q., Rovner, E. S., and Petkov, G. V. (2012c). Suppression of human detrusor smooth muscle excitability and contractility via pharmacological activation of large conductance Ca2 + -activated K+ channels. Am. J. Physiol. Cell Physiol. 302, C1632–C1641.

Hristov, K. L., Smith, A. C., Parajuli, S. P., Malysz, J., Rovner, E. S., and Petkov, G. V. (2016). Novel regulatory mechanism in human urinary bladder: central role of transient receptor potential melastatin 4 channels in detrusor smooth muscle function. Am. J. Physiol. Cell Physiol. 310, C600–C611.

Ipavec, V., Martire, M., Barrese, V., Taglialatela, M., and Curro, D. (2011). KV7 channels regulate muscle tone and nonadrenergic noncholinergic relaxation of the rat gastric fundus. Pharmacol. Res. 64, 397–409. doi: 10.1016/j.phrs.2011.06.016

Jepps, T. A., Greenwood, I. A., Moffatt, J. D., Sanders, K. M., and Ohya, S. (2009). Molecular and functional characterization of KV7 K+ channel in murine gastrointestinal smooth muscles. Am. J. Physiol. Gastrointest. Liver Physiol. 297, G107–G115.

Jepps, T. A., Olesen, S. P., Greenwood, I. A., and Dalsgaard, T. (2016). Molecular and functional characterization of KV7 channels in penile arteries and corpus cavernosum of healthy and metabolic syndrome rats. Br. J. Pharmacol. 173, 1478–1490. doi: 10.1111/bph.13444

Lee, K., Isogai, A., Antoh, M., Kajioka, S., Eto, M., and Hashitani, H. (2018). Role of K+ channels in regulating spontaneous activity in the muscularis mucosae of guinea pig bladder. Eur. J. Pharmacol. 818, 30–37. doi: 10.1016/j.ejphar.2017.10.024

Lerche, C., Seebohm, G., Wagner, C. I., Scherer, C. R., Dehmelt, L., Abitbol, I., et al. (2000). Molecular impact of MinK on the enantiospecific block of IKs by chromanols. Br. J. Pharmacol. 131, 1503–1506. doi: 10.1038/sj.bjp.0703734

Liu, R., Tzounopoulos, T., and Wipf, P. (2019). Synthesis and optimization of KV7 (KCNQ) potassium channel agonists: the role of fluorines in potency and selectivity. ACS Med. Chem. Lett. 10, 929–935. doi: 10.1021/acsmedchemlett.9b00097

Mackie, A. R., Brueggemann, L. I., Henderson, K. K., Shiels, A. J., Cribbs, L. L., Scrogin, K. E., et al. (2008). Vascular KCNQ potassium channels as novel targets for the control of mesenteric artery constriction by vasopressin, based on studies in single cells, pressurized arteries, and in vivo measurements of mesenteric vascular resistance. J. Pharmacol. Exp. Ther. 325, 475–483. doi: 10.1124/jpet.107.135764

Mackie, A. R., and Byron, K. L. (2008). Cardiovascular KCNQ (KV7) potassium channels: physiological regulators and new targets for therapeutic intervention. Mol. Pharmacol 74, 1171–1179. doi: 10.1124/mol.108.049825

Malysz, J., Afeli, S. A., Provence, A., and Petkov, G. V. (2014). Ethanol-mediated relaxation of guinea pig urinary bladder smooth muscle: involvement of BK and L-type Ca2 + channels. Am. J. Physiol. Cell Physiol. 306, C45–C58.

Malysz, J., and Petkov, G. V. (2020). Urinary bladder smooth muscle ion channels: expression, function, and regulation in health and disease. Am. J. Physiol. Renal Physiol. 319, F257–F283. doi: 10.1152/ajprenal.00048.02020

Malysz, J., Rovner, E. S., Wake, R., and Petkov, G. V. (2020). Preparation and utilization of freshly isolated human detrusor smooth muscle cells for characterization of 9-phenanthrol-sensitive cation currents. J. Vis. Exp. 155:59884.

Mani, B. K., Brueggemann, L. I., Cribbs, L. L., and Byron, K. L. (2011). Activation of vascular KCNQ (KV7) potassium channels reverses spasmogen-induced constrictor responses in rat basilar artery. Br. J. Pharmacol. 164, 237–249. doi: 10.1111/j.1476-5381.2011.01273.x

Mani, B. K., O’dowd, J., Kumar, L., Brueggemann, L. I., Ross, M., and Byron, K. L. (2013). Vascular KCNQ (KV7) potassium channels as common signaling intermediates and therapeutic targets in cerebral vasospasm. J. Cardiovasc. Pharmacol. 61, 51–62. doi: 10.1097/fjc.0b013e3182771708

Mani, B. K., Robakowski, C., Brueggemann, L. I., Cribbs, L. L., Tripathi, A., Majetschak, M., et al. (2016). KV7.5 potassium channel subunits are the primary targets for PKA-dependent enhancement of vascular smooth muscle KV7 currents. Mol. Pharmacol. 89, 323–334. doi: 10.1124/mol.115.101758

McCallum, L. A., Greenwood, I. A., and Tribe, R. M. (2009). Expression and function of KV7 channels in murine myometrium throughout oestrous cycle. Pflugers Arch. 457, 1111–1120. doi: 10.1007/s00424-008-0567-5

McCallum, L. A., Pierce, S. L., England, S. K., Greenwood, I. A., and Tribe, R. M. (2011). The contribution of KV7 channels to pregnant mouse and human myometrial contractility. J. Cell Mol. Med. 15, 577–586. doi: 10.1111/j.1582-4934.2010.01021.x

Miceli, F., Soldovieri, M. V., Ambrosino, P., Manocchio, L., Mosca, I., and Taglialatela, M. (2018). Pharmacological targeting of neuronal KV7.2/3 channels: a focus on chemotypes and receptor sites. Curr. Med. Chem. 25, 2637–2660. doi: 10.2174/0929867324666171012122852

Miceli, F., Soldovieri, M. V., Iannotti, F. A., Barrese, V., Ambrosino, P., Martire, M., et al. (2011). The voltage-sensing domain of KV7.2 channels as a molecular target for epilepsy-causing mutations and anticonvulsants. Front. Pharmacol. 2:2. doi: 10.3389/fphar.2011.00002

Miceli, F., Soldovieri, M. V., Martire, M., and Taglialatela, M. (2008). Molecular pharmacology and therapeutic potential of neuronal KV7-modulating drugs. Curr. Opin. Pharmacol. 8, 65–74. doi: 10.1016/j.coph.2007.10.003

Michel, M. C., Radziszewski, P., Falconer, C., Marschall-Kehrel, D., and Blot, K. (2012). Unexpected frequent hepatotoxicity of a prescription drug, flupirtine, marketed for about 30 years. Br. J. Clin. Pharmacol. 73, 821–825. doi: 10.1111/j.1365-2125.2011.04138.x

Nappi, P., Miceli, F., Soldovieri, M. V., Ambrosino, P., Barrese, V., and Taglialatela, M. (2020). Epileptic channelopathies caused by neuronal KV7 (KCNQ) channel dysfunction. Pflugers Arch. 47, 881–898. doi: 10.1007/s00424-020-02404-2

Ng, F. L., Davis, A. J., Jepps, T. A., Harhun, M. I., Yeung, S. Y., Wan, A., et al. (2011). Expression and function of the K+ channel KCNQ genes in human arteries. Br. J. Pharmacol. 162, 42–53. doi: 10.1111/j.1476-5381.2010.01027.x

Oger, S., Behr-Roussel, D., Gorny, D., Bernabe, J., Comperat, E., Chartier-Kastler, E., et al. (2011). Effects of potassium channel modulators on myogenic spontaneous phasic contractile activity in human detrusor from neurogenic patients. BJU Int. 108, 604–611. doi: 10.1111/j.1464-410x.2010.09935.x

Ostacolo, C., Miceli, F., Di Sarno, V., Nappi, P., Iraci, N., Soldovieri, M. V., et al. (2020). Synthesis and pharmacological characterization of conformationally restricted retigabine analogues as novel neuronal KV7 channel activators. J. Med. Chem. 63, 163–185. doi: 10.1021/acs.jmedchem.9b00796

Osuma, A. T., Xu, X., Wang, Z., Van Camp, J. A., and Freiberg, G. M. (2019). Design and evaluation of pyrazolopyrimidines as KCNQ channel modulators. Bioorg. Med. Chem. Lett. 29:126603. doi: 10.1016/j.bmcl.2019.08.007

Petkov, G. V. (2009). “Ion channels,” in Pharmacology: Principles and Practice, eds M. Hader, W. S. Messer, and K. A. Bachmann (Cambridge, MA: Academic Press), 387–427.

Petkov, G. V. (2012). Role of potassium ion channels in detrusor smooth muscle function and dysfunction. Nat. Rev. Urol. 9, 30–40. doi: 10.1038/nrurol.2011.194

Provence, A., Angoli, D., and Petkov, G. V. (2018). KV7 channel pharmacological activation by the novel activator ML213: role for heteromeric KV7.4/KV7.5 channels in guinea pig detrusor smooth muscle function. J. Pharmacol. Exp. Ther. 364, 131–144. doi: 10.1124/jpet.117.243162

Provence, A., Malysz, J., and Petkov, G. V. (2015). The novel KV7.2/KV7.3 channel opener ICA-069673 reveals subtype-specific functional roles in guinea pig detrusor smooth muscle excitability and contractility. J. Pharmacol. Exp. Ther. 354, 290–301. doi: 10.1124/jpet.115.225268

Rode, F., Svalo, J., Sheykhzade, M., and Ronn, L. C. (2010). Functional effects of the KCNQ modulators retigabine and XE991 in the rat urinary bladder. Eur. J. Pharmacol. 638, 121–127. doi: 10.1016/j.ejphar.2010.03.050

Rubi, L., Kovar, M., Zebedin-Brandl, E., Koenig, X., Dominguez-Rodriguez, M., Todt, H., et al. (2017). Modulation of the heart’s electrical properties by the anticonvulsant drug retigabine. Toxicol. Appl. Pharmacol. 329, 309–317. doi: 10.1016/j.taap.2017.06.018

Schenzer, A., Friedrich, T., Pusch, M., Saftig, P., Jentsch, T. J., Grotzinger, J., et al. (2005). Molecular determinants of KCNQ (KV7) K+ channel sensitivity to the anticonvulsant retigabine. J. Neurosci. 25, 5051–5060. doi: 10.1523/jneurosci.0128-05.2005

Seefeld, M. A., Lin, H., Holenz, J., Downie, D., Donovan, B., Fu, T., et al. (2018). Novel KV7 ion channel openers for the treatment of epilepsy and implications for detrusor tissue contraction. Bioorg. Med. Chem. Lett. 28, 3793–3797. doi: 10.1016/j.bmcl.2018.09.036

Sibley, G. N. (1984). A comparison of spontaneous and nerve-mediated activity in bladder muscle from man, pig and rabbit. J. Physiol. 354, 431–443. doi: 10.1113/jphysiol.1984.sp015386

Soder, R. P., Parajuli, S. P., Hristov, K. L., Rovner, E. S., and Petkov, G. V. (2013). SK channel-selective opening by SKA-31 induces hyperpolarization and decreases contractility in human urinary bladder smooth muscle. Am. J. Physiol. Regul. Integr. Comp. Physiol. 304, R155–R163.

Splinter, M. Y. (2013). Efficacy of retigabine in adjunctive treatment of partial onset seizures in adults. J. Cent. Nerv. Syst. Dis. 5, 31–41.

Stas, J. I., Bocksteins, E., Jensen, C. S., Schmitt, N., and Snyders, D. J. (2016). The anticonvulsant retigabine suppresses neuronal KV2-mediated currents. Sci. Rep. 6:35080.

Stott, J. B., Barrese, V., Suresh, M., Masoodi, S., and Greenwood, I. A. (2018). Investigating the role of G protein betagamma in KV7-dependent relaxations of the rat vasculature. Arterioscler. Thromb. Vasc. Biol. 38, 2091–2102. doi: 10.1161/atvbaha.118.311360

Stott, J. B., Jepps, T. A., and Greenwood, I. A. (2014). KV7 potassium channels: a new therapeutic target in smooth muscle disorders. Drug Discov. Today 19, 413–424. doi: 10.1016/j.drudis.2013.12.003

Streng, T., Christoph, T., and Andersson, K. E. (2004). Urodynamic effects of the K+ channel (KCNQ) opener retigabine in freely moving, conscious rats. J. Urol. 172, 2054–2058. doi: 10.1097/01.ju.0000138155.33749.f4

Svalo, J., Bille, M., Parameswaran Theepakaran, N., Sheykhzade, M., Nordling, J., and Bouchelouche, P. (2013). Bladder contractility is modulated by KV7 channels in pig detrusor. Eur. J. Pharmacol. 715, 312–320. doi: 10.1016/j.ejphar.2013.05.005

Svalo, J., Hansen, H. H., Ronn, L. C., Sheykhzade, M., Munro, G., and Rode, F. (2012). KV7 positive modulators reduce detrusor overactivity and increase bladder capacity in rats. Basic Clin. Pharmacol. Toxicol. 110, 145–153. doi: 10.1111/j.1742-7843.2011.00765.x

Svalo, J., Sheykhzade, M., Nordling, J., Matras, C., and Bouchelouche, P. (2015). Functional and molecular evidence for KV7 channel subtypes in human detrusor from patients with and without bladder outflow obstruction. PLoS One 10:e0117350. doi: 10.1371/journal.pone.0117350

Takagi, H., and Hashitani, H. (2016). Effects of K+ channel openers on spontaneous action potentials in detrusor smooth muscle of the guinea-pig urinary bladder. Eur. J. Pharmacol. 789, 179–186. doi: 10.1016/j.ejphar.2016.07.041

Tatulian, L., and Brown, D. A. (2003). Effect of the KCNQ potassium channel opener retigabine on single KCNQ2/3 channels expressed in CHO cells. J. Physiol. 549, 57–63. doi: 10.1113/jphysiol.2003.039842

Tatulian, L., Delmas, P., Abogadie, F. C., and Brown, D. A. (2001). Activation of expressed KCNQ potassium currents and native neuronal M-type potassium currents by the anti-convulsant drug retigabine. J. Neurosci. 21, 5535–5545. doi: 10.1523/jneurosci.21-15-05535.2001

Thorneloe, K. S., and Nelson, M. T. (2003). Properties and molecular basis of the mouse urinary bladder voltage-gated K+ current. J. Physiol. 549, 65–74. doi: 10.1113/jphysiol.2003.039859

Turner, W. H., and Brading, A. F. (1997). Smooth muscle of the bladder in the normal and the diseased state: pathophysiology, diagnosis and treatment. Pharmacol. Ther. 75, 77–110. doi: 10.1016/s0163-7258(97)00038-7

Tykocki, N. R., Heppner, T. J., Dalsgaard, T., Bonev, A. D., and Nelson, M. T. (2019). The KV7 channel activator retigabine suppresses mouse urinary bladder afferent nerve activity without affecting detrusor smooth muscle K+ channel currents. J. Physiol. 597, 935–950. doi: 10.1113/jp277021

Wang, H. S., Pan, Z., Shi, W., Brown, B. S., Wymore, R. S., Cohen, I. S., et al. (1998). KCNQ2 and KCNQ3 potassium channel subunits: molecular correlates of the M-channel. Science 282, 1890–1893. doi: 10.1126/science.282.5395.1890

Wang, Y., Tar, M. T., Fu, S., Melman, A., and Davies, K. P. (2014). Diabetes attenuates urothelial modulation of detrusor contractility and spontaneous activity. Int. J. Urol. 21, 1059–1064. doi: 10.1111/iju.12491

Wegener, J. W., Schulla, V., Lee, T. S., Koller, A., Feil, S., Feil, R., et al. (2004). An essential role of CaV1.2 L-type calcium channel for urinary bladder function. FASEB J. 18, 1159–1161. doi: 10.1096/fj.04-1516fje

Wickenden, A. D., Yu, W., Zou, A., Jegla, T., and Wagoner, P. K. (2000). Retigabine, a novel anti-convulsant, enhances activation of KCNQ2/Q3 potassium channels. Mol. Pharmacol. 58, 591–600. doi: 10.1124/mol.58.3.591

Wladyka, C. L., and Kunze, D. L. (2006). KCNQ/M-currents contribute to the resting membrane potential in rat visceral sensory neurons. J. Physiol. 575, 175–189. doi: 10.1113/jphysiol.2006.113308

Xin, W., Li, N., Fernandes, V. S., Chen, B., Rovner, E. S., and Petkov, G. V. (2016). BK channel regulation by phosphodiesterase type 1: a novel signaling pathway controlling human detrusor smooth muscle function. Am. J. Physiol. Renal Physiol. 310, F994–F999.

Yeung, S., Schwake, M., Pucovsky, V., and Greenwood, I. (2008). Bimodal effects of the KV7 channel activator retigabine on vascular K+ currents. Br. J. Pharmacol. 155, 62–72. doi: 10.1038/bjp.2008.231

Yeung, S. Y., and Greenwood, I. A. (2005). Electrophysiological and functional effects of the KCNQ channel blocker XE991 on murine portal vein smooth muscle cells. Br. J. Pharmacol. 146, 585–595. doi: 10.1038/sj.bjp.0706342

Yu, H., Wu, M., Hopkins, C., Engers, J., Townsend, S., Lindsley, C., et al. (2010). A Small Molecule Activator of KCNQ2 and KCNQ4 Channels. Bethesda, MD: NIH Molecular Libraries Program.

Yu, H., Wu, M., Townsend, S. D., Zou, B., Long, S., Daniels, J. S., et al. (2011). Discovery, synthesis, and structure activity relationship of a series of N-aryl-bicyclo[2.2.1]heptane-2-carboxamides: Characterization of ML213 as a novel KCNQ2 and KCNQ4 potassium channel opener. ACS Chem. Neurosci. 2, 572–577. doi: 10.1021/cn200065b

Zavaritskaya, O., Dudem, S., Ma, D., Rabab, K. E., Albrecht, S., Tsvetkov, D., et al. (2020). Vasodilation of rat skeletal muscle arteries by the novel BK channel opener GoSlo is mediated by the simultaneous activation of BK and KV7 channels. Br. J. Pharmacol. 177, 1164–1186. doi: 10.1111/bph.14910

Zhang, F., Liu, Y., Tang, F., Liang, B., Chen, H., Zhang, H., et al. (2019). Electrophysiological and pharmacological characterization of a novel and potent neuronal KV7 channel opener SCR2682 for antiepilepsy. FASEB J. 33, 9154–9166. doi: 10.1096/fj.201802848rr

Zhong, X. Z., Harhun, M. I., Olesen, S. P., Ohya, S., Moffatt, J. D., Cole, W. C., et al. (2010). Participation of KCNQ (KV7) potassium channels in myogenic control of cerebral arterial diameter. J. Physiol. 588, 3277–3293. doi: 10.1113/jphysiol.2010.192823


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Malysz and Petkov. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







 


	
	
MINI REVIEW
 published: 18 September 2020
 doi: 10.3389/fphys.2020.568667






[image: image2]

The Role of Kv7 Channels in Neural Plasticity and Behavior

Brian C. Baculis1, Jiaren Zhang2 and Hee Jung Chung1,2*


1Neuroscience Program, University of Illinois at Urbana-Champaign, Urbana, IL, United States

2Department of Molecular Integrative Physiology, University of Illinois at Urbana-Champaign, Urbana, IL, United States

Edited by:
 Francesco Miceli, University of Naples Federico II, Italy

Reviewed by:
 Hailin Zhang, Hebei Medical University, China
 Yang Li, Shanghai Institute of Materia Medica (CAS), China

*Correspondence: Hee Jung Chung, chunghj@illinois.edu 

Specialty section: This article was submitted to Membrane Physiology and Membrane Biophysics, a section of the journal Frontiers in Physiology


Received: 01 June 2020
 Accepted: 28 August 2020
 Published: 18 September 2020

Citation: Baculis BC, Zhang J and Chung HJ (2020) The Role of Kv7 Channels in Neural Plasticity and Behavior. Front. Physiol. 11:568667. doi: 10.3389/fphys.2020.568667
 

Activity-dependent persistent changes in neuronal intrinsic excitability and synaptic strength are widely thought to underlie learning and memory. Voltage-gated KCNQ/Kv7 potassium channels have been of great interest as the potential targets for memory disorders due to the beneficial effects of their antagonists in cognition. Importantly, de novo dominant mutations in their neuronal subunits KCNQ2/Kv7.2 and KCNQ3/Kv7.3 are associated with epilepsy and neurodevelopmental disorder characterized by developmental delay and intellectual disability. The role of Kv7 channels in neuronal excitability and epilepsy has been extensively studied. However, their functional significance in neural plasticity, learning, and memory remains largely unknown. Here, we review recent studies that support the emerging roles of Kv7 channels in intrinsic and synaptic plasticity, and their contributions to cognition and behavior.
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INTRODUCTION

Voltage-gate channel potassium (K+) subfamily Q member 1–5 (KCNQ 1–5) encodes Kv7.1–Kv7.5 channels (Gutman et al., 2005) that are critical regulators of excitability in neurons, muscles, and sensory cells (Soldovieri et al., 2011). All Kv7 subunits have six transmembrane segments (S1–S6; Robbins, 2001). The S1–S4 comprise a voltage-sensing domain with the S4 being the main voltage-sensor (Robbins, 2001). The pore domain consists of the S5-S6 flanking the pore loop important for K+ ion selectivity (Sun and MacKinnon, 2017). The gate is formed by the intersection of four S6 segments (Cui, 2016; Sun and MacKinnon, 2017). Upon depolarization, the electric field on the basic residues of S4 promotes its translational rotation and outward displacement, which leads to the opening of the gate (Cui, 2016; Sun and MacKinnon, 2017). All Kv7 channels require phosphatidylinositol-4,5-bisphosphate (PIP2) in the plasma membrane for channel opening (Zhang et al., 2003; Suh and Hille, 2008; Zaydman and Cui, 2014), and PIP2 is proposed to couple the voltage-sensing domain to the pore domain in Kv7.1 (Zaydman et al., 2013; Sun and MacKinnon, 2020). Each Kv7 subunit also has a short intracellular N-terminal domain and a long intracellular C-terminal tail that harbors four helices (helices A–D; Haitin and Attali, 2008). Helices A and B bind to calmodulin (CaM; Strulovich et al., 2016; Sun and MacKinnon, 2017), whereas helices C–D mediate subunit assembly (Haitin and Attali, 2008).

In neurons, Kv7 channels open at subthreshold potentials around −60 mV and produce slowly-activating and non-inactivating outward K+ currents that potently suppress repetitive and burst firing of action potentials (APs; Brown and Passmore, 2009). Their functional significance in inhibiting neuronal excitability is underscored by the fact that mutations in their subunits cause epilepsy (Nappi et al., 2020), whereas Kv7 agonist retigabine inhibits seizures in rodents and humans (Miceli et al., 2008). Importantly, emerging new evidence suggests that Kv7 channels may contribute to activity-dependent persistent changes in neuronal intrinsic excitability and synaptic strength that are widely thought to underlie learning and memory. This review will summarize the function of Kv7 channels in the hippocampus and discuss recent studies that investigate their contributions to hippocampal plasticity, cognition, and behavior.



BRAIN DISTRIBUTION OF KV7 SUBUNITS AND THEIR CHANNELOPATHIES

Kv7.2, Kv7.3, and Kv7.5 are the major neuronal Kv7 subunits (Table 1). Kv7.2 and Kv7.3 show strong overlapping expression in the cerebral cortex, hippocampal formation, amygdala, basal ganglia, and hypothalamus (Wang et al., 1998; Cooper et al., 2001; Klinger et al., 2011). Kv7.5 is highly expressed in the brain stem and to less extent in the cerebral cortex, hippocampus, occipital, frontal, and temporal lobes (Lerche et al., 2000; Schroeder et al., 2000; Tzingounis et al., 2010; Fidzinski et al., 2015). While Kv7.1 and Kv7.4 are mainly found in the heart and cochlear hair cells, respectively (Wang et al., 1996; Kubisch et al., 1999), they are also detected at low level in multiple regions of the brain (Casimiro et al., 2001; Hansen et al., 2006; Goldman et al., 2009; Su et al., 2019; Table 1).



TABLE 1. Distribution of Kv7 subunit in the brain and the diseases associated with its pathogenic variants.
[image: Table1]

Importantly, >300 dominant mutations in KCNQ2 and KCNQ3 cause epilepsy including benign familial neonatal epilepsy (BFNE) and epileptic encephalopathy (EE; Rikee and ClinVar database). KCNQ2 is the second most frequently mutated gene in neurodevelopmental disorder (Traynelis et al., 2017; Coe et al., 2019) characterized by cognitive and behavioral deficits (Mullin et al., 2013). A few mutations in KCNQ1, KCNQ4, and KCNQ5 have been associated with epilepsy, autism, schizophrenia, and developmental disorder (Table 1). Haploinsufficiency in Kv7 function seems to underlie BFNE variants that cause the transient appearance of neonatal seizures (Soldovieri et al., 2011). EE patients display severe and often drug-resistant neonatal seizures and psychomotor retardation (Weckhuysen et al., 2012), and de novo EE mutations in KCNQ2 and KCNQ3 induce multiple defects in current and surface expression of Kv7 channels (Weckhuysen et al., 2012, 2013; Milh et al., 2013; Miceli et al., 2015; Kim et al., 2018; Zhang et al., 2020).



GENERAL PROPERTIES AND REGULATION OF KV7 CURRENTS

Kv7.1 assembles with auxiliary β subunit KCNE1 to produce the slow delayed rectifier K+ current (IKs) important for the repolarization of cardiac APs (Barhanin et al., 1996). Importantly, coassembly with KCNE1 slows the activation kinetics of Kv7.1 channel, potentiates its current amplitude, and eliminates its voltage-dependent inactivation (Barhanin et al., 1996; Sanguinetti et al., 1996; Tristani-Firouzi and Sanguinetti, 1998). Homomeric Kv7.2 channels activate at −60 mV and produce slow-activating and non-inactivating currents (Biervert et al., 1998). In comparison, currents through Kv7.3 channels are negligible due to an Ala residue in the pore domain (Wang et al., 1998; Gomez-Posada et al., 2010). Kv7.5 activates at −60 mV with slower kinetics than Kv7.2 and Kv7.3 (Schroeder et al., 2000; Gamper et al., 2003). Kv7.4 activates at −40 mV with slower activation kinetics than other Kv7 channels (Kubisch et al., 1999).

Neuronal Kv7 channels are mostly heterotetrameric channels composed of Kv7.2 and Kv7.3, and to a lesser extent Kv7.3 and Kv7.5 (Wang et al., 1998; Shah et al., 2002; Table 1). Compared to homomeric channels, significantly larger currents are generated by Kv7.2/Kv7.3 channels (Schroeder et al., 1998; Wang et al., 1998; Schwake et al., 2000) and Kv7.3/Kv7.5 channels (Schroeder et al., 2000; Gilling et al., 2013). Kv7.2/Kv7.3 channels produce M-current (I
M; Wang et al., 1998), which potently suppresses neuronal hyperexcitability (Wang et al., 1998; Yue and Yaari, 2004). I
M is inhibited by muscarinic acetylcholine receptor activation (Selyanko et al., 2000) and the depletion of PIP2 (Suh and Hille, 2002; Zhang et al., 2003). Kv7 channels are also inhibited by other G-protein coupled receptors, including substance P, bradykinin, serotonin, angiotensin, luteinizing hormone-releasing hormone, opioid, and metabotropic glutamate receptors (Marrion, 1997). General properties and diverse regulation of Kv7 channels are described in detail in a previous review (Soldovieri et al., 2011).



ROLE OF KV7 CHANNELS IN INTRINSIC EXCITABILITY AND PLASTICITY IN THE HIPPOCAMPUS

Brown and Adams have first reported in 1980 that inhibition of I
M upon stimulation of muscarinic acetylcholine receptor results in repetitive firing of APs in bullfrog sympathetic ganglion neurons (Brown and Adams, 1980). In the hippocampus, strong expression of Kv7.2, Kv7.3, and Kv7.5 is detected in pyramidal neurons (Schroeder et al., 2000; Cooper et al., 2001; Devaux et al., 2004). Kv7 antagonists XE991 and linopirdine depolarize resting membrane potential (RMP) and reduce AP threshold of hippocampal CA1 pyramidal neurons, resulting in spontaneous AP firing (Aiken et al., 1995; Shah et al., 2008; Figure 1A). Kv7 antagonists also increase intrinsic excitability (Yue and Yaari, 2004, 2006; Shah et al., 2008), contribute to medium and slow afterhyperpolarization (AHP) currents (Gu et al., 2005), reduce spike frequency adaptation (Aiken et al., 1995), and ultimately lead to an increased AP firing rate (Lezmy et al., 2020; Figure 1A). Consistent with pharmacologic inhibition, suppression of Kv7 current by overexpressing Kv7.2 containing dominant-negative pore mutation G279S enhances intrinsic excitability and reduces spike frequency adaptation and mAHP in CA1 neurons (Peters et al., 2005). Similarly, conditional homozygous deletion of KCNQ2 increases CA1 excitability due to longer-lasting spike afterdepolarization (ADP) and reduced medium AHP (Soh et al., 2014; Figure 1A). Thus, Kv7 channels serve as critical “brakes” on neuronal excitability (Soldovieri et al., 2011).

[image: Figure 1]

FIGURE 1. The role of Kv7 channels in hippocampal neurons, memory, and behavior. (A) Function of Kv7 channels in excitatory pyramidal neuron and GABAergic inhibitory neuron in the hippocampus. AP, action potential; RMP, resting membrane potential; EPSP, excitatory postsynaptic potential; ADP, afterdepolarization; mAHP, medium afterhyperpolarization; sAHP, slow afterhyperpolarization; sEPSC, spontaneous excitatory postsynaptic current; mEPSC, miniature excitatory postsynaptic current; PPF, paired-pulse facilitation; LTP, long-term potential; sIPSC, spontaneous inhibitory postsynaptic current; PV, parvalbumin; and eEPSC, evoked excitatory postsynaptic current. (B) Effects of pharmacological or genetic inhibition of Kv7 channels on memory and behavior. HP, hippocampus; PFC, pre-frontal cortex; AMPH, amphetamine; and EPM, elevated plus maze.


The inhibitory effects of Kv7 currents on neuronal excitability are largely attributed to axonal Kv7 channels. Kv7.2/Kv7.3 channels are preferentially enriched at the axonal plasma membrane compared to the somatodendritic plasma membrane in hippocampal neurons (Chung et al., 2006) with the highest concentration at the axonal initial segments (AIS; Chung et al., 2006; Pan et al., 2006) where AP initiates (Clark et al., 2009). CaM binding to Kv7.2 is critical for targeting Kv7.2/Kv7.3 channels to the axonal surface (Cavaretta et al., 2014), whereas disruption of this binding decreases I
M and increases hippocampal neuronal excitability (Shahidullah et al., 2005). Furthermore, disrupting the enrichment of Kv7 channels at the AIS by blocking their interaction with ankyrin-G results in spontaneous firing of CA1 neurons by depolarizing RMP and reducing AP threshold (Shah et al., 2008).

In contrast to the well-documented function of axonal Kv7 channels discussed above, the existence and role of dendritic Kv7 channels are still in debate. Non-inactivating Kv7 current sensitive to muscarinic agonist is detected in the distal apical dendrites of CA1 neurons (Chen and Johnston, 2004). Dendritic Kv7 current can increase the threshold for initiating calcium (Ca2+) spikes and induce spike bursts only in hyperexcitable conditions that promote Ca2+ electrogenesis in these dendrites (Yue and Yaari, 2006). However, XE991 and linopirdine do not affect input resistance of CA1 dendrites (Shah et al., 2008), and focal inhibition of dendritic I
M has no effect on the excitatory postsynaptic potential (EPSP) summation and excitability of CA1 neuron (Hu et al., 2007), indicating very low level of dendritic Kv7 current.

There is accumulating evidence for activity-dependent modulation of Kv7 channels and their contribution to persistent changes in intrinsic excitability termed “intrinsic plasticity.” In the pilocarpine model of temporal lobe epilepsy, reduced Kv7 function and expression may contribute to muscarinic-dependent ictogenesis (Maslarova et al., 2013). However, acute induction of seizures increases KCNQ2 and KCNQ3 transcripts in the hippocampi as a homeostatic response to suppress neuronal hyperexcitability, and this regulation requires activation of L-type voltage-gated Ca2+ channels (Zhang and Shapiro, 2012). Enhancing neuronal activity by Kv7 inhibition with XE991 also results in homeostatic suppression of firing rate over 48 h (Lezmy et al., 2020). In contrast, prolonged blockade of neuronal activity or N-methyl-D-aspartate (NMDA) receptors increases firing rate and reduces in KCNQ3 transcript and Kv7 current in hippocampal neurons (Lee and Chung, 2014; Lee et al., 2015). In the avian cochlear neurons, depriving afferent inputs induces a switch from fast activating Kv1 to slow activating Kv7.2 channels at the AIS, resulting in enhanced excitability (Kuba et al., 2015). This activity-dependent regulation of Kv7 transcript and distribution offers a powerful means to control intrinsic excitability.



ROLE OF KV7 CHANNELS IN SYNAPTIC TRANSMISSION AND PLASTICITY IN THE HIPPOCAMPUS

Since the discovery of long-term potentiation (LTP) in the dentate gyrus of the hippocampus (Bliss and Lomo, 1973), persistent modification in synaptic strength termed “synaptic plasticity” has attracted significant attention as the cellular correlate of learning and memory (Nicoll, 2017). LTP at excitatory synapses can exert destabilizing influence on neural circuits by generating unconstrained synaptic strengthening (Turrigiano, 2012). Homeostatic plasticity counteracts such destabilizing condition by allowing neurons to adjust their synaptic strength (Turrigiano, 2012). While activity-dependent modulation of glutamate release and glutamate receptors serves as key mechanisms for LTP expression (Turrigiano, 2012; Humeau and Choquet, 2019), Kv7 channels and upstream muscarinic acetylcholine receptors have emerged as important regulators of excitatory synaptic transmission and plasticity.

Synaptic functions of Kv7 channels have been extensively studied at the excitatory synapses formed by hippocampal CA1 and CA3 pyramidal neurons (Figure 1A). These neurons show strong expression of Kv7.2 and Kv7.3 (Cooper et al., 2001; Pan et al., 2006). Conditional deletion of KCNQ2 and KCNQ3 increases the frequency of spontaneous excitatory postsynaptic currents (EPSC) in CA1 neurons (Soh et al., 2018), suggesting enhanced presynaptic release at CA1–CA3 synapses. Consistent with this notion, application of Kv7 antagonist XE991 increases whereas Kv7 agonist Flupirtine decreases miniature EPSC frequency in CA1 neurons (Sun and Kapur, 2012). Furthermore, Kv7 inhibition with linopirdine and XE991 treatment also increases neurotransmitter release (Nickolson et al., 1990; Martire et al., 2004; Peretz et al., 2007). While Kv7 current restrains AP-evoked Ca2+ influx into the presynaptic terminal and decreases the paired pulse ratio of evoked EPSCs at the mossy fiber–CA3 synapses (Martinello et al., 2019), paired pulse facilitation of EPSP is higher at CA1–CA3 synapses in XE991-treated mice (Fontan-Lozano et al., 2011), suggesting differential roles of Kv7 channels in short-term plasticity at two different synapses.

Kv7.2 and Kv7.3 are expressed in GABAergic neurons including parvalbumin (PV)- and somatostatin (SST)-positive interneurons in the hippocampus (Cooper et al., 2001; Lawrence et al., 2006). Application of XE991 abolishes I
M, depolarizes RMP, and increases AP firing in SST+ interneurons (Lawrence et al., 2006) and enhances intrinsic excitability of PV+ interneurons (Soh et al., 2018; Figure 1A). Furthermore, conditional deletion of KCNQ2 and KCNQ3 from PV+ interneurons increases their firing and spontaneous inhibitory postsynaptic current (sIPSC) frequency of CA1 neurons in the hippocampus (Soh et al., 2018).

These studies highlight the presynaptic influence of Kv7 channels at glutamatergic and GABAergic synapses. Given that increased firing rate and burst firing can enhance neurotransmitter release probabilities (Hansen et al., 2008), Kv7 inhibition may increase neurotransmitter release as a consequence of increased axonal excitability (Devaux et al., 2004; Shah et al., 2008; Klinger et al., 2011). Indeed, when CA3 neurons are depolarized upon elevating extracellular K+ concentration, XE991 enhances EPSP amplitude in CA1 neurons as a consequence of increasing spike ADP and burst firing of CA3 neurons (Vervaeke et al., 2006). Alternatively, Kv7 channels at the presynaptic terminals (Cooper et al., 2001; Martire et al., 2004; Regev et al., 2009) may directly counteract the depolarization of the presynaptic membrane necessary for synaptic vesicle fusion and neurotransmitter release.

The postsynaptic role of Kv7 channels is unclear. A recent electron microscopy study shows that Kv7.2, Kv7.3, and Kv7.5 colocalize with muscarinic acetylcholine receptors at dendritic spines in layer III pyramidal neurons of the primate prefrontal cortex (Galvin et al., 2020), although the specificity of the immunolabeling needs to be further validated. In the CA1–CA3 synapses, the mEPSC amplitude is unaltered by agonist nor antagonists of Kv7 channels (Sun and Kapur, 2012), suggesting their negligible role in regulating postsynaptic glutamate receptor function at this synapse (Figure 1A).

Nonetheless, accumulating evidence suggests that Kv7 channels regulate hippocampal synaptic plasticity. At CA1–CA3 synapses, XE991 induces LTP by subthreshold theta-burst stimulation (Petrovic et al., 2012). Systemic administration of XE991 also decreases the threshold for LTP induction in the hippocampal CA1 area in vivo without affecting the field EPSP amplitude (Song et al., 2009; Fontan-Lozano et al., 2011). Lastly, homeostatic increase in excitatory synaptic transmission in CA1 neurons has been observed upon conditional deletion of KCNQ2 and KCNQ3 from GABAergic interneurons (Soh et al., 2018), suggesting the contribution of Kv7 channels in synaptic scaling.



ROLE OF KV7 CHANNELS IN HIPPOCAMPUS-DEPENDENT LEARNING AND MEMORY

Hippocampal LTP occurs during hippocampus-dependent learning and memory (Bliss et al., 2018) and its reduction is linked to memory loss in mouse models of Alzheimer’s disease (Mango et al., 2019). Facilitation of LTP induction by XE991 (Song et al., 2009; Fontan-Lozano et al., 2011; Petrovic et al., 2012) suggests that pharmacologic Kv7 inhibition may enhance learning and memory. Indeed, linopirdine enhances the performance of rats in a hippocampus-dependent active avoidance test (Cook et al., 1990). XE991 improves memory in object recognition task in wild-type mice and mouse models of dementia induced by cholinergic depletion and neurodegeneration (Fontan-Lozano et al., 2011; Ballinger et al., 2016; Dennis et al., 2016) despite its ability to induce seizures at a higher dose (Fontan-Lozano et al., 2011; Figure 1B). In contrast, Kv7 agonists have yielded mixed results on affecting memory in rodents (Li et al., 2014; Frankel et al., 2016).

The cognition-enhancing effect of linopirdine is correlated with the increased release of acetylcholine in the hippocampus (Nickolson et al., 1990; Fontana et al., 1994), and stimulation of muscarinic acetylcholine receptor inhibits I
M in hippocampal neurons (Shah et al., 2002). Consistently, muscarinic agonist improves whereas anticholinergic agent scopolamine impairs performance in hippocampus-dependent memory tasks (Fontana et al., 1994; Fontan-Lozano et al., 2011). Muscarinic acetylcholine receptors in the prefrontal cortex also modulate working memory in primates via Kv7 channels (Galvin et al., 2020). Since cholinergic depletion and dysfunction in the hippocampus and prefrontal cortex are implicated in age-related cognitive decline and Alzheimer’s disease (Ballinger et al., 2016; Haam and Yakel, 2017), these studies support the therapeutic potential for Kv7 antagonists as cognitive enhancers.

Surprisingly, genetic inhibition or reduction of Kv7 currents induces an opposite effect on memory (Figure 1B). Deficits in hippocampal-dependent spatial memory and spontaneous seizures are observed in mice with conditional transgenic expression of dominant-negative mutant Kv7.2-G279S (Peters et al., 2005) and heterozygous knock-in mice for Kv7.2 containing epileptic encephalopathy loss-of-function variant T274M (Milh et al., 2020). Considering that Kv7 channels are critical for development and inhibition of neonatal brain (Peters et al., 2005; Soh et al., 2014), the memory impairment in these genetic models could be attributed to abnormal hippocampal morphology and/or hyperexcitability (Peters et al., 2005; Milh et al., 2020).

Kv7 channels also regulate multiple behaviors (Figure 1B). Behavioral phenotyping of the global or conditional homozygous KCNQ2 knock-out mice has not been possible due to their early postnatal lethality or premature death, respectively (Watanabe et al., 2000; Soh et al., 2014). However, heterozygous KCNQ2 knock-out mice are viable and display increased locomotor activity and exploratory behavior (Kim et al., 2020), consistent with behavioral hyperactivity induced by transgenic suppression of Kv7 currents (Peters et al., 2005) and amphetamine and XE991 (Sotty et al., 2009). These mice also show decreased sociability and increased repetitive and compulsive behavior (Kim et al., 2020), reminiscent of autism seen in some EE patients with dominant KCNQ2 mutations (Weckhuysen et al., 2012, 2013; Milh et al., 2013). However, the precise circuitries responsible for these abnormal behaviors remain unknown.



FUTURE PERSPECTIVES

The studies discussed in this review support the emerging concept that Kv7 channels contribute to neural plasticity, memory, and behavior. However, there is a significant knowledge gap in our understanding of the underlying molecular and cellular mechanisms. Future studies should continue to investigate structure-function and subcellular targeting of Kv7 channels, which will provide mechanistic insights for developing specific modulators of their function and trafficking. Generation of mouse models in which deletion of a Kv7 subunit from specific neurons and subcellular localization with temporal control will be critical to delineate cell- and circuit-specific function of Kv7 channels in neural plasticity, cognition, and behavior.
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Kv7.2 subunits encoded by the KCNQ2 gene constitute a critical molecular component of the M-current, a subthreshold voltage-gated potassium current controlling neuronal excitability by dampening repetitive action potential firing. Pathogenic loss-of-function variants in KCNQ2 have been linked to epilepsy since 1998, and there is ample functional evidence showing that dysfunction of the channel indeed results in neuronal hyperexcitability. The recent description of individuals with severe developmental delay with or without seizures due to pathogenic variants in KCNQ2 (KCNQ2-encephalopathy) reveals that Kv7.2 channels also have an important role in neurodevelopment. Kv7.2 channels are expressed already very early in the developing brain when key developmental processes such as proliferation, differentiation, and synaptogenesis play a crucial role in brain morphogenesis and maturation. In this review, we will discuss the available evidence for a role of Kv7.2 channels in these neurodevelopmental processes, focusing in particular on insights derived from KCNQ2-related human phenotypes, from the spatio-temporal expression of Kv7.2 and other Kv7 family member, and from cellular and rodent models, highlighting critical gaps and research strategies to be implemented in the future. Lastly, we propose a model which divides the M-current activity in three different developmental stages, correlating with the cell characteristics during these particular periods in neuronal development, and how this can be linked with KCNQ2-related disorders. Understanding these mechanisms can create opportunities for new targeted therapies for KCNQ2-encephalopathy.
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INTRODUCTION

The KCNQ gene subfamily consist of five members (KCNQ1–5), all encoding voltage-gated potassium (K+) channel subunits (Kv7.1–5). The Kv7.1 subunit is predominantly expressed in the heart tissue, while Kv7.2-5 subunits are expressed most abundantly in the nervous system; Kv7.2 and Kv7.3 subunits expression is mostly restricted to the nervous system, whereas that of Kv7.4 and Kv7.5 subunits are more widespread, also including smooth and skeletal muscles (Sanguinetti et al., 1996; Schroeder et al., 2000; Cooper et al., 2001; Yeung et al., 2007). In adult neurons, Kv7 channels consist most frequently of tetramers containing Kv7.2 and Kv7.3, and more rarely Kv7.5 subunits (Wang et al., 1998; Schroeder et al., 2000). Independently of subunit composition, all Kv7 channels generate voltage-dependent K+ currents and represent the molecular basis of the M-current, a voltage-gated and K+-selective current which derives its name from its suppression upon activation of M1 muscarinic receptors (Brown and Adams, 1980). Muscarinic-dependent M-current suppression is caused by M1 receptor-dependent activation of phospholipase C, which hydrolyses phosphatidylinositol-4,5-bisphosphate (PIP2), a molecule which is necessary for Kv7 channel opening (Suh and Hille, 2002). The M-current is a slowly activating, non-inactivating, time‐ and voltage-dependent potassium current, which regulates the resting membrane potential (RMP) and dampens repetitive neuronal firing, thereby controlling neuronal excitability (Wang et al., 1998; Brown and Passmore, 2009).

During the last decade, an emerging number of studies pointed out that severe disruption of the function of Kv7.2, Kv7.3, and Kv7.5 subunits due to de pathogenic variants in the encoding gene leads to developmental and epileptic encephalopathy (DEE; Weckhuysen et al., 2012; Lehman et al., 2017; Lauritano et al., 2019). DEEs are a heterogeneous group of mostly neonatal-, infantile‐ or childhood-onset disorders characterized by severe, drug-resistant seizures, characteristic electroencephalographic (EEG) signatures, and different levels of developmental delay or regression, often with a poor prognosis. Although anti-seizure drugs can have some effect on seizure control in KCNQ-related DEEs, and several patients become seizure free after a few weeks to months, these patients invariably suffer from severe developmental delay (Pisano et al., 2015). A complex relationship is known to exist between epilepsy and neurodevelopment; before the most recent International League Against Epilepsy classification introducing the DEE term (Fisher et al., 2017), the most-commonly used term of “epileptic encephalopathy” was meant to highlight the classical belief that epileptic activity by itself is the primary cause of cognitive and developmental deterioration. However, some patients can have developmental impairment before seizure onset, or cognitive deterioration may progress despite complete seizure control; given the variable relationship between seizures and cognition, these conditions have been more recently referred to as DEEs. Thus, the possibility that the control exerted over neuronal excitability by Kv7.2, Kv7.3, and Kv7.5 subunits may play a role in neurodevelopment deserves to be investigated. In this review, we will focus on what is currently known about the role of Kv7.2 channels in neurodevelopment.



HUMAN PATHOGENIC KCNQ2 VARIANTS AND NEURODEVELOPMENT

The best proof for a role of the M-current in neurodevelopment is the observation that pathogenic variants in KCNQ2 are responsible for a spectrum of neurodevelopmental disorders in humans. Already in 1998, inherited pathogenic variants in KCNQ2 were identified as a cause of benign familial neonatal epilepsy (BFNE; KCNQ2-B; Singh et al., 1998). This disorder is characterized by neonatal seizures, but development in these patients is generally normal (Maljevic and Lerche, 2014). However, the risk of seizure recurrence in BFNE individuals is 10–20 times higher than the general population (Plouin, 1994), and a few BFNE families with individuals affected with various degrees of developmental disability have been described (Dedek et al., 2003; Borgatti et al., 2004). In 2012, some heterozygous pathogenic variants in KCNQ2 were surprisingly shown to result in DEE, with a developmental delay ranging from mild to profound, nowadays referred to as “KCNQ2-encephalopathy” (KCNQ2-E; Weckhuysen et al., 2012). Pathogenic variants in KCNQ2 are shown to be the most common genetic cause of neonatal-onset DEE. A recent prospective cohort study showed that 83% of newborns with a DEE had an identifiable genetic etiology, of whom 40% had a pathogenic variant in KCNQ2 (Shellhaas et al., 2017). The incidence of KCNQ2-E is reported to be 1–3/100.000 births (Lopez-Rivera et al., 2020). By contrast, only a handful of DEE patients with pathogenic variants in KCNQ3 or KCNQ5 have been described (Rauch et al., 2012; Epi4k Consortium et al., 2013; Lehman et al., 2017; Ambrosino et al., 2018; Kothur et al., 2018; Lauritano et al., 2019; Rosti et al., 2019; Sands et al., 2019).

Interestingly, the degree of developmental delay does not completely correlate with the frequency or severity of the epileptic seizures (Weckhuysen et al., 2013). Furthermore, there seems to be a clear distinction between pathogenic variants leading to either KCNQ2-B or KCNQ2-E (Figure 1). Pathogenic variants associated with KCNQ2-B are truncating (splice, nonsense, and frameshift), whole gene deletions, or heterozygous missense variants resulting in haploinsufficiency with a 20–30% reduction of the M-current density when mutant subunits are expressed together with wild-type subunits in heterologous cell systems (Maljevic and Lerche, 2014). KCNQ2-E, on the other hand, is caused by heterozygous missense or in-frame indel mutations shown to have a dominant negative (DN; >50% reduction of the M-current density), or more rarely gain of function effect (GOF; >100% of the M-current density) when co-expressed with wild-type subunits (Miceli et al., 2013, 2015). Interestingly, KCNQ2 GOF variants can lead to distinct neurodevelopmental phenotypes. For example, patients with the mild GOF variant R198Q present infantile spasms without prior neonatal seizure (Millichap et al., 2017), whereas patients with the strong GOF variants R201C/H showed severe neonatal-onset encephalopathy without neonatal seizures but prominent startle-like myoclonus and a burst-suppression EEG pattern (Mulkey et al., 2017). KCNQ2 has also gained interest in the field of autism spectrum disorder (ASD). First of all, many of the reported KCNQ2-E patients show autistic features or have ASD as a behavioral comorbidity (Milh et al., 2013; Millichap et al., 2016). Second, KCNQ2 variants are also commonly identified in genetic studies on ASD cohorts (Jiang et al., 2013; Long et al., 2019). The mechanism by which two opposite effects on the M-channel, either a reduction of more than 50% of the M-current (DN effect) or an increase of the M-current density (GOF effect), both lead to developmental delay, is not known yet. However, this shows that the level of the M-current has to be regulated in a very precise manner to maintain homeostasis of the neuronal network.
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FIGURE 1. Overview of the effect of different KCNQ2 pathogenic variants on the M-current and their associated clinical phenotype.


Heterologous cellular systems have been used abundantly to study the functional consequences of human pathogenic KCNQ2 variants, and electrophysiological assays have been used as a read-out to assess genotype-phenotype correlations (Orhan et al., 2014; Abidi et al., 2015; Miceli et al., 2015; Millichap et al., 2017; Kim et al., 2018; Soldovieri et al., 2019). These systems have the advantage of being relatively straightforward, cost-efficient, and relatively high-throughput (Maljevic et al., 2017). The disadvantage of this approach is that the lack of native-neuronal environment may influence channel behavior in such a way that those variant-induced functional changes that affect channel subcellular localization or interaction with neuronally-expressed proteins may not become apparent. This was demonstrated by two recent studies on two different recurrent KCNQ2-E variants, A294V and R560W. Both generated similar currents as seen for KCNQ2-B variants when overexpressed in heterologous systems (Orhan et al., 2014; Abidi et al., 2015). The DN effect could only be observed in transfected neurons; the A294V variant altered distribution of Kv7.2 containing channels to the somato-dendritic compartment, while the R560W variant reduced Kv7.2 axonal surface expression and impaired gating regulation by phosphoinositides (Kim et al., 2018). This data underline the importance of a neuronal environment to fully understand the disease pathomechanism(s) triggered by each pathogenic KCNQ2 variant.

An interesting side note is that the Kv7.2 channel has several accessory proteins, many of which are also associated with neurodevelopmental disorders. SCN1B encodes for NaVβ1, a multifunctional molecule that is involved in modulation of sodium and potassium channels (including Kv7.2 channels), neurite outgrowth, axon pathfinding, and cell migration (Brackenbury and Isom, 2011; Nguyen et al., 2012). Bi-allelic pathogenic variants in the SCN1B gene are linked with DEE with phenotypic properties similar to Dravet syndrome, whereas heterozygous pathogenic variants lead to generalized epilepsy with febrile seizures plus (Scheffer et al., 2007; Aeby et al., 2019). Another important accessory protein of the Kv7.2 channel is Ankyrin-G, which is encoded by the ANK3 gene. Ankyrin-G has the essential role to anchor the Kv7.2 subunit at the axon initial segment (AIS) and nodes of Ranvier (Devaux et al., 2004; Pan et al., 2006). Heterozygous pathogenic missense variants have been linked to intellectual disability, ASD, bipolar disorder, and schizophrenia (Ferreira et al., 2008; Bi et al., 2012; Iqbal et al., 2013). Lastly, syntaxin-1A is a member of the soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptors (SNARE) superfamily. The SNARE protein complex facilitates the docking and fusion of synaptic vesicles at presynaptic membrane to enable neurotransmission (Rizo, 2018). Syntaxin-1A can bind to the C-terminus of Kv7.2 subunit, thereby decreasing open probability via facilitation of the interaction between the C-terminus and the N-terminus (Regev et al., 2009). To date, malfunction of syntaxin-1A itself is not known to be directly associated with neurodevelopmental disorders, however, pathogenic variants in the gene that encodes for the binding partner syntaxin binding protein 1 (STXBP1) are known to cause several DEE forms including a similar phenotype to KCNQ2-encephalopathy (Stamberger et al., 2016). STXBP1-Loss-of-function (LOF) mutations results in an increased binding of syntaxin-1A to the Kv7.2 channel, and thus, a decrease in M-current density (Devaux et al., 2017). Therefore, alterations in M-current density could be a convergence point between STXBP1-E and KCNQ2-E.



SPATIOTEMPORAL EXPRESSION OF KV7.2 SUBUNIT AND ITS RELATION TO NEURODEVELOPMENT

In this section, we will focus on Kv7.2 channel expression in the central nervous system. However, it should be noted that Kv7 channels are also expressed in the peripheral nervous system (PNS) (Passmore et al., 2003). To date, only few studies are available regarding the Kv7 subunit distribution in the PNS; nonetheless, most of those document a high Kv7.2 and Kv7.3 subunits expression in rat small-diameter dorsal root ganglionic neurons and non-myelinated C fibers (Passmore et al., 2003; King and Scherer, 2012; Huang et al., 2016). In rat peripheral sciatic nerves, most small‐ and medium-sized axons were shown to express Kv7.2/Kv7.3 heteromers, while in the largest sciatic nerve axons, mostly Kv7.2 homomers are observed (Cooper, 2011).


Kv7.2 Subunit Expression in Mature Neurons in the CNS

Kv7.2 channels are expressed widely throughout the brain in both excitatory and inhibitory neurons. In the adult human brain, immunohistochemistry shows a high level of Kv7.2 channels in the cortex, and lower levels in the hippocampus (Cooper et al., 2000). Within the neuron, Kv7.2 channels are located at the AIS, nodes of Ranvier, the soma, and presynaptic terminals (Cooper et al., 2001; Cooper, 2011). Depending on the Kv7.2 channel subcellular localization in the neuron, Kv7.2 subunits may play different roles. In fact, at the AIS and nodes of Ranvier, Kv7.2 has an important role in stabilizing the RMP and increasing the steady state availability of the sodium channels (Nav) (Battefeld et al., 2014). At the soma, it is a key player for the inhibition of repetitive action potential firing by attenuating after depolarization, and at presynaptic terminals of neurons, the Kv7.2 channel has been shown to regulate presynaptic neurotransmitter release (Martire et al., 2004; Luisi et al., 2009; Regev et al., 2009; Battefeld et al., 2014).



Temporal Regulation of KCNQ2 Transcripts and Kv7.2 Subunit Expression During Neurodevelopment


KCNQ2 Transcripts Expression During Neurodevelopment

KCNQ2 transcripts are already significantly expressed at the stem cell stage and during the whole course of neurodevelopment, with different transcripts showing differences in temporal expression. KCNQ2 has six curated transcripts based on the Reference Sequence (RefSeq) database. Transcript a (NM_172107) is the canonical transcript and counts 17 exons. The two most studied transcripts are transcript c (NM_004518; contains a distinct three prime untranslated region and is missing exon 9 and 12) and d (NM_172108; missing exon 12 and has a shorter exon 13), both generating functional channels (Orhan et al., 2014; Abidi et al., 2015; Ambrosino et al., 2015; Devaux et al., 2017). This suggests that exon 9 and 12 are not essential to form a functional channel. In support, no known KCNQ2-E pathogenic variant is located in these exons. Transcript b (NM_172106) and f (NM_001382235), both missing exon 12, are not well studied. Lastly, transcript e (NM_172109) is a shorter KCNQ2 transcript. It consists of exon 1 until exon 8 and has an alternative extension of exon 8 due to alternative splicing, which results in a frameshift. This shorter KCNQ2 transcript is expressed most abundantly in the fetal brain and its expression levels decrease during neuronal development. Therefore, we will refer to this transcript as the “short fetal transcript.” The opposite is seen for the longer KCNQ2 transcripts; they are upregulated during neuronal differentiation and increase with ongoing maturation (Smith et al., 2001); however, the probe used in this study recognizes all transcripts, thus, the specific role of each individual transcript cannot be assessed. Nonetheless, in support of this human brain tissue study, the transcriptome data from the LIBD stem cell browser1 show a similar temporal expression pattern for the different KCNQ2 transcripts in induced pluripotent stem cells (iPSCs) and iPSC-derived neuronal cells. This database shows the expression of all exons over the course of neuronal development, from self-renewal toward neuronal progenitor cells (NPCs) and neurons. Interestingly, the data show that exon 1 until 8 (present in the short fetal transcript) are already significantly expressed during the self-renewal stage, and expression stays relatively stable throughout neuronal development. Exon 10–11 and 13–17, but not exon 9 and 12, show a low expression in the self-renewal and NPC stage, with an increased expression when NPCs differentiate into neurons. Lastly, exon 9 and 12 only show a significant expression in neurons. Because transcript c is the only curated long transcript that is missing exon 9 and 12, this suggests that transcript c is the longer transcript seen in self-renewal and NPC stage. Indeed, the expression of the short fetal transcript and transcript c in iPSCs and embryonic stem cells (ESCs) was confirmed in other studies, where they even demonstrated that KCNQ2 shows the highest expression of all ion channels (Wang et al., 2005; Jiang et al., 2010; Linta et al., 2013). It should, however, be noted that we cannot rule out that additional alternative transcripts without exon 9 and 12 exist that are not included in the curated RefSeq transcripts.

So far, on a protein level, the expression of these different transcript has not been studied during early neurodevelopmental stages. The presence of a shorter transcript of ~40 kDa on western blot has only been observed in adult mouse brain using an antibody targeting the N-terminal of the Kv7.2 subunit (which is conserved among all the Kv7.2 transcripts; Cooper et al., 2001). The size of this transcript is similar to the predicted size of protein encoded by the short fetal transcript. Unfortunately, no subsequent effort has been made in investigating this shorter transcript further.



M-Current Density During Neurodevelopment

Functional Kv7.2-containing channels are expressed early in neurodevelopment, and their expression increases during development, thereby influencing neuronal differentiation by altering the neuronal membrane potential. Not with standing the ample evidence at the transcript level for expression of Kv7.2 transcripts c and e from the stem cell stage, evidence at the protein level is so far lacking. In this context, it is however interesting to note that HEK293T cells transfected with the short fetal transcript do not generate a detectable M-current. Co-transfection with the short fetal transcript and the canonical transcript a suppresses the M-current density compared to transfection with transcript a alone (Smith et al., 2001). At the time of this publication, the necessity of PIP2 binding for the opening of the channel was not known yet (Suh and Hille, 2002). Based on the knowledge we have today, the short fetal transcript misses two important PIP2 binding sites, located at the A-B linker and B-C linker (Hernandez et al., 2008; Kim et al., 2018; Zhang et al., 2020). Therefore, if the short fetal Kv7.2 subunit would reach the plasma membrane and would form tetramers, this would result in a strongly reduced open probability of the channel due to reduced PIP2 binding. However, it is very unlikely that the short fetal Kv7.2 subunit will reach the plasma membrane, as it also lacks the subunit-interaction domain (SID), important for tertramerization, and the calmodulin domain, important for the transport to the plasma membrane (Schwake et al., 2003; Cavaretta et al., 2014).

Kv7.2 subunits are nevertheless definitely present at the plasma membrane of immature neurons, and levels are shown to increase during differentiation (Safiulina et al., 2008; Figueiro-Silva et al., 2015; Telezhkin et al., 2018). A low M-current density and a weak Kv7.2 channel expression was shown in neonatal mouse P0 CA3 neurons using a C-terminal antibody recognizing the long transcripts. After the first postnatal weeks, both the M-current density and Kv7.2 channels markedly increase. The low expression of Kv7.2 channels in neonatal neurons allows intrinsic bursting and neuronal synchronization, leading to generation of giant depolarizing potential, which are important for hippocampal network stabilization (Safiulina et al., 2008). Moreover, during neuronal differentiation of iPSC-derived neurons, hyperpolarization of the RMP was shown to be correlated with the expression levels of Kv7.2/3 (Telezhkin et al., 2018). The RMP is a known regulator of cell fate, as highlighted in several studies (Sontheimer et al., 1989; Ng et al., 2010; Rao et al., 2015). To initiate differentiation, mouse embryonic stem cells (mESC) become more depolarized to enter the G1/G0 phase, after which the cell gradually hyperpolarizes during differentiation (Ng et al., 2010). Therefore, more mature differentiated neurons have a more hyperpolarized RMP compared to immature neurons. It is thus not surprising that forced membrane potential changes can alter the fate of cells. (MacFarlane and Sontheimer, 2000; Sundelacruz et al., 2008). This is in line with the observation that overexpression of Kv7.2/3 channels speeded up the maturation of the iPSC-derived neurons and facilitated spontaneous firing, by forcing the RMP to reach the optimal range for Nav channel activation (Telezhkin et al., 2018).

Based on the currently available studies outlined above, we hypothesize that there are three crucial, temporally-distinct phases in M-current density regulated by KCNQ2 transcript expression that coordinate proper neuronal development. A schematic overview is provided in Figure 2.
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FIGURE 2. Schematic overview of KCNQ2 transcript expression during the different phases of neuronal development. Top, showing the different cell types during differentiation; stem cell (left), neuronal progenitor cell (NPC, middle), and neuron (right). Middle, showing the cell characteristics during neuronal development, and its correlation with the M-current density. Bottom, expression profile of the different KCNQ2 transcripts based on the data exported from the LIBD stem cell browser.


Phase 1, occurring at very early developmental stages in which a very low M-current density correlates with a strongly depolarized RMP of the cells, a necessary prerequisite to maintain a high proliferation to differentiation ratio. The KCNQ2 expression profile during this period, i.e., a high expression of short fetal KCNQ2 and low expression of long KCNQ2, makes us believe that the short fetal Kv7.2 isoform serves as guard to prevent a large M-current to be generated and prevent hyperpolarization of the cell. Therefore, it may be hypothesized that pathogenic variants in KCNQ2 that reduce the M-current will not lead to large clinical consequence during Phase 1.

Phase 2, in which an enhanced M-current density occurs as a consequence of a gradual increase in Kv7.2 expression, in order to support neuronal differentiation. A tight regulation of fetal and long Kv7.2 isoforms expression is necessary for a gradual increase in M-current density to hyperpolarize the RMP during differentiation. During the second phase, the first clinical consequence of Kv7.2-mediated developmental channelopathy can be expected.

Finally, Phase 3, when a stable M-current density and Kv7.2 expression supports neuronal maturation, corresponding mainly to the postnatal period. During this phase, Kv7.2 channels fulfill their better-known role in neurons; regulating the RMP, dampening repetitive firing, and controlling neurotransmitter release. In this phase, pathogenic variants in KCNQ2 would lead to the different (mostly-neonatal) phenotypes of KCNQ2-B or KCNQ2-E, depending on the extent of M-current functional derangement.



Temporal Regulation of Kv7.2 and Kv7.3 Subunit Expression

In addition to the temporal changes in Kv7.2 subunit expression during development, available data also suggest a time-dependent regulation of the expression of other members of the Kv7 subfamily, the Kv7.3 subunit in particular. In mice, Kv7.2 subunits are already significantly expressed at birth, and its levels are relatively stable or even increase postnatally (Tinel et al., 1998; Safiulina et al., 2008). Expression of Kv7.3 subunit, on the other hand, is very low at birth and gradually increases to eventually become even higher than that of Kv7.3 subunit (Tinel et al., 1998; Zhang et al., 2016). Therefore, the ratio of M-channels consisting of Kv7.2 homomers and Kv7.2/Kv7.3 heteromers will shift during development. A similar pattern of age-dependent expression, with Kv7.2 subunits being already detected in fetal life and Kv7.3 subunits increasing from late fetal life to infancy, has also been shown in human brain tissue (Figure 3; Kanaumi et al., 2008). Interestingly, the M-current density of the Kv7.2/Kv7.3 heteromers is 3.8 times bigger than Kv7.2 homomers (Selyanko et al., 2001). Furthermore, when studying DN KCNQ2-E variants in heterologous cell systems, the incorporation of the Kv7.3 subunit is able to (partially) rescue the mutational effect on the M-current observed in homomeric Kv7.2 channels (Gomis-Perez et al., 2019). Therefore, the differences in the temporal expression of Kv7.2 and Kv7.3 subunits probably contribute to the typical age-dependent characteristics of KCNQ2-related disorders: (i) the neonatal or even prenatal onset, at a time where Kv7.2 homomers are the predominant M-channels and (ii) the transient epileptic phenotype in which the increased expression of Kv7.3 subunits could play a role (Singh et al., 1998; Weckhuysen et al., 2012).
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FIGURE 3. Kv7.2 and Kv7.3 expression during human brain development. Top, timeline of key neural developmental cellular processes in the human brain (adapted from Semple et al., 2013). Bottom, representation of Kv7.2 and Kv7.3 positive neurons in the temporal lobe and the hippocampus during the three neurodevelopmental phases (adapted from Kanaumi et al., 2008).





Kv7.2 Subunit Expression in Fetal Astrocytes

RNA sequencing data show preliminary evidence for early expression of kv7.2 subunits in human astrocytes. In a study on bulk RNA extracted from isolated cell types from mouse and both fetal and adult human cortex, a high expression of KCNQ2 was found in neurons and oligodendrocyte precursor cells of mice, whereas in humans, the highest expression of KCNQ2 was found in fetal astrocytes or astrocyte precursor cells, with rather low expression in neurons (Zhang et al., 2016). Open source, adult human brain, single-nuclei RNAseq databases such as the Allen Brain Map2 and the UCSC cell browser,3 on the other hand, show expression of KCNQ2 in neurons, but no clear evidence of KCNQ2 in astrocytes, suggesting expression in astrocytes is restricted to the early neurodevelopmental period. To date, no proof exists for a functional role of Kv7.2 channels in astrocytes. However, if this proves to be the case, this could open a whole new level of complexity to KCNQ2-related disorders, as astrocytes are known to contribute to the maintenance and formation of neuronal circuits and are known to play a role in the pathogenesis of several neurodevelopmental disorders, including ASD, Rett syndrome, and Fragile X (Molofsky et al., 2012; Sloan and Barres, 2014; Petrelli et al., 2016)




NEURONAL CELL MODELS AS A TOOL TO STUDY THE ROLE OF KV7.2 SUBUNITS IN NEURODEVELOPMENT

A common method to study the function of M-channels is the use of pharmacological blockers or openers in in vitro or ex vivo cell models. Retigabine and flupirtine are the most commonly used openers and have a specificity for Kv7.2-5 subunits (Gribkoff, 2003; Yeung et al., 2008). In 2011, retigabine was approved as a treatment for epilepsy by the Food and Drug Administration and the European Medicines Agency; however, it was withdrawn from the market in June 2017 due to side effects including blue discoloration of skin and retina (Tompson et al., 2016). 10,10-bis(pyridin-4-ylmethyl)anthracen-9-one (XE991) and linopirdine are the most commonly used Kv7 channel blockers, both inhibiting all members of the Kv7 family. When interpreting these pharmacological studies, it is, thus, important to realize that none of these drugs are truly Kv7.2 subunit specific.

A clear distinction should also be made between studies using acute and chronic interventions. Acutely blocking the M-current in neurons is known to increase the intrinsic excitability, whereas chronic blocking gradually reduces the intrinsic excitability again. The chronic block induces a compensatory distal shift of the AIS and a relocation away from the soma of Nav and Kv7-channels, thus, again stabilizing network excitability (Lezmy et al., 2017). Chronical blocking of the M-current does not only influence excitability properties but has also been shown to alter neurodevelopmental processes, such as neurite outgrowth and synaptogenesis in different neuronal cell models (an overview of the studies is given in Table 1).



TABLE 1. Overview of in vitro studies that use pharmacological blockers or openers to chronically block the M-current.
[image: Table1]

Chronic blocking of the M-current with XE991 in PC12 and P0 rat cortical neurons was shown to result in an increased neurite outgrowth, while retigabine had the opposite effect (Zhou et al., 2016). Additionally, Kv7.2 channels have been described to play a key role in the regulation of synaptic plasticity through its interaction with neuronal pentraxin 1 (NP1) at presynaptic terminals of excitatory synapses and the axonal growth cones of fetal cortical neurons. Chronic blocking of Kv7.2 channels in these neurons increases excitatory synaptogenesis (Figueiro-Silva et al., 2015). Remarkably, another study using chronic XE991 treatment in differentiating mESC and embryonic hippocampal neurons was shown to decrease synaptic and vesicular proteins in inhibitory neurons but not in excitatory neurons (Zhou et al., 2011). A possible explanation for these opposite results could be the difference in studied cell type and cell maturity between the two studies, as Kv7 subunits and transcripts show distinct expression levels, spatial expression, and interactors depending on cell type and maturity stage.



MOUSE MODELS AS TOOLS TO STUDY THE ROLE OF KV7.2 SUBUNITS IN NEURODEVELOPMENT

To date, animal models have led to many fundamental discoveries of brain function and have given us a better understanding of the regulation of neurodevelopmental processes. Both knockout (KO) or knock-in (KI) mice models have been generated to study the role of Kv7.2 channels in vivo.


KCNQ2 KO Mouse Models

The first mouse models to study the function of Kv7.2 channels were KO models, some generated already 2 decades ago. They have taught us that specific neuronal subtypes are more vulnerable to changes in Kv7.2 expression levels and/or function, and especially that loss of Kv7.2 channels leads to complex homeostatic network changes that generally favor hyperexcitability. Heterozygous deletion of KCNQ2, engineered in attempt to mimic the human BFNE genotype, fails to prompt spontaneous seizures but lowers the seizure threshold to proconvulsants in adult mice (Watanabe et al., 2000; Yang et al., 2003). The focus of these earlier studies was mainly on seizure susceptibility, as Kv7.2 was not linked yet to behavioral abnormalities. With the current evidence that the Kv7.2 channel plays a role in neurodevelopment and that variants in KCNQ2 are enriched in ASD cohorts, the KCNQ2 KO model was also subjected to extensive behavioral analysis; an in-depth behavioral study, indeed, recently showed autism-associated behaviors such as a decrease in social behavior and enhanced repetitive behaviors in KCNQ2 heterozygous KO mice (Kim et al., 2020).

Homozygous KCNQ2 KO mice die within hours after birth, which highlights the importance of Kv7.2 channels for survival. To circumvent lethality, brain region-specific KCNQ2-null mice have been developed to enable studying complete Kv7.2 channel loss in specific cell types (Soh et al., 2014, 2018; Niday et al., 2017). Transgenic mice with conditional deletion of KCNQ2 in cortical pyramidal neurons are characterized by abnormal electrocorticogram activity and early death and showed increased excitability of CA1 pyramidal neurons. Interestingly, KCNQ2-null neurons did not show alterations in the RMP although they presented a decrease by ~85% of the M-current, suggesting that the contribution of K7.2 subunits to the RMP in p15-p20 mice cerebral cortical pyramidal neurons is small and/or that homeostatic adaptations occur to correct for the absence of Kv7.2 channels (Soh et al., 2014). A follow-up study furthermore showed neuronal hyperexcitability in layer 2/3 pyramidal neurons and alterations in action potential properties (AP), including increase in AP amplitude, decrease in medium after hyperpolarization (mAHP) and a (subsequent) increase in AP frequency (Niday et al., 2017). Specific ablation of Kv7.2 in interneurons, on the other hand, led to elevated excitability of parvalbumin positive (PV+), but not somatostatin positive, neurons. This, in turn, resulted in homeostatic potentiation of excitatory transmission in pyramidal neurons and increased seizure susceptibility in PV-KCNQ2 null mice (Soh et al., 2018). Importantly, this study shows that Kv7.2 loss induced an increase in interneuron excitability, which influences the course of excitatory network development. In this respect, it is important to point out that γ-aminobutyric acid (GABA) drives excitatory synapse maturation and formation in pyramidal neurons and that early in neurodevelopment, GABA is known to act as an excitatory, instead of an inhibitory neurotransmitter, due to high Na+ − K+ − Cl- cotransporters 1 (NKCC1) expression (Li and Xu, 2008; Le Magueresse and Monyer, 2013).



KI Mouse Models of Human Pathogenic KCNQ2 Variants

Most KI mouse models published so far express human KCNQ2-B variants and show a decreased seizure threshold similar to the heterozygous KO mice (Singh et al., 2008; Tomonoh et al., 2014). Interestingly, the BFNE KCNQ2-Y284C KI mouse also showed an increase in presynaptic GABA release at brain examination in the first postnatal week (Uchida et al., 2017). Because of the excitatory behavior of GABA early in neurodevelopment, the M-current is one of the most important regulators of neuronal inhibition during this period (Peters et al., 2005). Therefore, the combination of a reduction of the M-current and an increase in GABA release is believed to strongly contribute to the observed neonatal brain hyperexcitability in KCNQ2-B.

Until recently, the only genetic KCNQ2-E mouse model that had been published was a conditional overexpression model of the DN KCNQ2-G279S variant, inserted on the mouse X chromosome (Peters et al., 2005). This variant was modeled based on a DN variant in KCNQ1, and has, in the meantime, been described in a patient with KCNQ2-E (Sharawat et al., 2019). The mice displayed spontaneous seizures, as well as cognitive and behavioral impairments when scored with the Morris water maze and open-field tests. Morphological characterization of the hippocampus showed loss of mossy fiber terminals in the infrapyramidal layer. Remarkably, the observed phenotype was reversed when mutated KCNQ2 expression was turned off, using a Tet-off system, in the first postnatal weeks (Peters et al., 2005). In a follow-up study, the authors showed that bumetanide treatment during this same critical period also resulted in a rescue of the phenotype (Marguet et al., 2015). Bumetanide is a NKCC1 antagonist reducing the GABA-mediated depolarization that is seen in early neurodevelopment (Wang and Kriegstein, 2011). In conclusion, both the model with conditional KCNQ2 KO in PV+ neurons discussed above, the KCNQ2-Y284C KI and the KCNQ2-E overexpression mouse models, point toward an important role for GABA during early neurodevelopment in KCNQ2-related disorders.

Very recently, the first KI mouse model of a recurrent KCNQ2-E variant, KCNQ2-T274M, has been published, reproducing several phenotypic traits of human KCNQ2-E (Weckhuysen et al., 2012; Milh et al., 2020). These mice show learning and memory deficits when tested in the Morris water maze or the Barnes maze, as well as reduced exploratory behavior, suggesting that hippocampal dysfunction is involved in the disease pathology, although no abnormalities were observed upon morphological examination of the hippocampus. Furthermore, these mice present spontaneous clinical seizures starting from P20, which are rarely observed after P100 (Milh et al., 2020). This nicely mimics what is seen in patients, as most of them become seizure free a few months after seizure onset (Weckhuysen et al., 2012). This mouse model will contribute significantly to the understanding of KCNQ2-E phenotypic traits, which are often impossible to fully recapitulate in simplistic cell models and will be a very valuable tool for future drug discovery (Maljevic et al., 2017).




THE ROLE OF KV7.2 CHANNELS IN NEURODEGENERATION

The role of the Kv7.2 channel in neurodegeneration is not the focus of this review; however, it is interesting to note that common genetic variation in KCNQ2 has recently been associated with risk of cognitive decline in healthy elderly (Bonham et al., 2018). Furthermore, some evidence exists for an (indirect) role of Kv7.2 in neurodegeneration disorders. Amyloid beta (Aβ) oligomers, involved in the pathogenesis of Alzheimer’s disease (AD), were reported to reduce Kv7.2 expression, resulting in a decrease of the M-current (Colom et al., 2011; Leao et al., 2012; Duran-Gonzalez et al., 2013; Mayordomo-Cava et al., 2015). In the medial septal neurons in mice, Aβ seems to reduce the M-current only in the glutamatergic neurons, resulting in increased firing and altered medial septal rhythmicity (Leao et al., 2012). As the medial septal nucleus is a key to generate the theta waves in the hippocampus, which is important for memory formation, alterations in the rhythmicity might underlie the cognitive deficits in AD patients (Winson, 1978; Seager et al., 2002). If the hypothesis is correct that hyperexcitability contributes to cognitive decline, specific Kv7.2 channels openers could be of benefit in AD patients. This could also be part of the explanation why no significant improvements in cognition were observed during a clinical trial of linopirdine, a Kv7.2 blocker, in AD patients (Rockwood et al., 1997). Furthermore, Kv7.2 channels openers could also be beneficial for Huntington’s disease (HD), as retigabine has been reported to rescue the electrophysiological and behavioral phenotype of transgenic HD model (Cao et al., 2015). Moreover, retigabine was described to block the hyperexcitability and to improve motor neuron survival of iPSC-derived motor neurons from amyotrophic lateral sclerosis patients (Wainger et al., 2014). Lastly, for Parkinson’s disease, several studies have shown that blocking of Kv7 channels with XE991 increased excitability of the dopaminergic neurons and has a neuroprotective effect toward dopaminergic degeneration in a mouse model of Parkinson’s disease (Shi et al., 2013; Liu et al., 2018). Altogether, those results support the idea that Kv7 subunits, possibly including Kv7.2 subunits, are interesting therapeutic target for different neurodegenerative diseases and cognitive impairment.



FURTHER PERSPECTIVES

Since the discovery of the KCNQ2 gene in 1998, KCNQ2-encoded Kv7.2 subunits have been studied extensively (Singh et al., 1998). Although multiple lines of evidence show that Kv7.2 channels are involved in neurodevelopment, most studies have focused on the function of the Kv7.2 channels in a mature neuronal environment. Therefore, in this review, we highlight the importance of Kv7.2 in (early) neurodevelopment. Thanks to the increasing use of RNA-sequencing and the availability of transcriptome databases, a large amount of information on KCNQ2 expression has become available, leading to the consensus that an increasing expression of this gene is consistently observed during neuronal development (Safiulina et al., 2008; Telezhkin et al., 2018). Interestingly, multiple transcriptome datasets show evidence for the expression of a shorter fetal KCNQ2 transcript (transcript e) in iPSCs and neuronal derivatives, in addition to the longer transcript transcript c (Wang et al., 2005; Jiang et al., 2010; Linta et al., 2013). The presence of the short transcript was already reported in 2001 in brain, both at the transcript and protein levels; however, no follow up studies investigating this transcript were performed (Cooper et al., 2001; Smith et al., 2001). Unfortunately, functional evidence for the presence of Kv7.2 protein at stem cell and neuronal progenitor stages is currently lacking. Future studies confirming or negating the presence of Kv7.2 isoforms in stem cells will be needed to clarify this issue. In the meantime, and based on the available data, we introduce a model dividing the M-current density in three phases: (1) very low density important to maintain cell proliferation, (2) increasing M-current density to hyperpolarize the membrane and support neuronal differentiation, and (3) a stable high M-current density present in maturing or mature neurons to dampen repetitive firing and control neurotransmitter release.

Regarding human disease related to Kv7.2 channel dysfunction, more specifically KCNQ2-E, it is clear that pathology goes beyond a simple increased open or closed state of the channel, but includes impact on temporo-spatial expression levels, binding partners, and widespread homeostatic network changes that are difficult to study in simplified models. The recent publication of a KCNQ2-E KI mouse model is certainly promising and will be an important tool for further in-depth studies (Milh et al., 2020). Another promising model that would contribute to our understanding of the role of Kv7.2 channels in neurodevelopment is neuronal cultures derived from human iPSCs, as they provide the neuronal environment which is lacking in heterologous cell systems. Their ability to differentiate in several different brain cell types allows us to look not only at network changes but also to the contribution of different cell types to pathology. They are especially useful in the study of neurodevelopmental disorders, since they largely recapitulate fetal development (Tidball and Parent, 2016; Logan et al., 2019). Compared to monolayer neuronal cultures, brain organoids have the ability to foster even more complex cell interactions that stimulate cellular maturation, better recapitulating potential pathological cascades (Logan et al., 2019). Both 2D iPSC-derived neuronal cultures and 3D brain organoids have already successfully been used for the study of several neurodevelopmental disorders to identify disease mechanisms and potential new therapeutic targets (Fink and Levine, 2018; Russo et al., 2019). To date, no iPSC-derived neuronal model for KCNQ2-E has been reported in the literature yet. Furthermore, the current research performed to understand the role of the Kv7.2 channel in neurodevelopment has focused mainly on LOF of Kv7.2 channels, whereas KCNQ2 GOF variants give rise to an at least equally severe neurodevelopmental phenotype in human patients (Miceli et al., 2015). How both DN and GOF variants lead to neurodevelopmental delay is not understood yet. Future efforts comparing the effects of both DN and GOF variants on the neuronal network in vitro and in vivo are necessary to understand how Kv7.2 regulates neurodevelopment and can potentially open new doors for innovative therapeutic tools. Lastly, the development of Kv7 channel blockers and openers overcoming some of the pharmacokinetic and pharmacodynamic limitations shown by the available drugs (all of which have been synthesized and started to be developed well before the discovery of the KCNQ gene subfamily and the description of their multiple pathophysiological roles) could not only be beneficial for patients suffering from KCNQ2-B and KCNQ2-E but could also positively impact patients affected with multiple neurodegenerative disorders (Wainger et al., 2014; Kumar et al., 2016; Ostacolo et al., 2020).
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Background and Purpose: Arterial diameter is dictated by the contractile state of the vascular smooth muscle cells (VSMCs), which is modulated by direct and indirect inputs from endothelial cells (ECs). Modulators of KCNQ-encoded kV7 channels have considerable impact on arterial diameter and these channels are known to be expressed in VSMCs but not yet defined in ECs. However, expression of kV7 channels in ECs would add an extra level of vascular control. This study aims to characterize the expression and function of KV7 channels within rat mesenteric artery ECs.

Experimental Approach: In rat mesenteric artery, KCNQ transcript and KV7 channel protein expression were determined via RT-qPCR, immunocytochemistry, immunohistochemistry and immunoelectron microscopy. Wire myography was used to determine vascular reactivity.

Key Results: KCNQ transcript was identified in isolated ECs and VSMCs. KV7.1, KV7.4 and KV7.5 protein expression was determined in both isolated EC and VSMC and in whole vessels. Removal of ECs attenuated vasorelaxation to two structurally different KV7.2-5 activators S-1 and ML213. KIR2 blockers ML133, and BaCl2 also attenuated S-1 or ML213-mediated vasorelaxation in an endothelium-dependent process. KV7 inhibition attenuated receptor-dependent nitric oxide (NO)-mediated vasorelaxation to carbachol, but had no impact on relaxation to the NO donor, SNP.

Conclusion and Implications: In rat mesenteric artery ECs, KV7.4 and KV7.5 channels are expressed, functionally interact with endothelial KIR2.x channels and contribute to endogenous eNOS-mediated relaxation. This study identifies KV7 channels as novel functional channels within rat mesenteric ECs and suggests that these channels are involved in NO release from the endothelium of these vessels.

Keywords: pharmacology, vascular biology, endothelial cell, KV7 channel, KIR channel, carbachol


INTRODUCTION

KCNQ-encoded KV7 channels are key regulators of arterial reactivity. Within the vasculature, of the five KCNQ subtypes, KCNQ4 is predominantly expressed, followed by KCNQ5 > KCNQ1; with little to no contribution from KCNQ2/3 (Ohya et al., 2003; Yeung et al., 2007; Ng et al., 2011). In human and rodent blood vessels KV7 channels contribute to resting tone (Ohya et al., 2003; Yeung et al., 2007; Mackie et al., 2008; Ng et al., 2011), whereby their blockers such as linopirdine or XE991 produce contractions or enhance vasoconstrictor responses. In addition, a range of KV7 channel activators including retigabine, S-1 and ML213 are effective relaxants of pre-contracted arterial tone. Furthermore, KV7 channels also represent functional end targets for a myriad of endogenous vasoactive responses, wherein channel activity is impaired during PKC-mediated vasoconstriction (Brueggemann et al., 2006) and enhanced as a result of cGMP and cAMP dependent receptor-mediated vasodilation (e.g., Chadha et al., 2012; Khanamiri et al., 2013; Stott et al., 2014, 2015; Mani et al., 2016; Brueggemann et al., 2018; Mondéjar-Parreño et al., 2019). To date, vascular KV7 channel studies have focused predominantly on vascular smooth muscle cells (VSMCs) or whole arteries, and as a result it is currently unclear whether endothelial cells (ECs) express KV7 channels and if so, what their functional role may be.

Endothelial cells form the inner layer of blood vessels and constitute a paracrine signaling platform which regulates VSMC contractility, vascular resistance and ultimately blood flow through the release of nitric oxide (NO), prostacyclin, epoxyeicosatrienoic acid and others; including the generation and spread of endothelium-derived hyperpolarization (EDH) (McGuire et al., 2001). Myoendothelial (ME) projections within fenestrations (holes) of the internal elastic lamina (IEL) facilitate the presence gap junctions (MEGJs) at a proportion of such sites (∼50% in adult rat 1st–3rd order ‘large’ mesenteric arteries; MA; Sandow et al., 2009) which permits heterocellular electrochemical coupling via connexin proteins (Sandow et al., 2012). These sites enable the transfer of EC-derived signals via the flow of both small molecules < ∼1 kDa and current between the cells. In endothelium-dependent relaxation of rat MA, a fundamental role for small/intermediate conductance calcium-activated potassium (SKCa and IKCa, respectively; Sandow et al., 2006; Dora et al., 2008), transient receptor potential canonical type 3 (Senadheera et al., 2012), inwardly rectifying potassium channels (KIR2) (Goto et al., 2004), as well as inositol-1,3,4 trisphosphate receptor/s (Fukao et al., 1997) has been demonstrated.

Identification of KV7 expression in ECs would open up a new layer of vascular control by these channels and is a necessary requisite for understanding the role of these channels in vascular health and disease. This study aims to ascertain whether rat mesenteric ECs express KV7 channels, and if so, what their functional implications may be. This study shows that KV7 channels are expressed in rat mesenteric artery ECs and contribute to both KV7 activator-mediated relaxation via a potential functional interaction with KIR2 channels and endothelial NO synthase (eNOS)-dependent axis of carbachol (CCh)-mediated vasorelaxation.



MATERIALS AND METHODS


Animal Models

Experiments were performed on MA from Male Wistar rats (Charles River, Margate, United Kingdom) ages 11–14 weeks (200–350 g) from the Biological Research Facility, St George’s, London, United Kingdom; and from the Animal Resources Center, Perth, Australia. Animals were housed in cages with free access to water and food (RM1; Dietex Inter-national, United Kingdom) ad libitum, with a 12-h light/dark cycle and constant temperature and humidity (21 ± 1°C; 50% ± 10% humidity) in accordance with the Animal (Scientific Procedures) Act 1986, the guidelines of the National Health and Medical Research Council of Australia and the UNSW Animal Ethics and Experimentation Committee (AEEC #18/86B). Animals were kept in LSB Aspen woodchip bedding. Animals were culled by either cervical dislocation with secondary confirmation via cessation of the circulation by femoral artery severance or were anesthetized with sodium pentathol (intraperitoneal, 100 mg/kg) in accordance with Schedule 1 of the ASPA 1986.

Either whole mesenteric plexus or 2nd/3rd/4th order MA were used with vessel order identified from the second bifurcation of the superior MA. Arteries were dissected, cleaned of fat and adherent tissue and stored on ice within physiological salt solution (PSS) of the following composition (mmol-L–1); 119 NaCl, 4.5 KCl, 1.17 MgSO4.7H20, 1.18 NaH2PO4, 25 NaHCO3, 5 glucose, 1.25 CaCl2.



Reverse Transcription Quantitative Polymerase Chain Reaction

Second and third order MA segments were enzymatically digested to obtain either freshly isolated ECs (as previous, Greenberg et al., 2016) or VSMCs. Briefly, vessels were washed in Hanks’ Balanced Salt Solution (HBSS; ThermoFisher Scientific, GIBCO, 14170-088) containing 50 μmol-L–1 CaCl2 for 5 min at 37°C, the media was then replaced in HBSS containing 50 μmol-L–1 CaCl2 with 1 mg/mL collagenase IA (Sigma Aldrich, C9891, United Kingdom) for 15 min at 37°C. Vessels were washed in HBSS containing 50 μmol-L–1 CaCl2 for 10 min at 37°C. The supernatant was removed and the vessels suspended in fresh HBSS containing 75 μmol-L–1 CaCl2. For RT-qPCR, ECs were dissociated using a wide-bore smooth-tipped pipette and identified under the microscope (x10) as sheets of cells independent from the vessel which were harvested and stored separately from the residual VSMCs.

mRNA from both isolated ECs and VSMCs was extracted using Monarch Total RNA Miniprep Kit (New England BioLabs, Ipswich, MA, United States) and reverse transcribed via LunaScript RT SuperMix Kit (New England BioLabs, Ipswich, MA, United States). Quantitative analysis of relative gene expression was assessed via CFX-96 Real-Time PCR Detection System (BioRad, Hertfordshire, United Kingdom). Samples were run in duplicate to account for variation. Samples were run in BrightWhite qPCR plate (Primer Design, Camberley, United Kingdom), with each well containing 20 μL of reaction solution containing: 10 μL of PrecisionPLUS qPCR Master Mix (Primer Design, Camberley, United Kingdom), 300 nmol-L–1 of gene specific target primer (Thermofisher scientific, Waltham, MA, United States) and 10 ng of cDNA sample made up to 20 μL total volume with nuclease free water. Run protocol: (1) activation step (15 min:95°C), (2) denaturation step (15 s: 94°C), (3) annealing step (30 s: 55°C), and (4) extension step (30 s: 70°C). Steps 2- 4 were repeated x 40. Quantification cycle (Cq) was determined via Bio-Rad CFX96 Manager 3.0. Cq values were normalised to housekeeper genes expressed as a 2–ΔCq when compared to appropriate reference genes including 14-3-3 Zeta (YWHAZ) and glyceraldehyde-3-phosphate dehydrogenase (GAPD). Cell isolation for VSMCs and ECs was validated by either positive expression of VSMC specific marker α-actin 2 (Acta2) or EC specific marker-platelet endothelial cell adhesion molecule-1 (Pecam-1) respectively. See Table 1 for a list of the primers used in the following (Jepps et al., 2011; Askew Page et al., 2019; ThermoFisher Scientific).


TABLE 1. RT-qPCR primer sequences.
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Immunocytochemistry

Freshly dispersed ECs (as above), together with residual VSMCs were left for 1hr before use. Cells were then fixed in 4% paraformaldehyde (Sigma-Aldrich, United Kingdom) in PBS for 20 min at RT as previously described (Barrese et al., 2018a). Cells were treated with 0.1 mol-L–1 glycine for 5 min and incubated for 1 h with blocking solution (PBS-0.1% Triton X-100-10% bovine serum albumin) at RT. Following incubation overnight at 4°C with primary antibodies (Table 2) diluted in blocking solution (anti-PECAM-1 for ECs, anti-α-actin for VSMCs and anti-KV7.1, KV7.4, and KV7.5 channel for ECs/VSMCs), cells were then washed for 20 min with PBS, incubated for 1 h at RT with the secondary conjugated antibodies diluted in blocking solution. Excess secondary antibody was removed by washing with PBS and cells mounted using media containing 4′,6-diamidino-2-phenylindole (DAPI) for nuclear counterstaining. Using triple staining, ECs and VSMC were differentiated via the following: ECs were positive for anti PECAM-1 and negative for anti-α-actin; while VSMC was positive for anti-α-actin and negative for anti-PECAM-1 (data not shown). Cells were analyzed using a Zeiss LSM 510 Meta argon/krypton laser scanning confocal microscope (Image Resource Facility, St George’s University, London).


TABLE 2. Immunocyto/histochemistry reagents and use (Jepps et al., 2009; Chadha et al., 2012).
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Cell Culture

Chinese Hamster Ovary (CHO) cells were maintained in DMEM supplemented with 10% fetal bovine serum, 2 mmol-L–1 L-glutamine, and 1% penicillin/streptomycin (Sigma Aldrich, Dorset, United Kingdom) and maintained at 37°C with 5% CO2 in an incubator. Cells were plated in a 24-well plate, incubated for 24hr then transfected with either KV7.1, KV7.4 or KV7.5 plasmids using Lipofecamine 2000 (Thermofisher, Paisley, United Kingdom) as described previously (Barrese et al., 2018a). After 24 h, cells were fixed and stained as described above.



Immunohistochemistry

Animals were anesthetized with sodium pentathol (intraperitoneal, 100 mg/kg) and perfusion fixed (Sandow et al., 2004) in 2% paraformaldehyde in 0.1 mol-L–1 PBS. Third to 4th order MA segments were dissected, opened laterally and pinned as a sheet to a Sylgard dish. Segments were washed in PBS (3 × 5 min), incubated in blocking buffer (PBS with 1% BSA and 0.2% Triton) at room temperature (RT) for 2 h and then overnight with primary antibody (Table 2) in blocking buffer at 4°C, washed again (3 × 5 min with gentle agitation), and incubated in secondary antibody (Table 2; matched to the respective primary) in PBS with 0.1% Triton in PBS for 2 h at RT. Tissue was mounted on slides in anti-fade media containing propidium iodide (PI) or DAPI (Table 2) and imaged with uniform confocal settings. Incubation of tissue with secondary only was used as a ‘zero’ setting for confocal imaging. Controls involved substitution of primary with isotype control, with concentration (where provided by manufacturer) matched, or 10-fold higher than the respective antibody of interest (Table 2). Working Ab dilutions were prepared in accordance with previous work (Jepps et al., 2009; Chadha et al., 2012). Confocal image stacks were collected at 0.2 μm intervals. The optimal rinsing protocol was determined by incubating in secondary only; and rinsing after successive 5 min incubations until fluorescence was reduced to background. Note that if this was not done secondary alone was specifically and highly localized to IEL hole sites; as potential false positives at such sites; suggesting that such sites have an affinity for IgG-secondary label alone.



Electron Microscopy

Animals were anesthetized as above and perfusion fixed in 0.2% glutaraldehyde and 2% paraformaldehyde in 0.1 mol-L–1 PBS (pH 7.4). MA segments (∼2 mm in length) were washed (3 × 5 min) and processed in a Leica EMPACT 2 high-pressure freezer using 0.7% low melting agarose as a cryoprotectant. Samples were then freeze-substituted in a Leica AFS2 into 0.2% uranyl acetate in 95% acetone (from −85 to −50°C) and infiltrated with Lowicryl (at −50°C), before UV polymerization (2 days each at −50 and 20°C; Zechariah et al., 2020). Conventional transmission electron microscopy (TEM) was conducted using standard procedures (Sandow et al., 2002, 2004).

Individual serial transverse sections (∼100 nm) were mounted on Formvar-coated slot grids and processed for antigen localization as for confocal immunohistochemistry (per above and Table 2). The secondary used was 5 or 10 nmol-L–1 colloidal gold-conjugated antibody (1:40; 2 h) in 0.01% Tween-20. Sections were imaged at x10-40,000 on a JEOL transmission electron microscope at 16 MP (Emsis, Morada G3). Background gold label density was determined from randomly selected (4x) 1 × 1 μm regions per sample of lumen and IEL, compared to the same sized regions of interest in EC profiles.



Wire Myography

Second order MA segments (∼2 mm in length) were mounted on 40 μm diameter tungsten wire in a tension myograph chamber (Danish Myo Technology, Arhus, Denmark) containing 5 mL of PSS (composition, as above) oxygenated with 95% O2 and 5% CO2 at 37°C. Vessels then underwent a passive force normalization process to achieve an internal luminal circumference at a transmural pressure of 100 mmHg (13.3 kPa) to standardize pre-experimental conditions (Mulvany and Halpern, 1976). Force generated was first amplified by a PowerLab (ADInstruments, Oxford, United Kingdom), and recorded by LabChart software (ADInstruments, Oxford, United Kingdom). Vessels were then challenged with 60 mmol-L–1 [K+] to determine viability, and then constricted with 10 μmol-L–1 methoxamine (MO), an α-1 adrenoreceptor agonist, EC integrity was then determined via addition of 10 μmol-L–1 carbachol (CCh), a synthetic acetylcholine analog. Vessels displaying ≥ 90% vasorelaxation in response to CCh were considered EC positive (EC+). Vessels were denuded of ECs by gently passing a human hair through the lumen. Vessels expressing ≤ 10% vasorelaxation in response to CCh were considered EC negative (EC−). During functional investigations, all vessels were pre-constricted with the thromboxane A2 receptor agonist U46619 (300 nmol-L–1) to elicit an EC80 contraction. Concentration-dependent relaxant responses to S-1 (0.1–10 μmol-L–1), ML213 (0.1–10 μmol-L–1), ML277 (0.03–10 μmol-L−1), CCh (0.3–10 μmol-L–1) and S-nitroprusside (SNP; 0.01–3 μmol-L–1) were determined in the presence and absence of ECs, linopirdine (10 μmol-L–1), HMR-1556 (10 μmol-L–1), carbenoxolone (100 μmol-L–1), ML133 (20 μmol-L–1), barium chloride (BaCl2; 100 μmol-L–1), L-nitroarginine methyl ester (L-NAME; 100 μmol-L–1), TRAM34 (1 μmol-L–1), Apamin (10 nmol-L–1), 4-aminopyridine (4-AP; 1 mmol-L–1), and tetraethylamonium (TEA; 1 mmol-L–1).



Data and Statistical Analysis

All functional figures express mean data from at least 5 animals ± standard error of the mean (SEM). Experiments comparing groups of unequal numbers are present due to technical failure or expiry of tissue during isometric tension recording. For functional experiments involving cumulative concentrations, a transformed data set was generated using; X = Log(X), to reduce representative skew. A four parametric linear regression analysis was then performed using the following equation; [Log(Agonist) vs. response – variable slope (four parameters bottom/hillslope/top/EC50)] using GraphPad Prism (Version 8.2.0) to fit a concentration effect curve (CEC) to the figure. For data comparing multiple groups, a two way-ANOVA followed by a post hoc Bonferonni test in order to account for type 1 errors in multiple comparisons was performed for comparison of mean values. For data comparing two groups, an unpaired parametric T-test was was performed. Significance values are represented as follows; P < 0.05 (∗). n = (x), number of animals used. N = (x), number of segments used. The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2018).



RESULTS


Identification of KV7 Channels Within MA ECs

Initial investigation sought to identify Kcnq/KV7 transcript and protein within MA ECs. Transcript levels for Kcnq1-5 and EC and VSMC markers were determined in cell lysates from isolated MA VSMC and EC (per Methods). Both ECs and VSMCs expressed Kcnq4 > Kcnq5 > Kcnq1 with no expression of Kcnq2/3 (Figure 1A) similar to previous studies (Ohya et al., 2003; Yeung et al., 2007; Ng et al., 2011). However, a comparative reduction in the relative abundance of Kcnq1 was observed in MA ECs when compared to VSMCs (Figure 1A). Cell isolation efficiency is demonstrated by a reduction in EC marker Pecam within VSMCs cell lysates when compared to ECs (P ≤ 0.05) and a reduction in VSMCs marker Acta2 in EC cell lysates when compared to VSMCs (P = 0.065, Figures 1B,C).
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FIGURE 1. Expression profile of Kcnq genes within isolated rat mesenteric vascular smooth muscle cells (VSMCs) and endothelial cells (ECs). RT-qPCR analysis of relative expression of Kcnq1-5 in isolated VSMCs and ECs (A). Cell specific markers Acta2 and Pecam, for VSMCs and ECs respectively, were measured to determine sample purity (B,C). Values expressed as mean ± SEM of (2–ΔCq) of ΔCq values generated from appropriate housekeeper genes (n = 3). Statistical significance is defined as *P < 0.05 (B,C).


KV7.1, KV7.4, and KV7.5 were detected in isolated ECs by immunodetection (Figures 2A,C,E). KV7.4 had a punctate distribution in isolated ECs (Figure 2C) whereas KV7.5 label appeared to be predominantly cytoplasmic with some diffuse label around the nucleus (Figure 2E). Similar to previous reports (Zhong et al., 2010; Oliveras et al., 2014; Mills et al., 2015; Morales-Cano et al., 2015; Barrese et al., 2018a). KV7.1, KV7.4, and 7.5 were also identified in isolated MA VSMCs (Figures 2B,D,F). Kv7.1 staining in ECs was negligible compared to VMSCs (Figures 2A,B). ECs and VSMCs were identified by positive expression of either PECAM (Figures 2Ai,Ci,Ei) or α-actin (Figures 2Bi,Di,Fi) respectively. Antibody specificity was determined via positive staining in CHO cells transfected with purported target and negative staining in non-transfected control cells (Supplementary Figure 1). Importantly, as ion channel expression can alter in isolated cells KV7.4 and KV7.5 were also detected in both ECs and VSMCs in en face whole-mount arteries (Figures 3A,B,E,F). Notably, both KV7.4 and 7.5 were expressed at a proportion of IEL hole sites at an apparently higher level than the associated EC membrane label (Figures 3C,D,G,H). We also detected KV7.4 and KV7.5 in EC by immuno-gold electron microscopy (Supplementary Figure 2). These studies identify KV7.4 and KV7.5 in ECs as well as smooth muscle cells.
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FIGURE 2. Immunocytochemistry demonstrates KV7.1, KV7.4, and 7V.5 localization in rat mesenteric artery isolated endothelial (EC; A,C,E) and smooth muscle cells (SMC; B,D,F). Punctate labelling for Kv7.1, Kv7.4, and 7.5 was present in isolated EC and SMCs (A,C,E and B,D,F). PECAM and smooth muscle a-actin were used as markers for isolated endothelial and smooth muscle cells, respectively (Ai,Ci,Ei and Bi,Di,Fi respectively); e.g. comparative-same cells, double arrows, A–Fi). 4′,6-diamidino-2-phenylindole (DAPI; e.g. inset, C) were used as nuclear markers to verify cell patency. n = 4–6, representative of different source tissue (A–Fi). Double arrows from insets indicate same panel as main, but to different marker.
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FIGURE 3. Immunohistochemistry demonstrates Kv7.4 and 7.5 localization in rat mesenteric artery endothelium (EC) and smooth muscle cells (SMCs) with a focus on internal elastic lamina (IEL) hole sites in whole mount tissue. Whole mounts of confocal stacks through the EC and SMC of Kv7.4 (A,B, respectively) and Kv7.5 (E,F, respectively). Confocal image stacks through the luminal EC to SM border (C,G) show diffuse/punctate Kv7.4/KV7.5 across the cell membrane with some punctate higher-level fluorescence at localized sites (e.g. full arrows; C). When single images were taken at the EC-IEL-SM interface (D,H), punctate higher-level fluorescence densities were present (e.g. D,H arrows; H, higher magnification inset) at a proportion of IEL hole sites (e.g., D,H arrowheads). Propidium iodide (PI; e.g., upper left inset, A,B) were used as nuclear markers to verify cell and layer patency. Incubation in secondary only separately for each of the 3 fluorophores (Table 2; e.g. lower left inset, B; inset, F) were used to set ‘zero’ confocal settings. Incubation in isotype IgG control only (e.g., E, inset) showed fluorescence equivalent to secondary alone (e.g., B, lower inset; F, inset). n = 4, representative of different source. Longitudinal vessel axis, left to right. Double arrows indicate same site, but at different focal planes (C,D,G,H), and location of inset (D). Bar, 25 μm.




Removal of ECs Modulates KV7.2-5 Activator Efficacy

A comprehensive pharmacological analysis was undertaken to determine if KV7 channels have a functional role in MA ECs via a reductive approach. Initially, the effects of KV7 channel modulators were examined in endothelium intact or denuded MAs. The structurally dissimilar KV7.2–7.5 activators S-1 and ML213 interact with the same pharmacophore centered around a tryptophan in the S5 domain (Schenzer, 2005; Bentzen et al., 2006; Brueggemann et al., 2014; Jepps et al., 2014). ML277 is a potent activator of KV7.1 (Yu et al., 2013) with a 100-fold increase in selectivity for KV7.1 compared to KV7.2-5 (Yu et al., 2013). Consistent with previous findings (Chadha et al., 2012; Jepps et al., 2014), S-1- and ML213-mediated vasorelaxation was ablated by pre-incubation with 10 μmol-L–1 of the pan-KV7 channel inhibitor linopirdine (Schnee and Brown, 1998; Figures 4A,B,D). Relaxation produced by 10–300 nmol-L–1 ML277 were also prevented by pre-incubation with linopirdine (Figure 4C). However, relaxation produced by concentrations > 1 μmol-L–1 ML277 was not attenuated by linopirdine and are therefore not mediated by KV7.1 activation.
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FIGURE 4. Sensitivity of Kv7 activator relaxations to 10 μmol-L–1 linopirdine. In vessels pre-incubated in DMSO solvent control, KV7.2-5 channel activators S-1 and ML213 relax pre-constricted arterial tone (300 nmol-L–1 U46619; black) and are ablated by pre-incubation with pan KV7 channel inhibitor linopirdine (10 μmol-L–1; gray; n = 5; A,B). In vessels pre-incubated in DMSO solvent control, KV7.1 channel activator ML277 relaxes pre-constricted arterial tone (300 mol-L–1 U46619; black) and is ablated by linopirdine (10 μmol-L–1; gray) to a threshold of 300 nmol-L–1 ML277 (n = 5; C). A representative trace of S-1-mediated vasorelaxation ± 10 μmol-L–1 linopirdine (D). All values are expressed as mean + SEM. A two-way statistical ANOVA with a post hoc Bonferroni test was used to generate significance values. Statistical significance is defined as *P < 0.05 (A–C).


Endothelial removal for the following experiments was confirmed by ablation of vasorelaxation in response to 10 μmol-L–1 CCh (Figure 5A). Endothelium denudation by mechanical abrasion has no impact on the peak contraction produced by 300 nmol-L–1 U46619 (Figure 5B), but significantly attenuated the potency of S-1 mediated vasorelaxation increasing EC50 from 2 ± 0.2 μmol-L–1 to 3 ± 0.7 μmol-L–1 (Figures 5C,D). S-1 mediated relaxation was also impaired via the non-selective gap junction inhibitor carbenoxolone (Tare et al., 2002) (water Emax = 6.11 ± 1.82% vs. carbenoxolone Emax = 18.7 ± 3.25%; Figure 5E). In addition, the potency of ML213 was also impaired by endothelial removal (EC(+) EC50 = 1 ± 0.2 μmol-L–1 vs. EC(−) EC50 = 3 ± 0.2 μmol-L–1; Figure 5F) in a fashion analogous to S-1. However, the linopirdine-sensitive relaxation produced by ML277 was not affected by endothelial removal (Figure 5G).
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FIGURE 5. KV7.2-5 channel activator mediated vasorelaxation was significantly attenuated by EC removal. Removal of ECs ablated vasorelaxation in response to 10 μmol-L–1 CCh following pre-constriction with 10 μmol-L–1 MO (A). Removal of ECs (gray) has no effect on vasoconstriction to U46619 (300 nmol-L–1) when normalized to vasoconstriction to KCl (60 mmol-L–1; n = 5–7; n = 15-21; B). Representative trace of EC S-1-mediated vasorelaxation in EC(–) denuded vessels (gray) vs. EC(+) vessels (black; C). S-1-mediated vasorelaxation was significantly attenuated by EC removal and 100 μmolL–1 carbenoxolone (gray; n = 5–7; D,E). ML213 but not ML277-mediated vasorelaxation was significantly attenuated by EC removal (gray; n = 5–7; D,E). Removal of ECs (gray) has no effect on ML277 within its range of linopirdine sensitivity (n = 5; F). All values are expressed as mean + SEM (A–G). A two-way statistical ANOVA with a post hoc Bonferroni test was used to generate significance values. Statistical significance is defined as *P < 0.05 (A–G).




EC KIR Channels Modulate KV7.2-5 Activator Sensitivity

Having identified that the presence of the endothelium modulates responses to KV7 activators, experiments were performed to identify the underlying mechanism/s involved. Murine endothelial KCNJ2-encoded KIR2.1 channels have been identified as ‘signal boosters’ that enhance EC-derived relaxation (Sonkusare et al., 2016). Comparatively, the current literature regarding rat mesenteric KIR2 channels is limited. In brief, rat MA endothelium expresses KIR2.1 (Dora et al., 2008), inwardly rectifying Ba2+ sensitive channels are restricted to the endothelial layer (Crane et al., 2003a) and KIR channels contribute to acetylcholine-mediated responses (Goto et al., 2004). We propose that like mice, rat mesenteric ECs express functional KIR2 channels that propagate EC signals in a similar process. Therefore, we performed a series of studies investigating the effect of two characterized KIR2 blockers, BaCl2 (Hagiwara et al., 1978) and ML133 (Wang et al., 2011) on KV7 activator-mediated vasorelaxation.

In arteries with a functional endothelium, KIR2 blockers, BaCl2 (100 μmol-L–1) and ML133 (20 μmol-L–1), significantly impaired relaxations produced by S-1 (Figure 6A, EC50 = DMSO, 1.89 ± 0.2 μmol-L–1/BaCl2, 2.3 ± 0.31 μmol-L–1; Figure 6B, EC50 = DMSO, 0.52 ± 0.12 μmol-L–1/ML133, 3.1 ± 1.5 μmol-L–1) and ML213 (Figures 6C,D, EC50 = DMSO, 0.9 ± 0.3 μmol/L–1/BaCl2, 2.2 ± 0.5 μmol/L–1/ML133, 2.5 ± 0.25 μmol-L–1) when compared to DMSO solvent control (Figures 6A–D). No attenuation of the response to ML277 was observed when pre-incubated with either blocker (Figures 6E,F), consistent with EC removal. Furthermore, in arteries where the endothelium had been removed neither ML133 nor BaCl2 had any effect on ML213 mediated relaxations (Figures 6G,H).
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FIGURE 6. KV7.2-5 channel activator-mediated vasorelaxation was attenuated by two structurally different KIR channel blockers, BaCl2 and ML133, but not In EC denuded vessels. KV7.2-5 channel activator S-1 and ML213 effects were significantly attenuated by pre-incubation with the KIR2 channel inhibitor BaCl2 (100 μmol-L–1; black; n = 5–7; A,C). KV7.2-5 channel activator S-1 and ML213 effects were significantly attenuated by pre-incubation with a selective KIr 2.1 channel inhibitor, ML133 (20 μmol-L–1; gray; n = 5–7; B,D). KV7.1 channel activator ML277-mediated vasorelaxation was not affected by pre-incubation with either BaCl2 (100 μmol-L–1) or ML133 (20 μmol-L–1; gray; n = 6–7; E,F). In EC denuded vessels, KV7.2-5 channel activator ML213 responses were not affected by pre-incubation with either KIR2 channel inhibitor BaCl2 (100 μmol-L–1; gray; n = 5; G) or ML133 (20 μmol-L–1; gray; n = 5–6; H). All values are expressed as mean + SEM (A–H). A two-way statistical ANOVA with a post hoc Bonferroni test was used to generate significance values. Statistical significance is defined as *P < 0.05 (A–H).




IKCa/SKCa Inhibitors Had No Impact on KV7 Activator Mediated Relaxation

Endothelial IKCa and SKCa channels contribute to relaxation responses in rat MA (Crane et al., 2003b). Thus, it is feasible that KV7 channels interact with other key endothelial potassium channels; particularly those expressed within microdomains (Sandow et al., 2009). However, consistent with previous reports (Jepps et al., 2016), pre-incubation with a combination of IKCa inhibitor TRAM-34 (1 μmol-L–1; Wulff et al., 2000) and SKCa inhibitor apamin (100 nmol-L–1; Spoerri et al., 1975) had no effect on KV7 activator mediated vasorelaxation (Figures 7A–C). These data suggest that the endothelium-dependent increase in potency to the KV7 activators involves endothelial KIR, but not IKCa or SKCa channels.
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FIGURE 7. KV7 channel activator mediated vasorelaxation was not affected by preincubation with IKCa/SKCa channel antagonists. Pre-incubation with both IKCa channel inhibitor TRAM34 (1 μmol-L–1) and SKCa channel inhibitor Apamin (100 nmol-L–1) had no effect on S-1, ML213 nor ML277 mediated vasorelaxation (n = 5–7; gray, A–C). All values are expressed are expressed as mean values ± SEM. A two-way statistical ANOVA with a post hoc Bonferroni test was used to generate significance values; no significant values were observed (A–C).




KV7 Channels Contribute to CCh Evoked Vasorelaxation

The expression of functional KV7 channels within ECs begs the question - do they contribute to EC-derived responses? Acetylcholine produces endothelium-dependent relaxation through NO-, EDH- and prostanoid-dependent mechanisms in rat MA (Parsons et al., 1994; Shimokawa et al., 1996; Peredo et al., 1997).

A distinct rightward shift in the sensitivity to vasorelaxation in response to CCh, a synthetic acetylcholine analog, was produced by the eNOS inhibitor L-NAME (100 μmol-L–1) when compared to DMSO control (EC50 DMSO = 0.59 ± 0.1 μmol-L–1; L-NAME = 0.94 ± 0.1 μmol-L–1; Figure 8A). A combination IKCa and SKCa inhibitors, TRAM-34 (1 μmol-L–1) and apamin (100 nmol-L–1) respectively, suppress EDH in rat MA, and produced greater attenuation (EC50 TRAM34/apamin = 1.5 ± 0.7 μmol-L–1; Figure 8A) when compared to L-NAME. Pre-incubating vessels with the pan KV7 channel inhibitor linopirdine (10 μmol-L–1) significantly attenuated CCh-mediated relaxation when compared to DMSO control (EC50 DMSO = 0.2 ± 0.08 μmol-L–1; linopirdine = 0.7 ± 0.3 μmol-L–1; Figure 8B). In contrast, pre-incubating vessels with either the KV7.1 specific inhibitor HMR-1556 (10 μmol-L–1) or a combination of non-specific KV channel inhibitors TEA (1 mmol-L–1; Choi et al., 1991) and 4-AP (1 mmol-L–1; Kurata and Fedida, 2006) had no significant effect on CCh-evoked vasorelaxation (Figures 8C,D).
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FIGURE 8. CCh evoked vasorelaxation is mediated through both eNOS and IKCa/SKCa channels and is partially attenuated by inhibition of KV7 channels upstream of NO. Both eNOS inhibitor L-nitroarginine methyl ester (L-NAME; 100 μmol-L–1; gray) and IKCa/SKCa channel inhibitors TRAM-34 (1 μmol-L–1)/apamin (100 nmol-L–1; red, dashed line) significantly attenuated CCh mediated vasorelaxation (n = 5–6; A). The pan KV7 channel inhibitor linopirdine (10 μmol-L–1; gray) significantly attenuated CCh mediated vasorelaxation (n = 6; B). The KV7.1 channel inhibitor HMR-1556 (10 μmol-L–1; gray) did not modulate CCh-mediated vasorelaxation (n = 6; C). A combination of non-specific K+ channel inhibitors 4-aminopyridine (4-AP; 1 mmol-L–1) and tetraethylammonium (TEA; 1 mmol-L–1; gray) did not modulate CCh-mediated vasorelaxation (n = 5; D). Additive attenuation to CCh-evoked relaxation in the presence of TRAM-34 (1 μmol-L–1)/apamin (100 nmol-L–1) + linopirdine (10 μmol-L–1; gray, dashed line) was observed when compared to vessels pre-incubated in only TRAM34/apamin (gray; n = 5–6; E). No additive attenuation to CCh evoked vasorelaxation was observed between vessels pre-incubated in L-NAME (100 μmol-L–1) + linopirdine (10 μmol-L–1; gray, dashed line) when compared with L-NAME (100 μmol-L–1; gray; n = 5; F). SNP-mediated vasorelaxation was no effected by the pan-KV7 channel inhibitor linopirdine (10 μmol-L–1; gray) when compared to DMSO solvent control (black; G). KV7.2-5 channel activator S-1 was significantly attenuated by pre-incubation with eNOS inhibitor L-NAME (100 μmol-L–1; gray; n = 5; H). All values are expressed as mean + SEM. A two-way statistical ANOVA with a post hoc Bonferroni test was used to generate significance values (*, drug v DMSO solvent control; #=Group B vs. Group C) Statistical significance is defined as #/*P < 0.05 (A–H).


Additionally, CCh-evoked relaxations were significantly attenuated in vessels pre-incubated in TRAM34/apamin (1 μmol-L–1/100 nmol-L–1) and linopirdine (10 μmol-L–1) compared to vessels only pre-incubated in TRAM34/apamin alone (EC50 DMSO = 0.24 ± 0.05 μmol-L–1; TRAM34/Apamin = 0.27 ± 0.03 μmol-L–1; TRAM34/Apamin + linopirdine = 0.61 ± 0.2 μmol-L–1; Figure 8E). In contrast, linopirdine failed to attenuate CCh relaxation in arteries pre-incubated with L-NAME (100 μmol-L–1; Figure 8F), thus suggesting KV7 contribution to eNOS sensitive proportion of CCh-mediated relaxation.

Furthermore, the present data demonstrates that pre-incubation with linopirdine (10 μmol-L–1) has no effect on vasorelaxation produced by the NO-donor SNP (Figure 8G). However, in contrast with previous reports (Jepps et al., 2016), pre-incubation with L-NAME (100 μmol-L–1) significantly attenuated KV7.2-5 activator mediated vasorelaxation (Figure 8H).



DISCUSSION

The present study identified Kcnq1, Kcnq4, and Kcnq5 transcripts in EC marker expressing cells and the consequent KV7.1, KV7.4, and KV7.5 protein in isolated and whole mount rat MA ECs/VSMCs. Functionally, the present study demonstrates that the relaxation produced by two structurally different KV7.2-5 activators, but not a KV7.1 activator, were modulated by the presence of the endothelium and gap junction inhibition. Said relaxation was also sensitive to KIR2 inhibition, which was dependent on the presence of ECs, suggestive of a novel functional interaction between KV7 and endothelial KIR2.x channels. Furthermore, the present data suggest that KV7.4/KV7.5 channels contribute to the NO-mediated axis of CCh-evoked endothelium-dependent relaxation downstream of eNOS. Thus, KV7 channels are expressed in ECs, when pharmacologically upregulated, are functionally coupled to other EC potassium channels in rat MA and contribute to endothelium-derived responses.


KV7 Channel Expression and Function Within ECs

Kv7 channel modulators have considerable impact on arterial tone. In VSMCs, active KV7 channels hyperpolarize the membrane potential, decreasing voltage-dependent calcium channel (VDCC) open probability and extracellular calcium influx resulting in relaxation. Within rodent models, the pharmacopeia of KV7 channel modulators has revealed KV7.4 and 7.5 channels are; (1) key determinants of resting vascular tone via regulation of resting membrane potential; (2) upregulated during cGMP and cAMP/EPAC/PKA-mediated vasodilation; (3) suppressed via PKC-mediated vasoconstriction. Comparatively, no functional role for KV7.1 has been identified in arteries (see Barrese et al., 2018b; Byron and Brueggemann, 2018 for review). A caveat of these observations is a lack of differentiation between VSMCs and ECs. However, recently KV7 channels were identified in pig coronary artery ECs (Chen et al., 2016), the novel findings presented here expand on these findings and demonstrate KV7 transcript and channel expression, functional activity and contribution to EC-derived vasodilatory signaling cascades in rat MA endothelium.

In most arteries, the endothelium and smooth muscle are electrochemically linked via MEGJs formed from connexin proteins within heterocellular communicating microdomains present within holes in the IEL (see Sandow et al., 2012 for review). Via these connections, current injection in to ECs passes into VSMCs (Sandow et al., 2002) supporting the presence of such coupling. The present data suggests a potential role for electrochemical heterocellular communication during KV7.2-5 activator-mediated vasorelaxation (Figure 9). This conjecture is supported by apparently higher level expression of KV7.4/KV7.5 in a proportion of IEL holes than that at the EC membrane as well as a significant attenuation of relaxation of pre-constricted arterial tone by two structurally different KV7.2-5 activators in the absence of ECs and presence of a (putative) gap junction inhibitor. In contrast, EC removal had no impact on KV7.1 activator-mediated vasorelaxation, which was observed in conjunction with reduced expression of Kcnq1 transcript and KV7.1 labeling within ECs compared to VSMCs. Collectively suggesting that only KV7.4/KV7.5 channels of the KV7 sub-family are functionally expressed within MA ECs. An extrapolation of these results indicates a novel role for KV7.4/KV7.5 channels in the regulation of EC membrane potential within myoendothelial projections. It is plausible, that localized EC KV7 channels negate the influx of depolarization from VSMCs into the endothelium, providing tight regulation of EC Vm during VSMC contraction. However, further studies would be required to validate this hypothesis.


[image: image]

FIGURE 9. Schematic of KV7.2-5 activator-mediated vasorelaxation. KV7.2-5 activator-mediated vasorelaxation occurs predominantly via KV7.4/7.5 activation within VSMCs. However, our findings suggest a novel contribution of endothelial-KV7.4/7.5 channels to KV7.2-5 activator mediated responses which augments relaxation. A process which is sensitive to both gap-junction and endothelial-KIR2.x inhibition (modified from Senadheera et al., 2012).




A Novel Functional Interaction With Endothelial KIR Channels

KIR2.x channels have been characterized in a variety of rat vascular beds including cerebral and coronary arteries (Smith et al., 2008), where their selective inhibition by Ba2+ revealed KIR channel amplification of a K+ channel activator conductance (Smith et al., 2008). However, there is a degree of conflict regarding the role of KIR2.x channels within rat MAs. As above, Ba2+ sensitive currents and KIR2.x expression has been demonstrated in rat MA ECs (Crane et al., 2003a) which are purported to contribute to KCa mediated-hyperpolarization during ACh-derived EC-dependent responses (Goto et al., 2004). In contrast, Smith et al. (2008) demonstrated that within 3rd order MAs, ACh-mediated K+ conductance-dependent relaxation was insensitive to Ba2+, indicating that KIR2.x channels do not augment K+ conductance in these vessels during receptor-mediated vasodilation.

In the present study, significant attenuation of both S-1 and ML213 KV7.2-5 activator-mediated vasorelaxation was found following pre-incubation with two structurally different KIR2.x blockers ML133 (Wu et al., 2010) and Ba2+ (Hagiwara et al., 1978) when compared to a solvent control. ML133 has been identified via high-throughput and mutagenesis investigation as a novel inhibitor of KIR2.1 channels via D172 and I176 residues within the M2 region of KIR2.1 (Wang et al., 2011) with an IC50 of 1.8 μmol-L–1 at pH 7.4, with little to no effect against other KIR2.x family members (Wu et al., 2010; Wang et al., 2011). Presently, ML133 is the most selective inhibitor of the KIR2 family. In analogous fashion to our endothelium denudation experiments, no effect was seen on the KV7.1 activator ML277-mediated vasorelaxation; implying a specific interplay with KV7.4 and 7.5 channels. Furthermore, KIR2 blockers had no effect on KV7.2–7.5 activator-mediated relaxation in EC-denuded arteries, supporting the notion that functional KIR2 channels (in the rat MA bed) are restricted to the endothelium (Crane et al., 2003b). The present study suggests that pharmacological activation of endothelial KV7.4/7.5 channels also activates an endothelial KIR2 channels, increasing K+ conductance, which in turn accounts for a proportion of EC augmentation of KV7.2-5 activator-mediated vasorelaxation (Figure 9). This may be due to a localized increase in potassium ion concentration in the proximity of the KIR2 channels or an alternative modulation. However, based on the findings described by Goto et al. (2004) and Smith et al. (2008), the collective data suggest that this phenomenon is dependent on the branch order of MA. Furthermore, it remains unclear if this occurs during receptor mediated signaling, or if it is only present during pharmacological activation of endothelial KV7 channels.

A primary concern for identification of novel functional interactions between ion channels using pharmacological tools is potential off-target effects. However, KV7 activator-mediated relaxation in vessels pre-incubated in 10 μmol-L–1 linopirdine was abolished. If S-1 or ML213 were activating non-KV channels such as KIR, a degree of relaxation would still be observed in the presence of linopirdine. The present findings therefore suggest that both S-1 and ML213 work exclusively via KV7 channels and that attenuation of their response within rat MA occurs via a novel functional coupling of KV7.4/7.5 and KIR2 within ECs.



The Contribution of KV7 Channels to CCh Evoked Relaxations Within Rat MA

Our findings demonstrate that both NO- and EDH-dependent signaling contributes to CCh-mediated vasodilation, though the main contributor to endothelial-dependent vasodilation in 2nd order MA appears to be EDH, consistent with previous studies (Shimokawa et al., 1996). In light of the significant impact of KV7 inhibition on CCh-mediated vasorelaxation during the suppression of EDH, the present study suggests that KV7 channels contribute to the eNOS sensitive axis of CCh-evoked relaxation within rat MA.

However, in a similar manner to rat renal artery (Stott et al., 2015), rat MA KV7 channels do not represent downstream targets of NO signaling as KV7 inhibition does not impair NO-donor SNP-mediated relaxation. However, eNOS inhibition does impair relaxation to a KV7 activator, potentially implying KV7 channel involvement in the production or release of NO in response to CCh. Interestingly, this appears to be a vascular bed specific phenomenon, as L-NAME has no effect on KV7 activator-mediated relaxation within rat penile artery (Jepps et al., 2016).



Limitations

Ideally, direct functional evidence for a functional role of Kv7 channels in ECs would be provided by either single cell electrophysiology of sharp microelectrode impalement in whole arteries. However, this was not possible within the constraints of this study. Instead, we inferred a functional role for EC Kv7 channels using a reductive approach, i.e., comparison of functional responses without or with EC ablation. These studies implicate Kv7 channels as functional component of the EC physiology that merit consideration in future studies.



CONCLUSION

In conclusion, the present data reveal that mesenteric ECs express KV7.4/KV7.5 channels and their presence boosts KV7 activator-mediated relaxation. Furthermore, the data indicated a novel functional interaction with endothelial KIR2 channels and support the proposition that endothelial KV7 channels contribute to endogenous endothelium-derived responses. These findings highlight the complex nature of the vascular response to KV7 channel upregulation and emphasize the importance of these channels to vascular signaling. The present data are consistent with KV7 channels representing a novel therapeutic target in endothelial dysfunction.
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Background: Voltage-gated potassium (Kv) channels, especially Kv7 channels, are major potassium channels identified in vascular smooth muscle cells with a great, albeit differential functional impact in various vessels. Vascular smooth muscle Kv7 channels always coexist with other K channels, in particular with BK channels. BK channels differ in the extent to which they influence vascular contractility. Whether this difference also causes the variability in the functional impact of Kv7 channels is unknown. Therefore, this study addressed the hypothesis that the functional impact of Kv7 channels depends on BK channels.

Experimental Approach: Experiments were performed on young and adult rat gracilis and saphenous arteries using real-time PCR as well as pressure and wire myography.

Key Results: Several subfamily members of Kv7 (KCNQ) and BK channels were expressed in saphenous and gracilis arteries: the highest expression was observed for BKα, BKβ1 and KCNQ4. Arterial contractility was assessed with methoxamine-induced contractions and pressure-induced myogenic responses. In vessels of adult rats, inhibition of Kv7 channels or BK channels by XE991 or IBTX, respectively enhanced arterial contractility to a similar degree, whereas activation of Kv7 channels or BK channels by retigabine or NS19504, respectively reduced arterial contractility to a similar degree. Further, IBTX increased both the contractile effect of XE991 and the anticontractile effect of retigabine, whereas NS19504 reduced the effect of retigabine and impaired the effect of XE991. In vessels of young rats, inhibition of Kv7 channels by XE991 enhanced arterial contractility much stronger than inhibition of BK channels by IBTX, whereas activation of Kv7 by retigabine reduced arterial contractility to a greater extent than activation of BK channels by NS19504. Further, IBTX increased the anticontractile effect of retigabine but not the contractile effect of XE991, whereas NS19504 reduced the effect of retigabine and impaired the effect of XE991.

Conclusion: Kv7 and BK channels are expressed in young and adult rat arteries and function as negative feedback modulators in the regulation of contractility of these arteries. Importantly, BK channels govern the extent of functional impact of Kv7 channels. This effect depends on the relationship between the functional activities of BK and Kv7 channels.

Keywords: arteries, ion channels, BK channel, Kv7 channel, ontogenesis, vascular smooth muscle


INTRODUCTION

In vascular smooth muscle cells (VSMCs), potassium channels evoke membrane hyperpolarization, reduce the entry of extracellular Ca2+ through voltage-dependent Ca2+ channels (VDCCs) and hence decrease their contractility (Nelson and Quayle, 1995; Coetzee et al., 1999; Jackson, 2000; Thorneloe and Nelson, 2005; Tykocki et al., 2017). VSMC contractility plays an essential role in the determination of vascular tone. The latter contributes considerably to the setting of blood pressure and the regulation of blood flow distribution to different organs and tissues.

Kv7 channels (Kv7.1–7.5), a subfamily of Kv channels (Kv1–12) (Wulff et al., 2009) are encoded by KCNQ (KCNQ1–5) genes. These channels play an important role in vasodilation and contribute to the negative feedback control of vasoconstriction. This role of Kv7 channels is based on their regulation by a number of factors including the membrane potential and signaling pathways involving PKC, PKA, PKG as well as G-protein βγ subunits (Mackie et al., 2008; Chadha et al., 2012; Stott et al., 2015a,b).

Another factor with potential regulatory impact on Kv7 channels are other K channels expressed in VSMCs (for an overview of VSMC K channels see Tykocki et al., 2017). Interestingly, a recent publication suggested a largely unexplored explanation for this phenomenon (Coleman et al., 2017). When VSMC membrane potential is close to the potassium equilibrium potential, driving force for potassium ions is small. Due to the small driving force, blockade of a particular potassium channel under these conditions will result in only a small change or in no change in membrane potential and vessel tone, hence a small functional role of this channel. A membrane potential close to the potassium equilibrium potential may be produced by another potassium channel underlying a dominant potassium conductance. Blockade of the latter potassium conductance will move the membrane potential away from the potassium equilibrium potential. This will result in a larger driving force for potassium and a larger functional role of the non-blocked K channels. Thus, the functional impact of a particular potassium channel will depend on the relative activities of the other potassium channels expressed, i.e., potassium channels will interact functionally.

Of note, a recent study showed an increased functional role of Kv7 channels in rat pulmonary arteries after inhibition of Kv1 and TASK-1 channels suggesting a functional interaction of Kv7 and Kv1/TASK-1 channels (Mondéjar-Parreño et al., 2020). A detailed investigation of this interaction was not the focus of the latter study.

BK channel expression has been shown in smooth muscle cells of all systemic arteries. These channels are involved in the negative feedback regulation of myogenic tone, they contribute to vasoconstriction and mediate vasodilation in almost all vessels studied (Nelson and Quayle, 1995; Jackson and Blair, 1998; Tykocki et al., 2017). Thus, BK channels seem to be a good candidate for the above mentioned dominant potassium conductance able to affect the functional role of other K channels including Kv7 channels. Indeed, BK channels have been shown to be the dominant negative feedback regulator of vasocontraction in adult rat saphenous arteries, whereas KATP-, Kv1-, Kv2- and TASK-1 channels, each one tested for itself, are not involved in this response and Kir2- and Kv7-channels play only a small role (Shvetsova et al., 2019, 2020). However, none of the latter studies explores the interaction of K channels. Thus, the hypothesis was tested that the functional impact of Kv7 channels depends on BK channels. This interaction was studied initially for agonist-induced vasocontraction in rat saphenous arteries, where the role of different VSMC K channels has been described recently in detail (Shvetsova et al., 2019, 2020) and extended to the gracilis artery myogenic response, another important contractile stimulus. The gracilis artery was used because it possesses prominent myogenic reactivity (see data of the present manuscript), in contrast to the larger saphenous artery and belongs to the same vascular region as the saphenous artery.



MATERIALS AND METHODS


Animals

The investigation conforms with the US Guide for the Care and Use of Laboratory Animals (Eighth edition, National Academy of Sciences, 2011) and approval for the use of laboratory animals in this study was granted by a governmental committee on animal welfare (I-17/17). Adult, 2- to 3-month old, and young, 10- to 15-days old, male Wistar rats (Janvier, France) were used. Food and water ad libitum was provided for the animals which were housed in a room with a controlled temperature and a 12-h light-dark cycle.



Vessel Preparation

Rats were sacrificed under CO2 narcosis by decapitation. The lower extremity (limb) was quickly removed. It was placed in an ice-cold physiological saline solution composed of (in mM): 145 NaCl, 4.5 KCl, 1.2 NaH2PO4, 0.1 CaCl2, 1.0 MgSO4, 0.025 EDTA, 5 HEPES (pH 7.4). The gracilis artery and the saphenous artery were isolated by removing all surrounding skeletal muscle and connective tissue. Further experiments were performed on small rings 2 mm in length.



Isobaric Mounting of Gracilis Arteries

The gracilis artery was mounted on two glass pipettes which were fixed in the experimental chamber of a pressure myograph (DMT 201CM, Danish Myotechnology, Denmark). This chamber contained experimental solution (physiological saline solution, PSS) consisting of (in mM) 146 NaCl, 4.5 KCl, 1.2 NaH2PO4, 1.0 MgSO4, 1.6 CaCl2, 0.025 EDTA, 5.5 glucose and 5 HEPES at pH 7.4. The microscope image of the vessel was viewed with a CCD camera and digitized by a frame-grabber card (Hasotec, Germany). Diameter changes were measured continuously at a sampling rate of 0.5 Hz with use of a custom-made program (Fischer et al., 1996). Of note, the internal diameter is the most appropriate parameter to characterize the functional state of the vessels. However, when we tested the combined effect of IBTX and XE991 a strong constriction occurred. Under these conditions the connective tissue remaining even after careful dissection (more rigorous removal of the connective tissue led to a loss of myogenic reactivity) masked the inner diameter; in fact the inner diameter could not be determined any more. Thus, the external diameter had to be used to assess myogenic reactivity. Vessels were kept at a pressure of 80 mmHg without any luminal flow at a temperature of 37°C. Leaking vessels were discarded at any stage of the experiment to ensure complete non-flow conditions. After development of a spontaneous myogenic tone vessel viability was tested by application of 10–5 M methoxamine to test smooth muscle cell function and 10–6 M acetylcholine to test endothelial cell function. All vessels were exposed to calcium-free solution to determine the fully relaxed diameter at 80 mmHg at the end of the experiment. The fully relaxed diameter of the vessels in this study was in the range from 210 to 235 μm. All diameter values were normalized to the diameter of the same fully relaxed vessel at 80 mmHg in calcium-free solution. Normalization was done in order to eliminate variability due to differences in the size of different vessels.



Isometric Mounting of Saphenous Arteries

The isolated saphenous artery was mounted in a wire myograph (model 620M, Danish Myotechnology, Denmark) on two 40 μm wires. Isometric tension was recorded where data acquisition and analysis was performed using Labchart (ADInstruments, United States). The vessels were stretched to their optimal lumen diameter (90% of the diameter they would have at a transmural pressure of 100 mmHg (Mulvany and Halpern, 1977). They were placed in PSS consisting of (in mM) 120 NaCl, 4.5 KCl, 1.2 NaH2PO4, 1.0 MgSO4, 1.6 CaCl2, 0.025 EDTA, 5.5 glucose, 26 NaHCO3, and 5 HEPES at pH 7.4 oxygenated with carbogen (95% O2 and 5% CO2) at 37°C. Viability of the vessels was tested by application of 10–5 M methoxamine to test smooth muscle cell function and of 10–5 M acetylcholine after preconstriction with 10–7 M methoxamine to test endothelial cell function. Vessel tension was normalized to the tension developed in response to 10–5 M methoxamine applied directly after the viability test. This was done in order to eliminate variability due to differences in the contractility of different vessels. Special care was taken to carefully match vessel tension before the intervention to be able to compare vessel responses to different interventions. Thus, when 4 groups of vessels with different interventions (e.g., application of IBTX, NS19504, IBTX + NS19504, control = application of vehicle) were compared, it was ensured that the averaged methoxamine-induced concentration-response relationships (or the pressure-diameter relationships in isobaric preparations) of these 4 vessel groups obtained directly after the 10–5 M methoxamine-test and before the addition of the above mentioned substances did not differ (see for example Schmid et al., 2018, Supplementary Figure 1A).



Functional Removal of the Endothelium

The endothelium was removed from all vessels studied in pressure or wire myographs. In isobaric experiments this was done by passing an air bubble through the lumen of the vessel. In isometric experiments the endothelium was disrupted mechanically using a rat whisker. Functional removal of the endothelium was considered successful when acetylcholine-induced vasodilation was absent during the viability test.



Real-Time PCR

Vessels (saphenous and gracilis arteries) were isolated in two groups, with endothelium(E+) and without endothelium(E−) as described above. They were cut into small pieces and homogenized for 3 min at 30 Hz in the TissueLyser II (Qiagen). Total RNA was isolated using the “RNeasy Mini-Kit” (Qiagen) according to the manufacturer instructions. Optional On-Column DNase Digestion using the RNase-Free DNase Set (Qiagen) was performed as described in the manufacturer instructions. In the final step, RNA was collected from the affinity column using 30 μl RNase-free H2O, which was passed twice over the column. RNA concentration was determined on the Tecan infinite 200 PRO.

Reverse transcription to cDNA was performed by Mastercyler (Gradient 5333, Eppendorf) using 5 × Reaction Buffer (Thermo scientific), dNTP Mix (10 nM each, Thermo scientific), RevertAid H Minus ReverseTranscriptase (Thermo scientific), and Random Primers (Invitrogen) according to the manufacturer’s standard protocol. All samples were diluted to a starting concentration of 5 ng RNA per μL of reaction.

Samples were quantified with real-time PCR using SensiFASTTM SYBR No-ROX Kit, 2× (Bioline, Cat# BIO-98020) on Light Cycler 480 (Roche) according to the manufacturer’s standard protocol. Primers were purchased or self-designed and ordered from Eurofins. Amplicon context sequence and amplicon length can be found on the Bio-Rad Homepage1 in accordance with the Guidelines for Minimum Information for Publication of Quantitative Digital PCR Experiments (MIQE) guidelines (Huggett et al., 2013). The following genes (with their Sequence) have been tested: Kcnq1 (ffw: GGCTCTGGGTTTGCACTG, rev: CATAGCA CCTCCATGCAGTC), Kcnq2 (ffw: ACACAGACTCAGACCTC TGCAC, rev: AGCCCAACCCAGAATCACTTCC), Kcnq3 (ffw: GCTAGGGACCGGAGCCGACA, rev: CCCCTCGGTCTCTCC AGGGC), Kcnq4 (ffw: CCCCGCTGCTCTACTGAG, rev: ATG ACATCATCCACCGTGAG), Kcnq5 (ffw: GATGCCAGTGTGA CGTGTCCGTGG, rev: CCTTTCCGAGGACCTGCTGGTAG), rBKalpha (ffw: AAACAAGTAATTCCATCAAGCTGGTG, rev: CGTAAGTGCCTGGTTGTTTTGG), rBKbeta1 (ffw: ACCAAT CTCTTCTGCACAGCAGC, rev: AGAGCTGTGACTGGCAGT TCCTT), eNOS (ffw: GGATTCTGGCAAGACCGATTAC, rev: GGTGAGGACTTGTCCAAACACT), Hmbs (ffw: GCGGAAG AAAACGGCTCAATG, rev: AGCATCGCTACCACAGTGTC), Gapdh (ffw: CACCAGCATCACCCCATTT; rev: CCATCAAGG ACCCCTTCATT). Hmbs was used as reference gene for the expression analysis of endothelium-denuded and endothelium-intact vessels; Gapdh was used as reference gene for the expression analysis of vessels from young and adult rats. For each reaction of 20 μL, a volume of 2 μL cDNA was used (as an equivalent of 10 ng starting RNA). At the end of reaction, melting curves were checked by use of the Light Cycler 480 software to ensure the specificity of qPCR products. The LinRegPCR program (Academic Medical Center, Netherlands) was used to analyze the real-time PCR data. mRNA expression levels were calculated as E–Ct, where E is the primer efficiency and Ct is the cycle number on which product fluorescence rose above the threshold level. Primer efficiency was determined for every primer pair using LinReg. These expression values were related to the expression values of the housekeeping gene detected in the same sample. Expression data from vessels from young and adult rats were normalized to the mean of the expression of vessels from adult rats.



Selection Criteria for BK and Kv7 Channel Blocker and Opener Concentrations

Iberiotoxin (IBTX) has widely been employed as a BK channel inhibitor starting from 1990 (Galvez et al., 1990). It has been used since then in an uncountable number of reports and proven to be a specific BK channel blocker. IBTX was reported to have an IC50 of 1.7 nM (Tykocki et al., 2017). Since a complete block of BK channels was desired, 100 nM IBTX was employed.

NS19504 is a relatively new opener of BK channels with an EC50 of 11 μM for bladder smooth muscle BK channels (determined with a Tl+ assay under conditions differing quite a lot compared to the conditions employed in experiments on intact organs) and 640 nM for the inhibition of bladder spontaneous contractile activity (Nausch et al., 2014). Of note, the inhibition of spontaneous bladder activity by NS19504 was not blocked completely by IBTX pointing to a non-specific effect of this new compound at higher concentrations. Data on the effect of NS19504 on vascular smooth muscle BK channels are not available. Therefore, we studied the effect of NS19504 on rat arteries in detail (see “Results” section). NS19504 at 6∗10–6 M was selected as the most appropriate concentration, i.e., the concentration that produces the largest but still selective effect on vascular contractility.

XE991 is a well-known blocker of Kv7 channels with an IC50 of 5.5 μM determined for Kv7.4 channels expressed in HEK cells (Søgaard et al., 2001; Gollasch et al., 2018). Kv7.4 channels are the most prominent isoform expressed in the vessels studied in the present investigation (see Figure 1 of the present manuscript for saphenous and gracilis arteries and Figure 3 in Zavaritskaya et al., 2013 for gracilis arteries). Taking into account the considerable differences in experimental conditions between patch-clamp studies on channels or currents and myography experiments on intact vessels, this IC50 value was used as a first orientation. Additionally, recent data were considered where we found that in an intact vessel preparation the effect of a Kv7 channel opener was inhibited by 3∗10–6 M XE991 and 10–5M XE991 to the same degree (Zavaritskaya et al., 2020). In addition, unpublished data on gracilis arteries showed that the effect of 3∗10–5 M XE991 on spontaneous myogenic tone was smaller compared to 3∗10–6 M XE991 and 10–5M XE991 pointing to an unspecific effect at this high concentration. Thus, in order to ensure the largest but still selective inhibitory effect of XE991, 3∗10–6 M was employed.
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FIGURE 1. Expression of KCNQ and BK channel genes. (A) Relative expression profile (related to Hmbs) of KCNQ and BK channel genes in Saphenous artery with endothelium (E+) and without endothelium (E–). (B) Relative expression profile of KCNQ and BK channel genes in gracilis artery with endothelium (E+) and without endothelium (E–). n = 8; **p < 0.01; ***p < 0.001.


Retigabine is a well described opener of Kv7 channels with EC50 values between 1 and 5 μM for expressed Kv7.4 channels (Gollasch et al., 2018). We used previous data from intact vessel preparations to select the most appropriate concentration of retigabine. Retigabine at concentrations > 3∗10–5 M was able to dilate KCl-preconstricted vessels (Zavaritskaya et al., 2013) suggesting an effect independent of K channels at this concentration. The present study shows that the effect of retigabine at 3∗10–5 M could be abolished by XE991. Therefore, this concentration of retigabine was selected.



Drugs and Chemicals

Methoxamine, acetylcholine as well as the salts for the solutions were obtained from Sigma (Germany). Iberiotoxin was purchased from Alomone Labs (Israel). NS19504, Retigabine and XE991 were obtained from Tocris (United Kingdom).



Data Analysis and Statistics

The anti-contractile or contractile effect of a certain substance was calculated as the area between the methoxamine-induced concentration-response relationships or the pressure-diameter relationships obtained in the absence and in the presence of this substance (see also Schmid et al., 2018).

All values are given as mean ± SEM; n is the number of animals tested. Statistical analysis was performed using GraphPadPrism 6.0 (GraphPad Software, Inc.) employing ANOVA or paired t-tests as appropriate and a value of p < 0.05 was considered statistically significant.



RESULTS


Expression of Kv7 and BK Channel Genes in Arteries of Adult Rats

The expression profiles of the subunits of KCNQ and BK channel genes in saphenous arteries were similar to those in gracilis arteries: the highest expression was observed for BKα, BKβ1 and KCNQ4, followed by KCNQ1, KCNQ3 and KCNQ5 at considerably lower expression levels. The lowest expressed gene was KCNQ2 (Figures 1A,B).

Expression profiles were compared for vessels without (E−) and with (E+) endothelium. Successful removal of the endothelium was verified by a substantially lower expression of the endothelial marker eNOS in vessels without endothelium (Figures 1A,B). In both vessels, no differences in KCNQ and BK channel genes were detected between vessel without and with endothelium, except for KCNQ4, which was expressed at a slightly lower level in vessels with endothelium (Figures 1A,B).



Functional Interaction of Kv7 and BK Channels in Arteries of Adult Rats

The functional interaction of Kv7 and BK channels was studied by addition of their respective blockers and activators. Specifically, XE991 was used as a selective blocker of Kv7 channels, retigabine as a selective activator of Kv7 channels; iberiotoxin (IBTX) was used as a selective blocker of BK channels, and NS19504 as a novel activator of BK channels (for more details on the selection criteria for the BK and Kv7 channel blocker and opener concentrations see methods section).

Kv7 and BK channel functional interaction was studied using two approaches addressing different mechanisms regulating vessel contractility. Firstly, isometric preparations of saphenous arteries, a larger artery showing stable vasoconstrictor-induced contractions without spontaneous basal tone, were employed. Contractility was tested over a wide range of vessel tension achieved by application of methoxamine at concentrations between 10–8 M and 10–5 or 10–4M. Secondly, isobaric preparations of gracilis arteries, a smaller, myogenically active artery, were used. Contractility was tested over a wide pressure range between 10 and 120 mmHg.


Effect of Retigabine and XE991 on Arterial Contraction

Retigabine at 3∗10–5M strongly attenuated methoxamine-induced contractions, i.e., demonstrated an anti-contractile effect, whereas for XE991 at 3∗10–6M an effect was not detected in this experiment (Supplementary Figures 1A,B). In the presence of retigabine, however, XE991 enhanced methoxamine-induced contractions compared to these contractions in the presence of retigabine alone, i.e., demonstrated a contractile effect (Supplementary Figure 1B). Of note, in the presence of XE991 retigabine was without effect on methoxamine-induced contractions compared to these contractions in the presence of XE991 alone (Supplementary Figure 1B). Thus, the anti-contractile effect of retigabine was abolished by XE991 (Supplementary Figure 1C). Such an effect of XE991 was also observed when contractility was assessed based on the myogenic response of gracilis arteries (Supplementary Figures 2A–C).



Effect of NS19504 and IBTX on Arterial Contraction

Because there is no agent commonly recognized and confirmed as a selective activator of vascular smooth muscle BK channels, NS19504 as a novel candidate was tested in more detail, i.e., at three concentrations (3∗10–6M, 6∗10–6M, 10–5M).

NS19504 at 3∗10–6M attenuated methoxamine-induced contractions, while IBTX at 10–7M enhanced it (Supplementary Figures 3A,B,E1). In the presence of NS19504 IBTX also enhanced methoxamine-induced contractions compared to these contractions in the presence of NS19504 alone (Supplementary Figure 3E1). Of note, in the presence of IBTX NS19504 was without effect on methoxamine-induced contractions compared to these contractions in the presence of IBTX alone (Supplementary Figure 3E1). Thus, the anti-contractile effect of 3∗10–6M NS19504 was abolished by IBTX (Supplementary Figure 3F1). Such an effect of IBTX was also observed when contractility was assessed based on the myogenic response of gracilis arteries (Supplementary Figures 4A–C).

NS19504 at 6∗10–6M attenuated methoxamine-induced contractions, while IBTX at 10–7M enhanced it (Supplementary Figures 3A,C,E2). In the presence of NS19504 IBTX also enhanced methoxamine-induced contractions compared to these contractions in the presence of NS19504 alone (Supplementary Figure 3E2). Of note, in the presence of IBTX NS19504 was without effect on methoxamine-induced contractions compared to these contractions in the presence of IBTX alone (Supplementary Figure 3E2). Thus, the anti-contractile effect of 6∗10–6M NS19504 was abolished by IBTX (Supplementary Figure 3F2).

NS19504 at 10–5M attenuated methoxamine-induced contractions, while IBTX at 10–7M enhanced it (Supplementary Figures 3A,D,E3). In the presence of NS19504 IBTX also enhanced methoxamine-induced contractions compared to these contractions in the presence of NS19504 alone (Supplementary Figure 3E3). In the presence of IBTX NS19504 attenuated methoxamine-induced contractions compared to these contractions in the presence of IBTX alone (Supplementary Figure 3E3). Thus, the anti-contractile effect of 10–5M NS19504 was reduced but not abolished by IBTX (Supplementary Figure 3F3).



The Functional Impact of Kv7 Channels Increases After Blocking BK Channels

XE991 at 3∗10–6M as well as IBTX at 10–7M enhanced methoxamine-induced contractions (Figure 2A). In the presence of IBTX, XE991 also enhanced methoxamine-induced contractions compared to these contractions in the presence of IBTX alone (Figure 2A). Further, in the presence of XE991, IBTX enhanced methoxamine-induced contractions compared to these contractions in the presence of XE991 alone (Figure 2A). Thus, the contractile effect of XE991 was enhanced by IBTX (Figure 2B), and the contractile effect of IBTX was enhanced by XE991 (Figure 2C). Such effects of IBTX and XE991 were also observed when contractility was assessed based on the myogenic response of gracilis arteries (Supplementary Figures 5A–C).
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FIGURE 2. Effect of XE991 and IBTX on methoxamine-induced contractions of the saphenous artery. (A) Normalized tension of saphenous arteries with different methoxamine concentrations in the absence of potassium channel active agents (Control), in the presence of IBTX (IBTX 10–7M), in the presence of XE991 (XE991 3*10–6M) and in the combined presence of XE991 and IBTX (XE991 + IBTX). (B) XE991 contractile effect in the absence (Control) and presence of IBTX (IBTX 10–7M). (C) IBTX contractile effect in the absence (Control) and presence of XE991 (XE991 3*10–6M). n = 12; *p < 0.05, ***p < 0.001.


Further, retigabine at 3∗10–6M attenuated methoxamine-induced contractions, whereas IBTX at 10–7M enhanced methoxamine-induced contractions (Figure 3A1). In the presence of retigabine IBTX also enhanced methoxamine-induced contractions compared to these contractions in the presence of retigabine alone (Figure 3A1). In the presence of IBTX retigabine also attenuated methoxamine-induced contractions compared to these contractions in the presence of IBTX alone (Figure 3A1). Thus, the anti-contractile effect of retigabine was enhanced by IBTX (Figure 3B1), whereas the contractile effect of IBTX was reduced by retigabine (Figure 3C1). Such effects of IBTX and retigabine were also observed when contractility was assessed based on the myogenic response of gracilis arteries (Supplementary Figures 6A–C).
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FIGURE 3. Effect of retigabine and IBTX on methoxamine-induced contractions of the saphenous artery. (A1,A2) Normalized tension of saphenous arteries with different methoxamine concentrations in the absence of potassium channel active agents (Control), in the presence of IBTX (IBTX 10–7M), in the presence of retigabine (A1: Retigabine 3*10–6M; A2: Retigabine 10–5M) and in the combined presence of retigabine and IBTX (Retigabine + IBTX). (B1,B2) Retigabine anti-contractile effect in the absence of (Control) and presence of IBTX (IBTX 10–7M). (C1,C2) IBTX contractile effect in the absence of (Control) and presence of retigabine (C1: Retigabine 3*10–6M, C2: Retigabine 10–5M). n1 = 9, n2 = 9; *p < 0.05, **p < 0.01; ***p < 0.001.


Retigabine at 10–5M attenuated methoxamine-induced contractions, whereas IBTX at 10–7M enhanced methoxamine-induced contractions (Figure 3A2). Of note, in the presence of retigabine IBTX did not affect methoxamine-induced contractions compared to these contractions in the presence of retigabine alone (Figure 3A2). In the presence of IBTX retigabine also attenuated methoxamine-induced contractions compared to these contractions in the presence of IBTX alone (Figure 3A2). Thus, the anti-contractile effect of retigabine was considerably enhanced by IBTX (Figure 3B2), whereas the contractile effect of IBTX was abolished by retigabine (Figure 3C2).



The Functional Impact of Kv7 Channels Decreases After Activating BK Channels

Retigabine at 10–5M as well as NS19504 at 3∗10–6M attenuated methoxamine-induced contractions (Figure 4A1). In the presence of NS19504 retigabine also attenuated methoxamine-induced contractions compared to these contractions in the presence of NS19504 alone (Figure 4A1). Further, in the presence of retigabine NS19504 attenuated methoxamine-induced contractions compared to these contractions in the presence of retigabine alone (Figure 4A1). Thus, the anti-contractile effect of retigabine was reduced by NS19504 (Figure 4B1), and the anti-contractile effect of NS19504 was reduced by retigabine (Figure 4C1). The same effects where observed for NS19504 at 6∗10–6M (Figures 4A2,B2,C2). Such effects of NS19504 and retigabine were also observed when contractility was assessed based on the myogenic response of gracilis arteries (Supplementary Figures 7A–C).
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FIGURE 4. Effect of retigabine and NS19504 on methoxamine-induced contractions of the saphenous artery. (A1,A2) Normalized tension of saphenous arteries at different methoxamine concentration in the absence of potassium channel active agents (Control), in the presence of retigabine (Retigabine 10–5M), in the presence of NS19504 (A1: NS19504 3*10–6M, A2: NS19504 6*10–6M) and in the combined presence of retigabine and NS19504 (Retigabine + NS19504). (B1,B2) Retigabine anti-contractile effect in the absence (Control) and presence of NS19504 (B1: NS19504 3*10–6M, B2: NS19504 6*10–6M). (C1,C2) NS19504 anti-contractile effect in the absence (Control) and presence of retigabine (Retigabine 10–5M). n1 = 11, n2 = 9; *p < 0.05, **p < 0.01; ***p < 0.001.


Further, NS19504 at 6∗10–6M attenuated methoxamine-induced contractions, whereas XE991 at 3∗10–6M enhanced methoxamine-induced contractions (Figure 5A). In the presence of NS19504 XE991 did not affect methoxamine-induced contractions compared to these contractions in the presence of NS19504 alone (Figure 5A). In the presence of XE991 NS19504 also attenuated methoxamine-induced contractions compared to these contractions in the presence of XE991 alone (Figure 5A). Thus, the anti-contractile effect of NS19504 was enhanced by XE991 (Figure 5B), whereas the contractile effect of XE991 was abolished by NS19504 (Figure 5C). Such effects of XE991 and NS19504 were also observed when contractility was assessed based on the myogenic response of gracilis arteries (Supplementary Figures 8A–C).
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FIGURE 5. Effect of NS19504 and XE991 on methoxamine-induced contractions of the saphenous artery. (A) Normalized tension of saphenous arteries with different methoxamine concentrations in the absence of potassium channel active agents (Control), in the presence of XE991 (XE991 3*10–6M), in the presence of NS19504 (NS19504 6*10–6M) and in the combined presence of NS19504 and XE991 (NS19504 + XE991). (B) NS19504 anti-contractile effect in the absence (Control) and presence of XE991 (XE991 3*10–6M). (C) XE991 contractile effect in the absence (Control) and presence of NS19504 (NS19504 6*10–6M). n = 10; **p < 0.01; ***p < 0.001.




The Functional Impact of BK and Kv7 Channels in Arteries of Young Rats

The functional impact of BK and Kv7 channels on methoxamine-induced contractions was determined also in saphenous arteries of young rats.


Expression of Kv7 and BK Channel Genes in Saphenous Arteries of Adult and Young Rats

Comparison of the most highly expressed potassium channel genes of interest in the saphenous artery showed that the expression of BKα and BKβ1 was smaller in vessels from young compared to adult rats, whereas for KCNQ4 no difference was detected (Figure 6). Thus, vessels of young rats may serve as a model of a functional situation resembling a considerable block of BK channels.
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FIGURE 6. Expression of KCNQ4 and BK channel genes in the saphenous artery of young and adult rats. Normalized expression (related to Gapdh and normalized to the mean of the expression of vessels from adult rats) of KCNQ4 and BK channel genes in saphenous arteries from young (n = 8) and adult (n = 7) rats. **p < 0.01.




Effect of Retigabine and XE991 on Arterial Contraction

Retigabine at 3∗10–5M attenuated methoxamine-induced contractions, whereas XE991 at 3∗10–6M strongly enhanced this effect (Supplementary Figure 9A). In the presence of retigabine XE991 enhanced methoxamine-induced contractions compared to these contractions in the presence of retigabine alone (Supplementary Figure 9A). Of note, in the presence of XE991 retigabine was without effect on methoxamine-induced contractions compared to these contractions in the presence of XE991 alone (Supplementary Figure 9A). Thus, the anti-contractile effect of retigabine was abolished by XE991 (Supplementary Figure 9B).



Effect of NS19504 and IBTX on Arterial Contraction

NS19504 at 6∗10–6M attenuated methoxamine-induced contractions, while IBTX at 10–7M enhanced it (Supplementary Figure 10A). In the presence of NS19504, IBTX also enhanced methoxamine-induced contractions compared to these contractions in the presence of NS19504 alone (Supplementary Figure 10A). Of note, in the presence of IBTX NS19504 was without effect on methoxamine-induced contractions compared to these contractions in the presence of IBTX alone (Supplementary Figure 10A). Thus, the anti-contractile effect of NS19504 was abolished by IBTX (Supplementary Figure 10B).

Together these data show that (i) in adults IBTX and NS19504 shifted the concentration-response relationship of methoxamine to the left and to the right, respectively, to a similar degree (Figure 7A) demonstrating that BK channels exert an anticontractile effect during methoxamine-induced contractions; (ii) in young rats, a similar effect of IBTX and NS19504 was observed, albeit with smaller magnitude (Figure 7C) also demonstrating an anticontractile effect of BK channels; (iii) in adults XE991 had no considerable effect on the methoxamine-induced concentration-response relationship, whereas retigabine shifted the concentration-response relationship of methoxamine to the right (Figure 7B), demonstrating that Kv7 channels showed no considerable anticontractile effect; (iv) in contrast in young rats, XE991 and retigabine shifted the concentration-response relationship of methoxamine to the left and to the right, respectively, where the effect of XE991 is more pronounced (Figure 7D) demonstrating a strong anticontractile effect of Kv7 channels.
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FIGURE 7. Effect of NS19504, IBTX, Retigabine and XE991 on methoxamine-induced contractions of the saphenous artery in adult and young rats. (A) Normalized tension of adult saphenous arteries with different methoxamine concentrations in the absence of BK channel active agents (Control), in the presence of IBTX (IBTX 10–7M) and in the presence of NS19504 (NS19504 6*10–6M). (B) Normalized tension of adult saphenous arteries at different methoxamine concentrations in the absence of Kv7 channel active agents (Control), in the presence of XE991 (XE991 3*10–6M), in the presence of retigabine (Retigabine 3*10–5M). (C) Normalized tension of young saphenous arteries with different methoxamine concentrations in the absence of BK channel active agents (Control), in the presence of IBTX (IBTX 10–7M) and in the presence of NS19504 (NS19504 6*10–6M). (D) Normalized tension of young saphenous arteries at different methoxamine concentrations in the absence of Kv7 channel active agents (Control), in the presence of XE991 (XE991 3*10–6M), in the presence of retigabine (Retigabine 3*10–5M).




The Functional Impact of Kv7 Channels Changed Little After Blocking BK Channels in Young Rats

XE991 at 3∗10–6M as well as IBTX at 10–7M enhanced methoxamine-induced contractions (Figure 8A). In the presence of IBTX, XE991 also enhanced methoxamine-induced contractions compared to these contractions in the presence of IBTX alone (Figure 8A). Further, in the presence of XE991, IBTX did not affect methoxamine-induced contractions compared to these contractions in the presence of XE991 alone (Figure 8A). Thus, the contractile effect of XE991 was not affected by IBTX (Figure 8B), but the contractile effect of IBTX was abolished by XE991 (Figure 8C).
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FIGURE 8. Effect of XE991 and IBTX on methoxamine-induced contractions of the saphenous artery of young rats. (A) Normalized tension of saphenous arteries with different methoxamine concentrations in the absence of potassium channel active agents (Control), in the presence of IBTX (IBTX 10–7M), in the presence of XE991 (XE991 3*10–6M) and in the combined presence of XE991 and IBTX (XE991 + IBTX). (B) XE991 contractile effect in the absence (Control) and presence of IBTX (IBTX 10–7M). (C) IBTX contractile effect in the absence (Control) and presence of XE991 (XE991 3*10–6M). n = 11; *p < 0.05, **p < 0.01; ***p < 0.001.


Retigabine at 10–5M attenuated methoxamine-induced contractions, whereas IBTX at 10–7M enhanced methoxamine-induced contractions (Figure 9A). Of note, in the presence of retigabine IBTX did not affect methoxamine-induced contractions compared to these contractions in the presence of retigabine alone (Figure 9A). In the presence of IBTX retigabine also attenuated methoxamine-induced contractions compared to these contractions in the presence of IBTX alone (Figure 9A). Thus, the anti-contractile effect of retigabine was enhanced by IBTX (Figure 9B), whereas the contractile effect of IBTX was abolished by retigabine (Figure 9C).
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FIGURE 9. Effect of retigabine and IBTX on methoxamine-induced contractions of the saphenous artery of young rats. (A) Normalized tension of saphenous arteries with different methoxamine concentrations in the absence of potassium channel active agents (Control), in the presence of IBTX (IBTX 10–7M), in the presence of retigabine (Retigabine 10–5M) and in the combined presence of retigabine and IBTX (Retigabine + IBTX). (B) Retigabine anti-contractile effect in the absence of (Control) and presence of IBTX (IBTX 10–7M). C) IBTX contractile effect in the absence of (Control) and presence of retigabine (Retigabine 10–5M). n = 11; *p < 0.05, **p < 0.01; ***p < 0.001.


Retigabine at 10–5M as well as NS19504 at 6∗10–6M attenuated methoxamine-induced contractions (Figure 10A). In the presence of NS19504 retigabine also attenuated methoxamine-induced contractions compared to these contractions in the presence of NS19504 alone (Figure 10A). Further, in the presence of retigabine NS19504 did not affect methoxamine-induced contractions compared to these contractions in the presence of retigabine alone (Figure 10A). Thus, the anti-contractile effect of retigabine was reduced by NS19504 (Figure 10B), and the anti-contractile effect of NS19504 was abolished by retigabine (Figure 10C).
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FIGURE 10. Effect of retigabine and NS19504 on methoxamine-induced contractions of the saphenous artery of young rats. (A) Normalized tension of saphenous arteries at different methoxamine concentration in the absence of potassium channel active agents (Control), in the presence of retigabine (Retigabine 10–5M), in the presence of NS19504 (NS19504 6∗10–6M) and in the combined presence of retigabine and NS19504 (Retigabine + NS19504). (B) Retigabine anti-contractile effect in the absence (Control) and presence of NS19504 (NS19504 6∗10–6M). (C) NS19504 anti-contractile effect in the absence (Control) and presence of retigabine (Retigabine 10–5M). n = 16; ∗∗p < 0.01; ∗∗∗p < 0.001.


NS19504 at 6∗10–6M attenuated methoxamine-induced contractions, whereas XE991 at 3∗10–6M enhanced methoxamine-induced contractions (Figure 11A). In the presence of NS19504, XE991 also enhanced methoxamine-induced contractions compared to these contractions in the presence of NS19504 alone (Figure 11A). In the presence of XE991, NS19504 also attenuated methoxamine-induced contractions compared to these contractions in the presence of XE991 alone (Figure 11A). Thus, the anti-contractile effect of NS19504 was enhanced by XE991 (Figure 11B), whereas the contractile effect of XE991 was reduced by NS19504 (Figure 11C).
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FIGURE 11. Effect of NS19504 and XE991 on methoxamine-induced contractions of the saphenous artery of young rats. (A) Normalized tension of saphenous arteries with different methoxamine concentrations in the absence of potassium channel active agents (Control), in the presence of XE991 (XE991 3*10–6M), in the presence of NS19504 (NS19504 6*10–6M) and in the combined presence of NS19504 and XE991 (NS19504 + XE991). (B) NS19504 anti-contractile effect in the absence (Control) and presence of XE991 (XE991 3*10–6M). (C) XE991 contractile effect in the absence (Control) and presence of NS19504 (NS19504 6*10–6M). n = 12; *p < 0.05, **p < 0.01; ***p < 0.001.




DISCUSSION


Expression of Kv7 and BK Channels in Arteries of Adult Rats

The expression of mRNA for Kv7 (KCNQ) and BK channels was determined in two types of skeletal muscle arteries, the larger saphenous artery and the smaller gracilis artery. The potassium channel genes studied were expressed at different levels. In particular, BK channels (BK α and BK β1 subunits) prevail as in other systemic blood vessels (Nelson and Quayle, 1995; Tykocki et al., 2017). Further, KCNQ4 is the most highly expressed KCNQ gene, followed by KCNQ1 and KCNQ5. This expression profile is similar to other rat (e.g., gracilis arteries, cerebral arteries, coronary arteries, pulmonary arteries and mesenteric arteries) and human arteries (e.g., visceral arteries and mesenteric arteries) (Søgaard et al., 2001; Joshi et al., 2009; Zhong et al., 2010; Ng et al., 2011; Zavaritskaya et al., 2013; Haick and Byron, 2016). The observed expression pattern was similar in both vessels studied. In addition, a comparable expression profile was detected for most channels in endothelium-intact and endothelium-denuded vessels. In contrast, eNOS, expressed preferentially in endothelial cells, showed a much smaller expression in endothelium-denuded vessels. Thus, our findings indicate that the potassium channel genes studied are not predominantly expressed in the endothelium but are expressed in both the endothelium and smooth muscle. An exception is KNCQ4, which was expressed at a lower level in endothelium-intact vessels, pointing to a preferential expression of this channel in smooth muscle cells. To enable the investigation of the functional role of Kv7 and BK channels located in smooth muscle cells, vessels without endothelium have been used in the functional experiments in this study.



Function of Kv7 and BK Channels in Arteries of Adult Rats

The myogenic response as well as vasoactive substance-induced contractions are two main mechanisms governing vascular contractility (Brozovich et al., 2016). Therefore, in this study, the interaction of Kv7 and BK channels in the regulation of the contractility of isolated arteries was examined based on pressure-induced myogenic responses and methoxamine-induced contractions. The characteristics of the myogenic response of the gracilis artery observed in this study are in accordance with the characteristics of typical myogenic responses (Bayliss, 1902; Davis and Hill, 1999; Schubert et al., 2008). Methoxamine-induced contractions of the saphenous artery have been described previously (Shvetsova et al., 2019).

Of note, in several experiments K channel blocker or their combination produced an increase in basal tone of isometric vessel preparations. Also under these conditions the lowest concentration of methoxamine used (10 nM) did not produce an increase of vessel tension on its own. Thus, the increased values of vessel tension at 10nM methoxamine (most obvious to see in Figures 2, 8, 11 and Supplementary Figure 9) do not represent an increased sensitivity to low concentrations of methoxamine. In fact, they show the increased basal tone induced by K channel blockers or their combinations.


Negative Feedback Regulation of Vascular Contractility by Kv7 and BK Channels

The BK channel blocker IBTX enhanced methoxamine-induced contractions and strengthened the myogenic response; the Kv7 channel blocker XE991 also strengthened the myogenic response but did not affect considerably methoxamine-induced contractions in adult animals. NS19504, the BK channel opener, and retigabine, the Kv7 channel opener both attenuated methoxamine-induced contractions and the myogenic response. These data are supported by previous observations in different arteries (Brayden and Nelson, 1992; Rosenfeld et al., 2000; Greenwood and Ohya, 2009; Hill et al., 2010; Zhong et al., 2010; Haick and Byron, 2016; Tykocki et al., 2017; Schmid et al., 2018; Shvetsova et al., 2019). In summary, the data of the present study suggest that Kv7 and BK channels play a negative feedback role in methoxamine-induced contractions as well as in the myogenic response to prevent excessive vasoconstriction by limiting agonist- and pressure-induced depolarization.

The data suggest that Kv7 and BK channels can replace each other, at least regarding the studied negative feedback regulation of methoxamine-induced contraction and the myogenic response. However, this was observed only for the saphenous artery from adult animals. In this vessel from young animals BK channels cannot substitute Kv7 channels. Since BK and Kv7 channels have been shown to differ in their expression and/or functional impact in various vessels, we suggest that in some vessels (like adult saphenous arteries) they can substitute for one another but in other vessels (like young saphenous arteries) either BK or Kv7 channels will secure the negative feedback regulation of vasocontraction. Thus, both channels are needed to ensure negative feedback regulation of vasocontraction in all vessels. The reason for differences in expression and/or functional impact of BK and Kv7 channels in different vessels has to be established yet.

The presented data also show that, at the concentrations used in this study, the Kv7 channel blocker XE991 and the BK channel blocker IBTX are able to abolish the effects of the Kv7 channel opener retigabine and the BK channel opener NS19504, respectively. Thus, when used at appropriate concentrations these agents are selective openers/blockers of their respective channels (see also selection criteria for the BK and Kv7 channel blocker and opener concentrations in the methods section).

Of note, whereas XE991, IBTX and retigabine have been used at the reported concentrations in intact vessels as selective tools to study the function of Kv7 and BK channels previously (Galvez et al., 1990; Wickenden et al., 2000; Yeung and Greenwood, 2005; Ng et al., 2011; Hannigan et al., 2016; Gollasch et al., 2018; Shvetsova et al., 2019; Zavaritskaya et al., 2020), the BK channel opener NS19504 has not been explored on intact vessels before. The data of the present study show, that effects not related to BK channels, i.e., not blocked by IBTX, are observed at higher concentrations of NS19504 (10–5 M). However, at lower concentrations (3∗10–6 M, 6∗10–6 M) the effects of NS19504 can be blocked completely by IBTX. A similar effect has been observed in guinea pig bladder strips (Nausch et al., 2014). These novel findings demonstrate that at appropriate concentrations NS19504 can be used as a selective opener of vascular smooth muscle BK channels.



Regulation of the Functional Impact of Kv7 Channels by BK Channels

Experiments on both pressure-induced myogenic responses and methoxamine-induced contractions in adult rats showed that blockade of BK channels induced or increased a contractile effect of the Kv7 channel blocker XE991 and increased the anti-contractile effect of the Kv7 channel opener retigabine. This suggests that the functional impact of Kv7 channels increases after blocking BK channels. Accordingly, the opposite action on BK channels, their activation, decreased the anti-contractile effect of the Kv7 channel opener retigabine and abolished the contractile effect of the Kv7 channel blocker XE991. These data show that inhibition of BK channels increased the functional impact of Kv7 channels, while activation of BK channels decreased the functional impact of Kv7 channels.

Our findings can be explained based on a recently published idea (Coleman et al., 2017). When functional BK channels have been inhibited by IBTX the accompanying depolarization will move the membrane potential away from the potassium equilibrium potential resulting in a larger driving force (electrochemical gradient) for potassium ions. Further, Kv7 and BK channels are part of a plasma membrane equivalent electrical circuit where each type of potassium channel is in parallel contributing to the total membrane resistance. Blocking BK channels will increase membrane resistance so that for a given change in potassium current a larger change in membrane potential is achieved. In summary, due to the larger driving force and the increased membrane resistance after blocking BK channels changes in Kv7 channel activity, induced by either blockers or openers, will result in a larger change in membrane potential and vessel tension. Furthermore, when functional BK channels have been stimulated by NS19504 the accompanying hyperpolarization will move the membrane potential closer to the potassium equilibrium potential resulting in a smaller driving force for potassium ions. Further, activating BK channels will decrease membrane resistance so that for a given change in potassium current a smaller change in membrane potential is achieved. In summary, due to the smaller driving force and the decreased membrane resistance after activating BK channels, changes in Kv7 channel activity, induced by either blockers or openers, will result in a smaller change in membrane potential and vessel tension. Of note, this reasoning has been successfully applied to explain the differential effects of dual Kv7 and BK channel opener substances, GoSlo compounds (Zavaritskaya et al., 2020).

Of note, a detailed electrophysiological examination (either membrane potential or ion currents) of this model would help to clarify this idea further. The lack of such data is a weakness of the present study. However, this complex and extensive exploration is beyond the scope of the present study.

Notwithstanding the focus of the present study, the Kv7 channels, these data also show that inhibition of Kv7 channels increased the functional impact of BK channels, while activation of Kv7 channels decreased the functional impact of BK channels. Thus, changes in the activity of Kv7 channels affect the activity of BK channels, and vice versa.



The Functional Impact of Kv7 Channels Is Suppressed Considerably by BK Channels in Adult but Not in Young Rats

As IBTX, XE991, NS19504 and retigabine, when used at appropriate concentrations, are selective blockers/openers of their respective channels, it can be concluded that BK channels exert an anticontractile effect during methoxamine-induced contractions in adult as well as in young rats (see Figures 7A,C). In young rats, however, the degree of modulation of methoxamine-induced contractions was somewhat smaller compared to adult rats. In contrast, Kv7 channels showed a very small anticontractile effect in adult rats, but a strong anticontractile effect in young rats (see Figures 7B,D). These data are consistent with and nicely reproduce recently published findings showing a strongly increased negative feedback regulation of vasocontraction by Kv7 channels in arteries of young rats (compared to adult animals) which was accompanied by a lower BK channel gene expression and an increased abundance of Kv7 channels (Figure 6 and Shvetsova et al., 2019).

Comparative evaluation of the functional impact of Kv7 and BK channels on arterial contractility in adult and young rats was performed on the basis of methoxamine-induced contractions. Pressure-induced myogenic responses could not be employed because of the very small size of the gracilis artery in young rats. As described above in detail, in adult rats, inhibition of BK channels increased the functional impact of Kv7 channels, while activation of BK channels decreased the functional impact of Kv7 channels. Interestingly, in young rats, blockade of BK channels did not affect the contractile effect of the Kv7 channel blocker XE991 (in contrast to adult rats) but increased the anti-contractile effect of the Kv7 channel opener retigabine (as in adult rats). The opposite action on BK channels, their activation, decreased the anti-contractile effect of the Kv7 channel opener retigabine (as in adult rats) and reduced the contractile effect of the Kv7 channel blocker XE991 (as in adult rats).

A different look at the data revealed that in adult rats Kv7 channels showed no considerable anticontractile effect on methoxamine-induced contraction, although they are available as the effect of retigabine shows (Figure 12A). However, a considerable anticontractile effect of Kv7 channels was observed after blockade of BK channels (Figure 12B); this effect was eliminated after activation of BK channels (Figure 12C). Thus, the functional impact of Kv7 channels is limited by BK channels in adult rats. In young rats, Kv7 channels showed a strong anticontractile effect on methoxamine-induced contraction (Figure 13A). This effect was still observed after blockade (Figure 13B) as well as after activation (Figure 13C) of BK channels. Only the range of vessel tension that Kv7 channels could affect was increased after blockade and decreased after activation of BK channels (Figures 13B,C). Thus, the functional impact of Kv7 channels is not limited by BK channels in young rats.
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FIGURE 12. Effect of Retigabine, XE991, NS19504 and IBTX on methoxamine-induced contractions of the saphenous artery of adult rats. (A) Normalized tension of saphenous arteries at different methoxamine concentrations in the absence of Kv7 channel active agents (Control), in the presence of XE991 (XE991 3*10–6M), in the presence of retigabine (Retigabine 3*10–5M). (B) Normalized tension of saphenous arteries with different methoxamine concentrations in the presence of IBTX (IBTX 10–7M), in the combined presence of IBTX and XE991 (IBTX + XE991), and in the combined presence of IBTX and retigabine (IBTX + Retigabine). (C) Normalized tension of saphenous arteries with different methoxamine concentrations in the presence of NS19504 (NS19504 6*10–6M), in the combined presence of NS19504 and XE991 (NS19504 + XE991) and in the combined presence of NS19504 and retigabine (NS19504 + Retigabine). *p < 0.05, ***p < 0.001.
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FIGURE 13. Effect of Retigabine, XE991, NS19504 and IBTX on methoxamine-induced contractions of the saphenous artery of young rats. (A) Normalized tension of saphenous arteries at different methoxamine concentrations in the absence of Kv7 channel active agents (Control), in the presence of XE991 (XE991 3*10–6M), in the presence of retigabine (Retigabine 3*10–5M). (B) Normalized tension of saphenous arteries with different methoxamine concentrations in the presence of IBTX (IBTX 10–7M), in the combined presence of IBTX and XE991 (IBTX + XE991), and in the combined presence of IBTX and retigabine (IBTX + Retigabine). (C) Normalized tension of saphenous arteries with different methoxamine concentrations in the presence of NS19504 (NS19504 6*10–6M), in the combined presence of NS19504 and XE991 (NS19504 + XE991) and in the combined presence of NS19504 and retigabine (NS19504 + Retigabine). ***p < 0.001.


This observation is in accordance with the idea mentioned above (Coleman et al., 2017). In young rats BK channels exerted an anticontractile effect during methoxamine-induced contractions, as in adult rats. However, in young rats, the range of vessel tension that BK channels could affect was smaller. Thus, vessels of young rats were in a functional situation resembling a considerable block of BK channels. When the remaining functional BK channels have been blocked by IBTX the accompanying depolarization will be small, and will almost not move the membrane potential in relation to the potassium equilibrium potential resulting in only a slightly larger driving force for potassium ions. Further, blocking BK channels will almost not increase membrane resistance so that for a given change in potassium current only a slightly increased change in membrane potential is achieved. In summary, due to the very small increase in driving force and membrane resistance after blocking BK channels, blockade of Kv7 channels will result in almost the same change in membrane potential and vessel tension as with unblocked BK channels. Furthermore, when functional BK channels have been stimulated by NS19504 the accompanying hyperpolarization will move the membrane potential closer to the potassium equilibrium potential resulting in a smaller driving force for potassium ions. Further, BK channels activation will decrease membrane resistance so that for a given change in potassium current a smaller change in membrane potential is achieved. In summary, due to the smaller driving force and the decreased membrane resistance after activation of BK channels changes in Kv7 channel activity, induced by either blockers or openers, will result in a smaller change in membrane potential and vessel tension.



CONCLUSION

Kv7 channels and BK channels are expressed in rat arteries, the saphenous and gracilis arteries. They mainly function as a negative feedback mechanism in the regulation of the contractility of these arteries. In adult rats, the functional impact of Kv7 channels is suppressed by BK channels, this effect was not observed in young rats (Figure 14).
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FIGURE 14. Summary of the role of BK and KV7 channels in saphenous arteries of young and adult rats. In vessels from adult rats BK and Kv7 channels evoke a similar negative feedback regulation on vessel contraction whereby BK channels produce a considerable functional inhibition on Kv7 channels. In vessels from young rats BK and Kv7 channels evoke different negative feedback regulation on vessel contraction with Kv7 channels dominating. BK channels produce almost no functional inhibition on Kv7 channels.


As an additional finding, it was observed that the selectivity of NS19504 for BK channels is concentration dependent. Under the conditions of this study, NS19504 at 6∗10–6 M selectively activates vascular smooth muscle BK channels.
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Supplementary Figure 1 | Effect of retigabine and XE991 on methoxamine-induced contractions of the saphenous artery. (A) Original recordings of methoxamine-induced contractions in the presence of XE991 and retigabine in a wire myograph experiment on saphenous arteries. (B) Normalized tension of saphenous arteries at different methoxamine concentrations in the absence of Kv7 channel active agents (Control), in the presence of XE991 (XE991 3∗10–6M), in the presence of retigabine (Retigabine 3∗10–5M) and in the combined presence of retigabine and XE991 (Retigabine + XE991). (C) Anti-contractile effect of retigabine in the absence (Control) and presence of XE991 (XE991 3∗10–6M). n = 8; ∗∗∗p < 0.001.

Supplementary Figure 2 | Effect of retigabine and XE991 on the myogenic response of the gracilis artery. (A) Original recordings of myogenic responses in the presence of XE991 and retigabine in a pressure myograph experiment on gracilis arteries. (B) Normalized diameter of gracilis arteries at different intra-luminal pressures in the absence of Kv7 channel active agents (Control), in the presence of XE991 (XE991 3∗10–6M), in the presence of retigabine (Retigabine 3∗10–6M) and in the combined presence of retigabine and XE991 (Retigabine and XE991). (C) Anti-contractile effect of retigabine in the absence (Control) and presence of XE991 (XE991 3∗10–6M). n = 10; ∗p < 0.05, ∗∗p < 0.01; ∗∗∗p < 0.001.

Supplementary Figure 3 | Effect of NS19504 and IBTX on methoxamine-induced contractions of the saphenous artery. (A–D) Original recordings of methoxamine-induced contractions in the presence of IBTX and NS19504 in a wire myograph experiment on saphenous arteries. (E1–E3) Normalized tension of saphenous arteries with different methoxamine concentrations in the absence of BK channel active agents (Control), in the presence of IBTX (IBTX 10–7M), in the presence of NS19504 (E1: NS19504 3∗10–6M; E2: NS19504 6∗10–6M; E3: NS19504 10–5M) and in the combined presence of NS19504 and IBTX (NS19504 and IBTX). (F1–F3) NS19504 anti-contractile effect in the absence (Control) and presence of IBTX (IBTX 10–7M). n1 = 7; n2 = 7; n3 = 8; ∗p < 0.05, ∗∗p < 0.01; ∗∗∗p < 0.001.

Supplementary Figure 4 | Effect of NS19504 and IBTX on the myogenic response of the gracilis artery. (A) Original recordings of myogenic responses in the presence of IBTX and NS19504 in a pressure myograph experiment on gracilis arteries. (B) Normalized diameter of gracilis arteries at different intra-luminal pressures in the absence of BK channel active agents (Control), in the presence of IBTX (IBTX 10–7M), in the presence of NS19504 (NS19504 3∗10–6M) and in the combined presence of NS19504 and IBTX (NS19504 and IBTX). (C) NS19504 anti-contractile effect in the absence (Control) and presence of IBTX (IBTX 10–7M). n = 10; ∗p < 0.05, ∗∗p < 0.01; ∗∗∗p < 0.001.

Supplementary Figure 5 | Effect of XE991 and IBTX on the myogenic response of the gracilis artery. (A1,A2) Normalized diameter of gracilis arteries with different intra-luminal pressures in the absence of potassium channel blockers (Control), in the presence of IBTX (IBTX 10–7M), in the presence of XE991 (XE991 3∗10–6M) and in the combined presence of IBTX and XE991 (A1 in sequence XE991 + IBTX, A2 in sequence IBTX + XE991). (B1,B2) XE991 contractile effect in the absence (Control) and presence of IBTX (IBTX 10–7M). (C1,C2) IBTX contractile effect in the absence (Control) and presence of XE991 (XE991 3∗10–6M). n1 = 10, n2 = 10; ∗p < 0.05, ∗∗∗p < 0.001.

Supplementary Figure 6 | Effect of retigabine and IBTX on the myogenic response of the gracilis artery. (A) Normalized diameter of gracilis arteries at different intra-luminal pressures in the absence of potassium channel active agents (Control), in the presence of IBTX (IBTX 10–7M), in the presence of retigabine (Retigabine 3∗10–6M) and in the combined presence of retigabine and IBTX (Retigabine and IBTX). (B) Retigabine anti-contractile effect in the absence (Control) and presence of IBTX (IBTX 10–7M). (C) IBTX contractile effect in the absence (Control) and presence of retigabine (Retigabine 3∗10–6M). n = 10; ∗p < 0.05, ∗∗p < 0.01.

Supplementary Figure 7 | Effect of retigabine and NS19504 on the myogenic response of the gracilis artery. (A) Normalized diameter of gracilis arteries at different intra-luminal pressures in the absence of potassium channel active agents (Control), in the presence of retigabine (Retigabine 3∗10–6M), in the presence of NS19504 (NS19504 3∗10–6M) and in the combined presence of retigabine and NS19504 (Retigabine + NS19504). (B) Retigabine anti-contractile effect in the absence of (Control) and presence of NS19504 (NS19504 3∗10–6M). (C) NS19504 anti-contractile effect in the absence of (Control) and presence of retigabine (Retigabine 3∗10–6M). n = 9; ∗p < 0.05, ∗∗p < 0.01.

Supplementary Figure 8 | Effect of NS19504 and XE991 on the myogenic response of the gracilis artery. (A) Normalized diameter of gracilis arteries at different intra-luminal pressures in the absence of potassium channel active agents (Control), in the presence of XE991 (XE991 3∗10–6M), in the presence of NS19504 (NS19504 3∗10–6M) and in the combined presence of NS19504 and XE991 (NS19504 + XE991). (B) NS19504 anti-contractile effect in the absence (Control) and presence of XE991 (XE991 3∗10–6M). (C) XE991 contractile effect in the absence (Control) and presence of NS19504 (NS19504 3∗10–6M). n = 9; ∗p < 0.05, ∗∗p < 0.01; ∗∗∗p < 0.001.

Supplementary Figure 9 | Effect of retigabine and XE991 on methoxamine-induced contractions of the saphenous artery of young rats. (A) Normalized tension of saphenous arteries at different methoxamine concentrations in the absence of Kv7 channel active agents (Control), in the presence of XE991 (XE991 3∗10–6M), in the presence of retigabine (Retigabine 3∗10–5M) and in the combined presence of retigabine and XE991 (Retigabine + XE991). (B) Anti-contractile effect of retigabine in the absence (Control) and presence of XE991 (XE991 3∗10–6M). n = 10; ∗∗∗p < 0.001.

Supplementary Figure 10 | Effect of NS19504 and IBTX on methoxamine-induced contractions of the saphenous artery of young rats. (A) Normalized tension of saphenous arteries with different methoxamine concentrations in the absence of BK channel active agents (Control), in the presence of IBTX (IBTX 10–7M), in the presence of NS19504 (NS19504 6∗10–6M) and in the combined presence of NS19504 and IBTX (NS19504 and IBTX). (B) NS19504 anti-contractile effect in the absence (Control) and presence of IBTX (IBTX 10–7M). n = 13; ∗p < 0.05, ∗∗p < 0.01; ∗∗∗p < 0.001.
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Kv7.4 (KCNQ4) voltage-gated potassium channels control excitability in the inner ear and the central auditory pathway. Mutations in Kv7.4 channels result in inherited progressive deafness in humans. Calmodulin (CaM) is crucial for regulating Kv7 channels, but how CaM affects Kv7 activity has remained unclear. Here, based on electrophysiological recordings, we report that the third EF hand (EF3) of CaM controls the calcium-dependent regulation of Kv7.4 activation and that the S2–S3 loop of Kv7.4 is essential for the regulation mediated by CaM. Overexpression of the mutant CaM1234, which loses the calcium binding ability of all four EF hands, facilitates Kv7.4 activation by accelerating activation kinetics and shifting the voltage dependence of activation leftwards. The single mutant CaM3, which loses the calcium binding ability of the EF3, phenocopies facilitating effects of CaM1234 on Kv7.4 activation. Kv7.4 channels co-expressed with wild-type (WT) CaM show inhibited activation when intracellular calcium levels increase, while Kv7.4 channels co-expressed with CaM1234 or CaM3 are insensitive to calcium. Mutations C156A, C157A, C158V, R159, and R161A, which are located within the Kv7.4 S2–S3 loop, dramatically facilitate activation of Kv7.4 channels co-expressed with WT CaM but have no effect on activation of Kv7.4 channels co-expressed with CaM3, indicating that these five mutations decrease the inhibitory effect of Ca2+/CaM. The double mutation C156A/R159A decreases Ca2+/CaM binding and completely abolishes CaM-mediated calcium-dependent regulation of Kv7.4 activation. Taken together, our results provide mechanistic insights into CaM regulation of Kv7.4 activation and highlight the crucial role of the Kv7.4 S2–S3 loop in CaM regulation.

Keywords: Kv7.4 channels, calmodulin regulation, calcium-dependent regulation, channel activation, voltage-dependent activation


INTRODUCTION

Kv7 (KCNQ) voltage-gated potassium channels (Kv7.1–7.5; Gutman et al., 2003) produce Iks current (Kv7.1; Barhanin et al., 1996; Sanguinetti et al., 1996; Wang et al., 1996; Jentsch, 2000) and M current (Kv7.2–7.5; Wang et al., 1998; Delmas and Brown, 2005; Hernandez et al., 2008), playing critical roles in controlling cellular excitability in the brain, heart, and ear. Kv7 channels open at subthreshold membrane potentials and function as a brake on membrane excitation (Delmas and Brown, 2005; Brown and Passmore, 2009). Kv7.4 channels are expressed in the inner ear and the central auditory pathway in the brainstem (Kubisch et al., 1999; Beisel et al., 2000, 2005; Kharkovets et al., 2000). Mutations in Kv7.4 result in an autosomal-dominant, non-syndromic, progressive, high-frequency hearing loss, denoted as DFNA2 (Kubisch et al., 1999).

Calmodulin (CaM) appears to be an essential auxiliary subunit of Kv7 channels and strongly modulates Kv7 function. The Kv7 A and B helices, which are located in the cytoplasmic C-terminal domain and close to the pore, are identified as CaM binding sites (Wen and Levitan, 2002; Yus-Najera et al., 2002; Sachyani et al., 2014; Strulovich et al., 2016; Sun and MacKinnon, 2017; Chang et al., 2018). Disrupted CaM interactions with Kv7.1 (Ghosh et al., 2006; Shamgar et al., 2006), Kv7.2 (Etxeberria et al., 2008; Alaimo et al., 2009, 2018), heteromeric Kv7.2/Kv7.3 (Liu and Devaux, 2014), or Kv7.4 (Chang et al., 2018) have been shown to be tightly associated with severely impaired Kv7 surface expression, which illustrates the vital role of CaM in Kv7 assembly and trafficking. Numerous studies about the effects of calcium on the interaction between CaM and Kv7 revealed that both Ca2+/CaM and Apo/CaM forms bind to the channels (Wen and Levitan, 2002; Yus-Najera et al., 2002; Ghosh et al., 2006; Shamgar et al., 2006; Bal et al., 2008), whereas details of the structure of the Kv7:CaM complex are calcium dependent. Apo/CaM embraces an antiparallel pair of the Kv7 A and B helices, with the Apo/C-lobe interacting with the A helix and the Apo/N-lobe interacting with the B helix (Bernardo-Seisdedos et al., 2018; Chang et al., 2018). Calcium binding allows the Ca2+/N-lobe to stay anchored on the Kv7 B helix in a similar configuration to the apo/N-lobe (Sachyani et al., 2014; Strulovich et al., 2016; Sun and MacKinnon, 2017; Bernardo-Seisdedos et al., 2018; Chang et al., 2018), while there are striking differences between the Ca2+/C-lobe and Apo/C-lobe conformations. Structural studies of the interaction between CaM and the Kv7.4 A and B helices showed that calcium binding makes the C-lobe lose interaction with the A helix and bind to the B helix weakly through a much smaller interaction surface (Xu et al., 2013; Chang et al., 2018). CaM acts as a calcium sensor and regulates Kv7 currents in a calcium-dependent manner. Ca2+/CaM facilitates Kv7.1 function (Sachyani et al., 2014; Tobelaim et al., 2017; Chang et al., 2018) but inhabits Kv7.2–7.5 (Gamper and Shapiro, 2003; Gamper et al., 2005; Sihn et al., 2016; Gomis-Perez et al., 2017; Chang et al., 2018). Nevertheless, the exact mechanism by which CaM regulates Kv7 channels remains unclear.

The cryo-EM structure of the Kv7.1/CaM complex reports a newly discovered interaction between the third EF hand (EF3) of CaM and the Kv7.1 S2–S3 loop (Sun and MacKinnon, 2017), which is unique to Kv7 channels but absent in the other voltage-gated potassium channels (Supplementary Figure S1), raising a possibility that CaM contacts the voltage sensor of Kv7 channels through the S2–S3 loop. In our study, using electrophysiological recordings and co-immunoprecipitation assays, we demonstrate that CaM regulates Kv7.4 activation through the S2–S3 loop and propose a new model accounting for CaM-mediated regulation of Kv7 channels.



MATERIALS AND METHODS


Plasmid Constructs

The plasmids (EX-U0210-M98-5) expressing human Kv7.4 (NP_004691.2) were purchased from GeneCopoeia. Each amino acid of the Kv7.4 S2–S3 loop was substituted by an alanine or a valine to generate Kv7.4 mutants. DNA encoding CaM (NP_008819.1) was a gift from Jiahuai Han (Xiamen University, China). CaM mutants with impaired calcium affinities had an alanine substitution of the first residue, an aspartate, and in the calcium-binding loop of each EF hand (CaM3, D94A; CaM4, D130A; CaM12, D21A/D57A; CaM34, D94A/D130A; and CaM1234, D21A/D57A/D94A/D130A; Geiser et al., 1991; Xia et al., 1998). Mutations G97A, N98A, G99A, and Y100A were introduced into wild-type (WT) CaM (referred to as CaM G97A, CaM N98A, CaM G99A, and CaM Y100A) or CaM3 (referred to as CaM3 G97A, CaM3 N98A, CaM3 G99A, and CaM3 Y100A). All mutants were generated by homologous recombination and verified by automated sequencing. DNA segments encoding WT or mutant Kv7.4 were subcloned into pIRES2-EGFP plasmids, and segments encoding WT or mutant CaM were subcloned into pIRES2-mCherry plasmids.

There are two alternatively spliced isoforms of human Kv7.4, called Kv7.4 isoform a and Kv7.4 isoform b (NP_751895.1). Most studies including ours used Kv7.4 isoform a, which we and others called Kv7.4. Our study also performed experiments on Kv7.4 isoform b, which we called Kv7.4b to distinguish from isoform a. DNA segments encoding Kv7.4b were generated by deleting residues 377–430 of Kv7.4 isoform a by homologous recombination and subcloned into pIRES2-EGFP plasmids. The sequence was verified by automated sequencing.

For surface labeling, the Kv7.4 subunit was tagged with a modified Myc epitope that was flanked with the extracellular D1–D2 loop of ClC-5 chloride channels to increase accessibility in the extracellular loop that connects the transmembrane domains S1 and S2 as previously described (Kim et al., 2011; referred to as Myc-Kv7.4). The amino acid sequence of the Kv7.4 S1–S2 loop was changed to STIQEHQELANENSEHEQKLISEEDLVTFEERDKCPEWNC. The Myc-Kv7.4 segments were subcloned into pcDNA3.1 plasmids without fluorescent tags. DNA encoding CD8α was kindly provided by Lan Bao (the Chinese Academy of Sciences, China), and an HA epitope was inserted between the signal peptide and the mature protein of CD8α (referred to as HA-CD8α). The HA-CD8α segments were subcloned into pcDNA3.1 plasmids as well.

For measurements of Kv7.4 and CaM total expressions and co-immunoprecipitation experiments, the Kv7.4 subunit was tagged with a Flag epitope (DYKDDDDK) at the N-terminus (referred to as Flag-Kv7.4), and CaM was tagged with an HA epitope (YPYDVPDYA) at the C-terminus (referred to as CaM-HA).



Electrophysiology

Chinese hamster ovary (CHO) cells were obtained from the Cell Bank of the Chinese Academy of Sciences, and cultured in DMEM/F-12 (Gibco) with 10% fetal bovine serum (FBS) at 37°C with 5% CO2. Cells in 35 mm diameter wells were transfected using Lipofectamine 3000 (Invitrogen) with 1 μg of DNA encoding Kv7.4 channels and 1 μg of either DNA encoding CaM or empty vectors per dish.

Twenty-four hours following transfection, the media were replaced with bath solution. The bath solution contained 145 mM NaCl, 4 mM KCl, 1.8 mM CaCl2, 0.5 mM MgCl2, 10 mM HEPES, and 5 mM D-glucose (pH 7.4 adjusted with NaOH). Electrophysiology experiments were performed at room temperature by whole-cell voltage clamp recordings using polished pipettes filled with pipette solution. The pipettes were pulled from borosilicate glass capillaries (BF150-86-10, Sutter Instrument, Novato) using a Flaming/Brown micropipette puller (P-97, Sutter Instrument, Novato) and polished to obtain 3–5 MΩ resistance. The normal pipette solution contained 140 mM KCl, 1 mM MgCl2, 10 mM HEPES, 10 mM EGTA, 3 mM CaCl2, and 4 mM K2ATP (pH 7.2 adjusted with KOH).

Pipette solutions containing various free calcium concentrations were used to change intracellular calcium levels. Whole-cell recordings were performed on transfected cells using pipette solutions containing 140 mM KCl, 1 mM MgCl2, 10 mM HEPES, 4 mM K2ATP, and 10 mM EGTA plus 0, 3, or 6 mM CaCl2. The free calcium concentrations of the pipette solutions were 0, 77.6, and 275.9 nM, respectively, as calculated by the Webmax software online.1

BAPTA-AM (Abcam) was used to decrease intracellular calcium levels. BAPTA-AM was prepared as a stock solution in 20 mM in DMSO. One microliter of the BAPTA-AM stock solution was added to 1 ml of DMEM/F-12 media without FBS to obtain a final concentration of 20 μM BAPTA-AM. Twenty-four hours following transfection, cells were pretreated with the media containing 20 μM BAPTA-AM for 6 h at 37°C with 5% CO2. Whole-cell recordings were performed on transfected cells pretreated with BAPTA-AM using the pipette solution containing 140 mM KCl, 1 mM MgCl2, 10 mM HEPES, 4 mM K2ATP, and 10 mM EGTA (pH 7.2 adjusted with KOH).

All recordings were carried out using pClamp10.5 software [(Axon Instruments, United States), an Axopatch 200B amplifier (Axon Instruments, United States), and an Axon Digidata 1550 digitizer (Axon Instruments, United States)]. Data were filtered at 1 kHz and digitized at 10 kHz. Kv7.4 channel current traces were recorded from a holding potential of −80 mV to depolarizing step potentials ranging from −100 to 40 mV with 20 mV increments for 1,000 ms, followed by −50 mV pulses for 500 ms to generate tail currents. Currents were measured after at least 80% series resistance compensation. Leakage currents were digitally subtracted after P/N leak subtraction. Kv7.4 current amplitudes at varying test potentials were measured at steady-state levels, and the currents were then divided by the cell capacitance (pF) to generate a current density-voltage relationship. Tail currents were measured immediately after pulsing to −50 mV. To obtain voltage-dependent activation curves, the normalized tail current vs. voltage was plotted and fitted with the following Boltzmann equation: I/Imax = 1/{1 + exp[(V1/2 − Vm)/k]}, where V1/2 is the half-activation potential, Vm is the membrane potential, and k is the slope factor. Parameters of Kv7.4 activation kinetics were determined by fitting the activation phase of the traces with a two-component exponential function: I(t) = A1 exp (−t/τ1) + A2 exp (−t/τ2) + C, where I is the recorded current, A is the current amplitude, τ is the time constant, and C is the amplitude at which the activation starts. A1, τ1 and A2, τ2 represent the parameters for the fast and slow activation components, respectively. The deactivation time constants were measured by fitting the deactivating phase to a single exponential at −50 mV, as described above.



Immunofluorescence and Quantification of Surface Expression

Chinese hamster ovary cells in 35 mm diameter wells were transfected with 1 μg of DNA encoding Myc-tagged Kv7.4 channels, 0.3 μg of DNA encoding HA-tagged CD8α, and 1 μg of either DNA encoding CaM or empty vectors per dish. Forty-eight hours after co-transfection with Myc-Kv7.4, HA-CD8α, and CaM, live CHO cells were placed in phosphate-buffered saline (PBS) with 3% bovine serum albumin (BSA) for 1 h to block unspecific binding. The cells were then incubated for 30 min with primary antibodies, mouse monoclonal anti-Myc (30601ES20, Yeasen), and rabbit monoclonal anti-HA (ab236632, Abcam). After three washes with PBS, the cells were incubated for 30 min with the secondary antibodies, Alexa-594-conjugated donkey anti-mouse IgG (H + L; 34112ES60, Yeasen), and Alexa-488-conjugated donkey anti-rabbit IgG (H + L; 34206ES60, Yeasen). All procedures were performed at room temperature.

Confocal images were acquired on a laser scanning confocal microscope (FV1200, Olympus, Japan) using a 60× oil immersion objective, in multitracking mode to minimize channel crosstalk. The surface expression of Kv7.4 channels was quantified by the ratio of Myc fluorescence intensity to HA fluorescence intensity of all the cells captured in random subsets, and fluorescence intensities were measured using ImageJ (National Institutes of Health, United States). HA-CD8α was used here as a control for its stable and exclusive expression on the cell surface (Zhang et al., 2008).



Co-immunoprecipitation and Western Blot

Chinese hamster ovary cells in 100 mm diameter wells were transfected with 9 μg of DNA encoding Flag-tagged Kv7.4 channels and 9 μg of DNA encoding HA-tagged CaM per dish. Forty-eight hours after transfection, cells were lysed in lysis buffer containing 50 mM Tris-HCl (pH 8), 150 mM NaCl, 0.5% Nonidet P-40, 200 μM Na3VO4, and protease inhibitor cocktail (B14001, Bimake), rotating at 4°C for 30 min. Cell lysates were centrifuged at 14,000 g for 10 min at 4°C. Collected supernatants were incubated with rabbit monoclonal anti-Flag antibodies (ab205606, Abcam) in the presence of either 2 mM CaCl2 or 2 mM EGTA overnight at 4°C. Protein A + G agarose beads (P2012, Beyotime) were added, and the mixture was incubated for additional 3 h at 4°C. The beads that pulled down the immune complexes were collected by centrifugation at 1,000 g for 2 min, and then washed three times with lysis buffer. SDS-PAGE loading buffer was added and boiled for 5 min to elute proteins. Immunoprecipitated proteins were separated by SDS-PAGE and blotted onto nitrocellulose membranes (10600001, GE Healthcare). The blots were blocked in TBST (10 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween 20, pH 7.5) with 5% nonfat milk at room temperature for 1 h, and then incubated with mouse anti-Flag antibodies (30502ES20, Yeasen) and mouse anti-HA antibodies (30701ES20, Yeasen) overnight. After three washes with TBST, the blots were incubated with horseradish peroxidase (HRP)-labeled goat anti-mouse IgG (H + L; 33201ES60, Yeasen) for 1 h at room temperature. Proteins were visualized using Immun-Star HRP Substrate (1705041, Bio-Rad) and ChemiDoc Imaging System (Bio-Rad, United States). Chemiluminescent signals were collected by Image Lab software (Bio-Rad, United States) and analyzed by ImageJ (National Institutes of Health, United States).



Statistics

The statistical significances were determined by unpaired Student’s t-test for comparisons between two groups and by one-way ANOVA for comparisons of more groups. All statistical data in the figures were presented as mean ± SEM.




RESULTS


CaM Regulates Kv7.4 Activation in a Calcium-Dependent Manner

Previous studies reported CaM conferred calcium sensitivity to Kv7.4 channels and affected Kv7.4 activity (Sihn et al., 2016; Chang et al., 2018). To test the calcium-dependent regulation mediated by CaM, we first measured currents of CHO cells transfected with Kv7.4 alone or together with WT CaM or the mutant CaM1234 that lost the calcium binding ability of all four EF hands. CHO cells have endogenous CaM (Xu et al., 2007), and overexpression of endogenous WT CaM or CaM1234 could knock down the effects of endogenous CaM. Shown in Figure 1A are whole-cell current traces of Kv7.4 channels with only endogenous CaM but no overexpressed exogenous CaM and Kv7.4 channels with overexpression of exogenous WT CaM or CaM1234. Compared with Kv7.4 channels with only endogenous CaM of CHO cells, overexpression of exogenous WT CaM and CaM1234 significantly increased current amplitudes, and Kv7.4 co-expressed with CaM1234 generated the largest current amplitudes (Figures 1B,C; current densities at 40 mV: Kv7.4 = 76.7 ± 6.6 pA/pF; Kv7.4:CaM = 178.2 ± 17.9 pA/pF; and Kv7.4:CaM1234 = 377.6 ± 35.9 pA/pF). Kv7.4 with overexpression of exogenous WT CaM showed activation properties similar to Kv7.4 channels with only endogenous CaM in terms of activation kinetics (Figure 1D; τ values at 40 mV: Kv7.4 = 72.4 ± 3.7 ms; Kv7.4:CaM = 72.0 ± 8.6 ms) and the voltage dependence of activation (Figures 1E,F; V1/2 values: Kv7.4 = −19.9 ± 0.8 mV; Kv7.4:CaM = −18.8 ± 1.6 mV), while overexpression of exogenous CaM1234 sharply accelerated the activation rate (Figure 1D; τ value at 40 mV: Kv7.4:CaM1234 = 20.8 ± 3.1 ms) and shifted the half-activation voltage leftward markedly (Figures 1E,F; V1/2 value: Kv7.4:CaM1234 = −47.9 ± 1.0 mV). Overexpression of exogenous WT CaM or CaM1234 did not change deactivation kinetics (Figure 1G).

[image: Figure 1]

FIGURE 1. Calmodulin (CaM) regulates Kv7.4 activation and trafficking. (A) Representative current traces of Kv7.4 channels without overexpression of exogenous CaM and Kv7.4 channels with overexpression of exogenous CaM or CaM1234 using the indicated protocol. (B) Corresponding current density-voltage relations of Kv7.4 (N = 20), Kv7.4:CaM (N = 20), and Kv7.4:CaM1234 (N = 12). (C) Average current densities at 40 mV for Kv7.4 (N = 20), Kv7.4:CaM (N = 20), and Kv7.4:CaM1234 (N = 12). (D) Average time constants at 40 mV for the fast activation component of Kv7.4 (N = 20), Kv7.4:CaM (N = 20), and Kv7.4:CaM1234 (N = 12). (E) Voltage-dependent activation curves for Kv7.4 (N = 20), Kv7.4:CaM (N = 20), and Kv7.4:CaM1234 (N = 12). (F) Individual V1/2 values for Kv7.4 (N = 20), Kv7.4:CaM (N = 20), and Kv7.4:CaM1234 (N = 12). (G) Average time constants at 40 mV for the deactivation of Kv7.4 (N = 20), Kv7.4:CaM (N = 20), and Kv7.4:CaM1234 (N = 12). (H) Immunofluorescence analysis of surface expression of Kv7.4 channels without overexpression of exogenous CaM and Kv7.4 channels with overexpression of exogenous CaM or CaM1234. Live transfected cells were double labeled with anti-HA (green) and anti-Myc (red) antibodies to detect surface expression of HA-CD8α and Myc-Kv7.4, respectively. The scale bars indicate 10 μm. (I) Quantification of surface expression of K7.4 channels without overexpression of exogenous CaM (n = 30) and Kv7.4 channels with overexpression of exogenous CaM (n = 30) or CaM1234 (n = 30), in which the ratio (Myc intensity/HA intensity) of each subset was normalized to the average ratio of Kv7.4 without overexpression of exogenous CaM. n indicates the number of captured subsets obtained from five replications of experiments. Error bars show SEM. N indicates the number of cells. Asterisks indicate significance: **p < 0.01; ***p < 0.001. NS indicates not significant.


We also measured the surface expression of Kv7.4 without overexpression of exogenous CaM and Kv7.4 with overexpression of exogenous WT CaM or CaM1234 to further interpret the different current amplitudes. To quantify surface expression, we developed a new method based on immunofluorescence assays. CHO cells were co-transfected with Myc-Kv7.4, HA-CD8α and empty vectors, WT CaM or CaM1234. The Kv7.4 subunit was tagged with a Myc epitope in the extracellular loop that connects the transmembrane domains S1 and S2, which has been used to detect Kv7.4 surface expression in previous studies (Kim et al., 2011). Our electrophysiological data showed that the extracellular Myc tag had no effects on Kv7.4 currents or CaM regulation of Kv7.4 (Supplementary Figure S2). An extracellular HA tag was inserted between the signal peptide and the mature protein of CD8α. Previous studies have shown that CD8α could be stably and exclusively present on the cell surface (Zhang et al., 2008). Hence, HA-CD8α was used as an indicator to observe the expression of exogenous protein and as a ruler to quantify the membrane area of the transfected cells. The fluorescence intensity of Myc-Kv7.4 was divided by the fluorescence intensity of the co-expressed HA-CD8α, and this ratio could represent an average surface expression of Kv7.4 channels. Statistically, overexpression of exogenous WT CaM or CaM1234 significantly increased Kv7.4 surface expression about 3.5-fold (Figures 1H,I). Therefore, overexpression of exogenous WT CaM increased Kv7.4 current amplitudes by enhancing Kv7.4 surface expression without changing activation properties, while overexpression of exogenous CaM1234 increased Kv7.4 current amplitudes by enhancing Kv7.4 surface expression as well as facilitating channel activation. There was no significant difference in surface expression between Kv7.4 co-expressed with WT CaM and Kv7.4 co-expressed with CaM1234 (Figures 1H,I), which emphasized that only facilitated activation of Kv7.4 co-expressed with CaM1234 accounted for its greater current amplitudes than Kv7.4 co-expressed with WT CaM. Thus, we focused on the effects of WT or mutant CaM on Kv7.4 activation in the subsequent study.

We next sought to verify the role of calcium in CaM regulation of Kv7.4 activation to explain the differences in activation properties between Kv7.4 co-expressed with WT CaM and Kv7.4 co-expressed with CaM1234. We prepared different pipette solutions containing 10 mM EGTA plus 0, 3, or 6 mM CaCl2, and the free calcium concentrations are calculated by the MaxChelator software to be about 0, 80, and 270 nM, respectively. We performed whole-cell recordings using the different pipette solutions to change intracellular calcium levels of the recorded cells. Increasing free calcium concentrations in the pipette solutions exerted inhibitory effects on Kv7.4:CaM activation, decreasing the activation rate (Figure 2A; τ values at 40 mV: Kv7.4:CaM with 10 mM EGTA = 52.3 ± 1.2 ms; Kv7.4:CaM with 10 mM EGTA plus 3 mM CaCl2 = 76.0 ± 2.0 ms; Kv7.4:CaM with 10 mM EGTA plus 6 mM CaCl2 = 102.4 ± 9.2 ms), and shifting the voltage-dependent activation rightwards (Figure 2B; V1/2 values at 40 mV: Kv7.4:CaM with 10 mM EGTA = −27.8 ± 1.4 mV; Kv7.4:CaM with 10 mM EGTA plus 3 mM CaCl2 = −17.3 ± 1.6 mV; Kv7.4:CaM with 10 mM EGTA plus 6 mM CaCl2 = −10.1 ± 1.1 mV). However, both activation kinetics (Figure 2C; τ values at 40 mV: Kv7.4:CaM1234 with 10 mM EGTA = 20.5 ± 2.5 ms; Kv7.4:CaM1234 with 10 mM EGTA plus 3 mM CaCl2 = 17.7 ± 2.6 ms; Kv7.4:CaM1234 with 10 mM EGTA plus 6 mM CaCl2 = 18.4 ± 2.2 ms) and voltage-dependent activation (Figure 2B; V1/2 values at 40 mV: Kv7.4:CaM1234 with 10 mM EGTA = −48.0 ± 1.4 mV; Kv7.4:CaM1234 with 10 mM EGTA plus 3 mM CaCl2 = −47.2 ± 1.8 mV; Kv7.4:CaM1234 with 10 mM EGTA plus 6 mM CaCl2 = −45.7 ± 1.1 mV) of Kv7.4:CaM1234 remained unchanged when we used different pipette solutions. Therefore, we further confirmed that functional CaM mediated calcium-dependent inhibition to Kv7.4 channel activation and that the calcium-insensitive CaM1234 facilitated Kv7.4 activation essentially by abolishing the calcium-dependent inhibition.
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FIGURE 2. CaM mediates calcium-dependent inhibition to Kv7.4 activation. (A) Average time constants at 40 mV for the fast activation component of Kv7.4:CaM with pipette solutions containing only 10 mM EGTA (N = 7), 10 mM EGTA plus 3 mM CaCl2 (N = 7), or 10 mM EGTA plus 6 mM CaCl2 (N = 7) and Kv7.4:CaM pretreated with BAPTA-AM (N = 8; B) Voltage-dependent activation curves for Kv7.4:CaM with pipette solutions containing only 10 mM EGTA (N = 7), 10 mM EGTA plus 3 mM CaCl2 (N = 7), or 10 mM EGTA plus 6 mM CaCl2 (N = 7) and Kv7.4:CaM pretreated with BAPTA-AM (N = 8). (C) Average time constants at 40 mV for the fast activation component of Kv7.4:CaM1234 with pipette solutions containing only 10 mM EGTA (N = 7), 10 mM EGTA plus 3 mM CaCl2 (N = 7), or 10 mM EGTA plus 6 mM CaCl2 (N = 7) and Kv7.4:CaM pretreated with BAPTA-AM (N = 9) (D) Voltage-dependent activation curves for Kv7.4:CaM1234 with pipette solutions containing only 10 mM EGTA (N = 7), 10 mM EGTA plus 3 mM CaCl2 (N = 7), or 10 mM EGTA plus 6 mM CaCl2 (N = 7) and Kv7.4:CaM pretreated with BAPTA-AM (N = 9). Error bars show SEM. N indicates the number of cells. Asterisks indicate significance: *p < 0.05; **p < 0.01. NS indicates not significant.


Compared with the pipette solutions with CaCl2 added, the pipette solution containing only 10 mM EGTA facilitated Kv7.4:CaM activation. Nevertheless, there are still differences between Kv7.4:CaM with the pipette solution containing only 10 mM EGTA and Kv7.4:CaM1234 in both the activation rate and the voltage dependence of activation, possibly because binding to Kv7.4 made CaM obtain high affinities for calcium in vivo and the calcium chelating ability of 10 mM EGTA was not enough to make all CaM in Apo/CaM forms, which CaM1234 mimicked, in such a limited time of the whole-cell recording. We pretreated transfected cells with 20 μM BAPTA-AM, a cell permeable calcium chelator, for 6 h and performed whole-cell recordings using the pipette solution containing only 10 mM EGTA. Pretreating with BAPTA-AM further facilitated Kv7.4:CaM activation but had no effect on Kv7.4:CaM1234 activation in terms of the activation rate (Figures 2A,C; τ values at 40 mV: Kv7.4:CaM pretreated with 20 μM BAPTA-AM = 28.4 ± 2.8 ms; Kv7.4:CaM1234 pretreated with 20 μM BAPTA-AM = 19.9 ± 2.5 ms) and the voltage dependence of activation (Figures 2B,D; V1/2 values: Kv7.4:CaM pretreated with 20 μM BAPTA-AM = −37.6 ± 1.0 mV; Kv7.4:CaM2234 pretreated with 20 μM BAPTA-AM = −49.8 ± 1.7 mV).

Taken together, our results proved that CaM regulates Kv7.4 channels in a calcium-dependent manner, in which Apo/CaM facilitated Kv7.4 activation and Ca2+/CaM inhibited Kv7.4 activation.



The CaM EF3 Is Vital to the Regulation of Kv7.4 Activation

Earlier studies have reported calcium-dependent structural properties of the Kv7.4:CaM complex, in which calcium binding to the CaM N-lobe or C-lobe led to different interactions between CaM and Kv7.4 (Xu et al., 2013; Chang et al., 2018). To test if the calcium-dependent structural properties had effects on the calcium-dependent regulation of Kv7.4 activation mediated by CaM, we sought to explore the role of each lobe or EF hand of CaM in regulating Kv7.4 channels. Hence, we co-expressed Kv7.4 with the CaM mutants that lost the calcium binding affinity of the N-lobe (CaM12) or the C-lobe (CaM34), and the effects of CaM12 and CaM34 were compared with the effects of WT CaM and CaM1234. There was no significant difference among the expression levels of WT CaM and the CaM mutants (Supplementary Figure S4). Shown in Figure 3A are whole-cell current traces of Kv7.4 channels co-expressed with WT CaM and the CaM mutants. CaM34 mirrored the effects of CaM1234 on the current amplitudes (Figures 3B,C; current densities at 40 mV: Kv7.4:CaM1234 = 375.7 ± 40.8 pA/pF; Kv7.4:CaM34 = 408.9 ± 28.0 pA/pF), the activation rate (Figure 3D; τ values at 40 mV: Kv7.4:CaM1234 = 20.6 ± 2.0 ms; Kv7.4:CaM34 = 20.4 ± 2.0 ms), and the voltage dependence (Figures 3E,F; V1/2 values: Kv7.4:CaM34 = −46.3 ± 1.0 mV; CaM34 = −47.1 ± 1.2 mV). Compared with CaM1234 and CaM34, CaM12 caused much smaller changes to the indicated Kv7.4 channel properties, only generating a small increase in the current amplitudes (Figures 3B,C; current densities at 40 mV: Kv7.4:CaM12 = 293.5 ± 22.2 pA/pF), a mildly faster activation rate (Figure 3D; τ values at 40 mV: Kv7.4:CaM12 = 42.9 ± 4.7 ms), and a slightly leftward shift in the voltage-dependent activation curve (Figures 3E,F; V1/2 values: Kv7.4:CaM12 = −36.9 ± 1.4 mV). These results suggested that the CaM C-lobe played a key role in the calcium-dependent regulation of Kv7.4 activation, although calcium binding to the N-lobe also conferred a slight inhibition to Kv7.4.
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FIGURE 3. The CaM EF3 controls the regulation of Kv7.4 activation. (A) Representative current traces of cells co-expressing Kv7.4 channels with CaM or CaM mutants. (B) Corresponding current density-voltage relations of Kv7.4 channels with CaM (N = 10) or CaM mutants: CaM1234 (N = 11), CaM12 (N = 14), CaM34 (N = 17), CaM3 (N = 15), and CaM4 (N = 14). (C) Average current densities at 40 mV for Kv7.4 channels with CaM (N = 10) or CaM mutants: CaM1234 (N = 11), CaM12 (N = 14), CaM34 (N = 17), CaM3 (N = 15), and CaM4 (N = 14). (D) Average time constants at 40 mV for the fast activation component of Kv7.4 with CaM (N = 10) or CaM mutants: CaM1234 (N = 11), CaM12 (N = 14), CaM34 (N = 17), CaM3 (N = 15), and CaM4 (N = 14). (E) Voltage-dependent activation curves for Kv7.4 with CaM (N = 10) or CaM mutants: CaM1234 (N = 11), CaM12 (N = 14), CaM34 (N = 17), CaM3 (N = 15), and CaM4 (N = 14). (F) Individual V1/2 values for Kv7.4 with CaM (N = 10) or CaM mutants: CaM1234 (N = 11), CaM12 (N = 14), CaM34 (N = 17), CaM3 (N = 15), and CaM4 (N = 14). (G) Average time constants at 40 mV for the fast activation component of Kv7.4:CaM3 with pipette solutions containing only 10 mM EGTA (N = 8), 10 mM EGTA plus 3 mM CaCl2 (N = 7), or 10 mM EGTA plus 6 mM CaCl2 (N = 8) and Kv7.4:CaM3 pretreated with BAPTA-AM (N = 9). (H) Voltage-dependent activation curves for Kv7.4:CaM3 with pipette solutions containing only 10 mM EGTA (N = 8), 10 mM EGTA plus 3 mM CaCl2 (N = 7), or 10 mM EGTA plus 6 mM CaCl2 (N = 8) and Kv7.4:CaM3 pretreated with BAPTA-AM (N = 9). Error bars show SEM. N indicates the number of cells. Asterisks indicate significance: **p < 0.01; ***p < 0.001. NS indicates not significant.


Next, we used the CaM mutants with disabled calcium binding ability of the EF3 (CaM3) or the EF4 (CaM4) in the C-lobe. CaM3 phenocopied the effects of CaM1234 and CaM34 on current amplitudes (Figures 3B,C; current densities at 40 mV: Kv7.4:CaM3 = 385.8 ± 30.3 pA/pF), activation kinetics (Figure 3D; τ values at 40 mV: Kv7.4:CaM3 = 18.5 ± 1.0 ms), and voltage-dependent activation (Figures 3E,F; V1/2 values: Kv7.4:CaM3 = −48.0 ± 0.9 mV). However, CaM4, which caused effects almost equivalent to WT CaM, made no difference to the current amplitudes (Figures 3B,C; current densities at 40 mV: Kv7.4:CaM4 = 216.0 ± 24.2 pA/pF), the activation rate (Figure 3D; τ values at 40 mV: Kv7.4:CaM4 = 75.2 ± 5.4 ms), or the voltage dependence of activation (Figures 3E,F; V1/2 values: Kv7.4:CaM4 = −22.2 ± 1.2 mV). Like Kv7.4:CaM1234, Kv7.4:CaM3 showed insensitivity to the changing intracellular calcium levels, and both varying free calcium concentrations of the pipette solutions and application of BAPTA-AM have no effect on the activation rate (Figure 3G; τ values at 40 mV: Kv7.4:CaM3 pretreated with 20 μM BAPTA-AM = 19.6 ± 2.1 ms; Kv7.4:CaM3 with 10 mM EGTA = 19.2 ± 1.6 ms; Kv7.4:CaM3 with 10 mM EGTA plus 3 mM CaCl2 = 17.9 ± 1.4 ms; Kv7.4:CaM3 with 10 mM EGTA plus 6 mM CaCl2 = 18.1 ± 2.2 ms) or the voltage-dependent activation (Figure 3H; V1/2 values: Kv7.4:CaM3 pretreated with 20 μM BAPTA-AM = −45.3 ± 1.5 mV; Kv7.4:CaM3 with 10 mM EGTA = −47.3 ± 1.7 mV; Kv7.4:CaM3 with 10 mM EGTA plus 3 mM CaCl2 = −48.5 ± 1.2 mV; Kv7.4:CaM3 with 10 mM EGTA plus 6 mM CaCl2 = −47.1 ± 1.3 mV) of Kv7.4:CaM3. These results emphasized a critical role of the CaM EF3 in modulating Kv7.4 activation, which supported the possibility that the CaM EF3 interacted with the Kv7.4 S2–S3 loop to contact the voltage sensor (Sun and MacKinnon, 2017).



The Kv7.4 S2–S3 Loop Is Required for CaM Regulation of Kv7.4 Activation

We sought to interpret the importance of the CaM EF3 in regulating Kv7.4 activation based on the potential interaction between the CaM EF3 and the Kv7 S2–S3 loop (Sun and MacKinnon, 2017). Each residue of the nine-amino-acid S2–S3 loop was changed to an alanine or a valine. Because the current traces from CHO cells expressing C158A or G162A were quite noisy (Supplementary Figure S6A), we generated the mutants C158V and G162V for further investigation. When co-expressed with WT CaM, five of the nine Kv7.4 mutants displayed facilitated channel activation (Figure 4A) with a faster activation rate (Figure 4D; τ values at 40 mV: Kv7.4:CaM = 72.7 ± 4.8 ms, Kv7.4 C156A:CaM = 31.3 ± 2.9 ms, Kv7.4 C157A:CaM = 38.2 ± 4.6 ms, Kv7.4 C158V:CaM = 33.3 ± 1.7 ms, Kv7.4 R159A:CaM = 28.3 ± 3.0 ms, and Kv7.4 R161A:CaM = 37.4 ± 2.1 ms) and a leftward shift in the voltage-dependent activation (Figure 4F; V1/2 values: Kv7.4:CaM = −18.2 ± 1.1 mV, Kv7.4 C156A:CaM = −33.9 ± 1.2 mV, Kv7.4 C157A:CaM = −29.6 ± 1.1 mV, Kv7.4 C158V:CaM = −30.6 ± 1.2 mV, Kv7.4 R159A:CaM = −35.7 ± 1.2 mV, and Kv7.4 R161A:CaM = −33.0 ± 1.1 mV). However, these five mutants co-expressed CaM3 showed activation properties similar to WT Kv7.4 co-expressed with CaM3 in terms of both the activation kinetics (Figure 4E; τ values at 40 mV: Kv7.4:CaM3 = 18.8 ± 1.0 ms, Kv7.4 C156A: Kv7.4:CaM3 = 20.2 ± 1.4 ms, Kv7.4 C157A:CaM3 = 19.2 ± 1.4 ms, Kv7.4 C158V:CaM3 = 19.3 ± 1.8 ms, Kv7.4 R159A:CaM3 = 21.0 ± 1.7 ms, and Kv7.4 R161A:CaM3 = 19.3 ± 2.0 ms) and the voltage dependence of activation (Figure 4G; V1/2 values: Kv7.4:CaM3 = −47.9 ± 0.8 mV, Kv7.4 C156A:CaM3 = −49.1 ± 1.5 mV, Kv7.4 C157A:CaM3 = −48.1 ± 1.4 mV, Kv7.4 C158V:CaM3 = −50.1 ± 1.3 mV, Kv7.4 R159A:CaM3 = −51.2 ± 1.5 mV, and Kv7.4 R161A:CaM3 = −49.6 ± 0.9 mV), indicating that these five mutations had no effect on activation of Kv7.4 co-expressed with CaM3. These results suggested that mutations within the S2–S3 loop of Kv7.4 channels decreased the calcium-dependent inhibition mediated by functional CaM (Supplementary Figure S7) and proved that the S2–S3 loop of Kv7.4 is required for CaM regulation of Kv7.4 activation. We could not probe the role of the residues Tyr160 and Gly162 in CaM regulation, because the mutants Y160A and G162V did not yield functional currents (Supplementary Figures S6B, S8A,B). Moreover, the mutations W163A and Q164A did not affect the currents of Kv7.4 co-expressed with WT CaM (Supplementary Figures S8C,E) or CaM3 (Supplementary Figures S8D,F), implying that the two residues were not involved in CaM regulation.
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FIGURE 4. Mutations in the Kv7.4 S2-S3 loop affect CaM regulation of channel activation. (A) A schematic depicting a possible structural model of Ca2+/CaM interacting with the Kv7.4 subunit, in which both the Ca2+/N-lobe and Ca2+/C-lobe interact with the B helix of Kv7.4 channels, based on structural studies of Ca2+/CaM with the Kv7.4 A and B helices (Xu et al., 2013; Chang et al., 2018). A magnified view of the potential interface between the Kv7.4 S2–S3 loop and the Ca2+/CaM EF3 is shown in the dashed box. The nine residues of the Kv7.4 S2–S3 loop studied in this work are labeled with circles. Red circles indicate residues required for CaM regulation of Kv7.4 activation (according to our electrophysiological). (B) Representative current traces of cells co-expressing Kv7.4 WT or Kv7.4 mutants with CaM. (C) Representative current traces of cells co-expressing Kv7.4 WT or Kv7.4 mutants with CaM3. (D) Average time constants at 40 mV for the fast activation component of Kv7.4:CaM (N = 12), Kv7.4 C156A:CaM (N = 13), Kv7.4 C157A:CaM (N = 8), Kv7.4 C158V:CaM (N = 10), Kv7.4 R159A:CaM (N = 9), and Kv7.4 R161A:CaM (N = 13). (E) Average time constants at 40 mV for the fast activation component of Kv7.4:CaM3 (N = 11), Kv7.4 C156A:CaM3 (N = 11), Kv7.4 C157A:CaM3 (N = 10), Kv7.4 C158V:CaM3 (N = 9), Kv7.4 R159A:CaM3 (N = 8), and Kv7.4 R161A:CaM3 (N = 9). (F) Voltage-dependent activation curves for Kv7.4:CaM (N = 12), Kv7.4 C156A:CaM (N = 13), Kv7.4 C157A:CaM (N = 8), Kv7.4 C158V:CaM (N = 10), Kv7.4 R159A:CaM (N = 9), and Kv7.4 R161A:CaM (N = 13). (G) Voltage-dependent activation curves for Kv7.4:CaM3 (N = 11), Kv7.4 C156A:CaM3 (N = 11), Kv7.4 C157A:CaM3 (N = 10), Kv7.4 C158V:CaM3 (N = 9), Kv7.4 R159A:CaM3 (N = 8), and Kv7.4 R161A:CaM3 (N = 9). Error bars show SEM. N indicates the number of cells. Asterisks indicate significance: ***p < 0.001. NS indicates not significant.




The Kv7.4 Double Mutation C156A/R159A Completely Abolishes CaM Regulation of Kv7.4 Activation

Although the five Kv7.4 mutations (C156A, C157A, C158V, R159A, and R161A) facilitated activation of Kv7.4 channels co-expressed with WT CaM, the activation time constants and the half-activation voltages of the five single mutants were still different from the parameters of Kv7.4 channels co-expressed with CaM3, suggesting that the inhibitory effects of Ca2+/CaM was decreased but not abolished completely. For further investigation on the necessity of the S2–S3 loop, we sought to enhance the facilitating effects by generating double mutants (C156A/R159A, C156A/R161A, C158V/R159A, and R159A/R158A). Shown in Figure 5A are whole-cell current traces of the double mutants co-expressed with WT CaM or CaM3. When co-expressed with WT CaM, all the double mutants displayed further facilitated channel activation in terms of activation kinetics (Figure 5B; τ values at 40 mV: Kv7.4:CaM = 71.9 ± 5.0 ms, Kv7.4 C156A/R159A:CaM = 19.1 ± 1.7 ms, Kv7.4 C156A/R161A:CaM = 31.7 ± 3.1 ms, Kv7.4 C158V/R159A:CaM = 23.9 ± 2.0 ms, and Kv7.4 R159A/R161A:CaM = 25.5 ± 1.9 ms) and voltage-dependent activation (Figures 5C,D; V1/2 values: Kv7.4:CaM = −21.1 ± 1.2 mV, Kv7.4 C156A/R159A = −47.3 ± 1.2 mV, Kv7.4 C156A/R161A:CaM = −43.3 ± 0.7 mV, Kv7.4 C158V/R159A:CaM = −41.3 ± 0.8 mV, and Kv7.4 C158V/R159A:CaM = −41.7 ± 1.1 mV). As expected, all the double mutants co-expressed with CaM3 generated activation rates (Figure 4B; τ values at 40 mV: Kv7.4:CaM3 = 19.2 ± 1.4 ms, Kv7.4 C156A/R159A:CaM3 = 20.5 ± 1.6 ms, Kv7.4 C156A/R161A:CaM3 = 20.8 ± 1.7 ms, Kv7.4 C158V/R159A:CaM3 = 18.6 ± 1.1 ms, and Kv7.4 R159A/R161A:CaM3 = 19.9 ± 1.6 ms) and half-activation voltages (Figures 4C,D; V1/2 values: Kv7.4:CaM3 = −48.6 ± 0.9 mV, Kv7.4 C156A/R159A: CaM3 = −49.9 ± 0.8 mV, Kv7.4 C156A/R161A:CaM3 = −50.0 ± 1.8 mV, Kv7.4 C158V/R159A:CaM3 = −49.0 ± 0.9 mV, and Kv7.4 R159A/R161A:CaM3 = −48.8 ± 1.8 mV; Figures 4C,D) similar to WT Kv7.4 channels with CaM3. Importantly, according to our statistical results, there was no significant difference among Kv7.4 C156A/R159A:CaM, Kv7.4 C156A/R159A:CaM3, and Kv7.4:CaM3 in both activation kinetics (Figure 5B) and voltage-dependent activation (Figure 5C). This indicated that the double mutation C156A/R159A generated facilitating effects equivalent to CaM3 and suggested that CaM regulation of Kv7.4 activation was abolished completely by this mutation. Additionally, both varying free calcium concentrations of the pipette solutions and application of BAPTA-AM have no effect on activation kinetics (Figure 5E; τ values at 40 mV: Kv7.4 C156A/R159A:CaM pretreated with 20 μM BAPTA-AM = 21.6 ± 2.1 ms; Kv7.4 C156A/R159A:CaM with 10 mM EGTA = 20.2 ± 1.9 ms; Kv7.4 C156A/R159A:CaM with 10 mM EGTA plus 3 mM CaCl2 = 18.5 ± 3.0 ms; Kv7.4 C156A/R159A:CaM with 10 mM EGTA plus 6 mM CaCl2 = 19.0 ± 2.3 ms) or voltage-dependent activation (Figure 5F; V1/2 values: Kv7.4 C156A/R159A:CaM pretreated with 20 μM BAPTA-AM = −48.6 ± 1.7 mV; Kv7.4 C156A/R159A:CaM with 10 mM EGTA = −47.2 ± 1.3 mV; Kv7.4 C156A/R159A:CaM with 10 mM EGTA plus 3 mM CaCl2 = −50.9 ± 1.4 mV; Kv7.4 C156A/R159A:CaM with 10 mM EGTA plus 6 mM CaCl2 = −48.6 ± 1.1 mV) of Kv7.4 C156A/R159A:CaM. Taken together, these results of Kv7.4 C156A/R159A further emphasized the essential role of the Kv7.4 S2–S3 loop in CaM-mediated calcium-dependent regulation.
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FIGURE 5. The Kv7.4 double mutation C156A/R159A completely abolishes CaM regulation of channel activation. (A) Representative current traces of cells co-expressing Kv7.4 double mutants with CaM (top) or CaM3 (bottom). (B) Average time constants at 40 mV for the fast activation component of Kv7.4:CaM (N = 17), Kv7.4:CaM3 (N = 13), Kv7.4 C156A/R159A:CaM (N = 9), Kv7.4 C156A/R159A:CaM3 (N = 9), Kv7.4 C156A/R161A:CaM (N = 17), Kv7.4 C156A/R161A:CaM3 (N = 10), Kv7.4 C158V/R159A:CaM (N = 10), Kv7.4 C158V/R159A:CaM3 (N = 11), Kv7.4 R159A/R161A:CaM (N = 11), and Kv7.4 R159A/R161A:CaM3 (N = 10). (C) Individual V1/2 values for Kv7.4:CaM (N = 17), Kv7.4:CaM3 (N = 13), Kv7.4 C156A/R159A:CaM (N = 9), Kv7.4 C156A/R159A:CaM3 (N = 9), Kv7.4 C156A/R161A:CaM (N = 17), Kv7.4 C156A/R161A:CaM3 (N = 10), Kv7.4 C158V/R159A:CaM (N = 10), Kv7.4 C158V/R159A:CaM3 (N = 11), Kv7.4 R159A/R161A:CaM (N = 11), and Kv7.4 R159A/R161A:CaM3 (N = 10). (D) Voltage-dependent activation curves for Kv7.4:CaM (N = 17), Kv7.4:CaM3 (N = 13), Kv7.4 C156A/R159A:CaM (N = 9), Kv7.4 C156A/R159A:CaM3 (N = 9), Kv7.4 C156A/R161A:CaM (N = 17), Kv7.4 C156A/R161A:CaM3 (N = 10), Kv7.4 C158V/R159A:CaM (N = 10), Kv7.4 C158V/R159A:CaM3 (N = 11), Kv7.4 R159A/R161A:CaM (N = 11), and Kv7.4 R159A/R161A:CaM3 (N = 10). (E) Average time constants at 40 mV for the fast activation component of Kv7.4 C156A/R159A:CaM with pipette solutions containing only 10 mM EGTA (N = 7), 10 mM EGTA plus 3 mM CaCl2 (N = 7), or 10 mM EGTA plus 6 mM CaCl2 (N = 7) and Kv7.4 C156A/R159A:CaM pretreated with BAPTA-AM (N = 8). (F) Voltage-dependent activation curves for Kv7.4 C156A/R159A:CaM with pipette solutions containing only 10 mM EGTA (N = 7), 10 mM EGTA plus 3 mM CaCl2 (N = 7), or 10 mM EGTA plus 6 mM CaCl2 (N = 7) and Kv7.4 C156A/R159A:CaM pretreated with BAPTA-AM (N = 8). N indicates the number of cells. Asterisks indicate significance: *p < 0.05; **p < 0.01; ***p < 0.001. NS indicates not significant.


We used co-immunoprecipitation experiments to probe the effects of the double mutation C156/R159A, which completely abolished CaM regulation of Kv7.4 activation, on Kv7.4 forming complex with CaM, a requirement for their interaction. A Flag tag and an HA tag were introduced to the N-terminus of Kv7.4 and the C-terminus of CaM, respectively. Electrophysiological recordings revealed no noticeable distinction between tagged and untagged combinations of Kv7.4 with CaM in channel currents (Supplementary Figure S3A) or in the effects of CaM regulation (Supplementary Figures S3B,C). Immunoprecipitation accomplished using anti-Flag antibodies to precipitate Flag-Kv7.4 or Flag-Kv7.4 C156A/R159A in the presence of either 2 mM CaCl2 or 2 mM EGTA. The immunoprecipitates were probed with anti-Flag antibodies to confirm precipitation of Flag-Kv7.4 or Flag-Kv7.4 C156A/R159A and were probed with anti-HA antibodies to detect CaM-HA or CaM3-HA pulled down with the channels. In the presence of 2 mM CaCl2, WT CaM showed a detectable but much weaker association with the Kv7.4 C156A/R159A mutant than with WT Kv7.4, while the signals of CaM3 pulled down with WT Kv7.4 and Kv7.4 C156A/R159A are similar (Figure 6). These results implied that the Kv7.4 S2-S3 loop interacted with Ca2+/CaM but had no association with Ca2+/CaM3 that had an empty EF3 and calcium-bound EF hands 1, 2, and 4. Of note, the signal of CaM3 pulled down with Kv7.4 channels was stronger than WT CaM in the presence of 2 mM CaCl2, matching the observation by Kosenko and Hoshi (2013), who reported that longer exposure to calcium decreased CaM binding to Kv7.2 channels. This difference might result from the different interactions of the Kv7.4 C-terminal domain with Ca2+/CaM and with CaM3, in which calcium binding disturbed the interaction between the CaM C-lobe and the Kv7.4 A helix and the Ca2+/C-lobe bound to the B helix weakly through a much smaller interaction surface (Xu et al., 2013; Chang et al., 2018). Therefore, the stronger binding of CaM3 than Ca2+/CaM is not contradictory to our hypothesis that Ca2+/CaM interacted with the Kv7.4 S2–S3 loop, whereas Ca2+/CaM3 lost this interaction. In the presence of 2 mM EGTA through the whole immunoprecipitation overnight, both WT CaM and CaM3 would exist in Apo/CaM forms, and there were no significant differences among the signals of WT CaM pulled down with WT Kv7.4, WT CaM pulled down with Kv7.4 C156A/R159A, CaM3 pulled down with WT Kv7.4, and CaM3 pulled down with Kv7.4 C156A/R159A (Figure 6). Additionally, the binding of Apo/CaM is stronger than Ca2+/CaM and similar to Ca2+/CaM3, suggesting an important role of the EF3 in CaM binding. Taken together, these results of the co-immunoprecipitation experiments coincided with our electrophysiological data, supporting an potential correlation between the structure and function of the Kv7.4:CaM complex.
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FIGURE 6. The Kv7.4 double mutation C156A/R159A decreased Ca2+/CaM binding. (A) Co-immunoprecipitation analysis of CaM or CaM3 binding to Kv7.4 or Kv7.4 C156A/R159A. Chinese hamster ovary (CHO) cells were co-transfected with Flag-Kv7.4 and CaM-HA, Flag Kv7.4 C156A/R159A and CaM-HA, Flag-Kv7.4 and CaM3-HA, or Flag-Kv7.4 C156A/R159A:CaM3-HA. Immunoprecipitation was accomplished using anti-Flag antibodies in the presence of either 2 mM CaCl2 or 2 mM EGTA. The immunoprecipitates were probed with anti-Flag antibodies to confirm precipitation of Flag-Kv7.4 or Flag-Kv7.4 C156A/R159A and were probed with anti-HA antibodies to detect CaM-HA or CaM3-HA pulled down with the channels. The experiments were replicated four times and showed similar results. (B) Quantification of CaM or CaM3 binding to Kv7.4 or Kv7.4 C156A/R159A. The binding efficiency is represented as the ratio of HA intensity to Flag intensity, and all ratios are normalized to the ratio representing CaM binding to Kv7.4 in the presence of CaCl2. Asterisks indicate significance: *p < 0.05; **p < 0.01. NS indicates not significant.




The Residues N98 and N99 in the CaM EF3 Are Required for the Regulation of Kv7.4 Activation

Sun and MacKinnon (2017) have previously shown that four residues in the CaM EF3 (Gly97, Asn98, Gly99, and Tyr100) are involved in the newly discovered interface between CaM and the S2–S3 loop of Kv7.1 channels (Supplementary Figure S9). We generated CaM mutants in which Gly97, Asn98, Gly99, or Tyr100 were mutated to an alanine based on WT CaM (CaM G97A, CaM N98A, CaM G99A, and CaM Y100A) or CaM3 (CaM3 G97A, CaM3 N98A, CaM3 G99A, and CaM3 Y100A). Kv7.4 channels co-expressed with all these CaM mutants yielded functional currents (Figures 7A,B). Compared with WT CaM, CaM N98A and CaM G99A accelerated the activation rate (Figure 7C; τ values at 40 mV: Kv7.4:CaM = 73.1 ± 4.8 ms, Kv7.4:CaM N98A = 29.1 ± 2.5 ms, and Kv7.4:CaM G99A = 35.2 ± 2.3 ms) and shifted the voltage-dependent activation curve leftwards (Figure 7E; V1/2 values: Kv7.4:CaM = −18.7 ± 1.0 mV, Kv7.4:CaM N98A = −32.8 ± 0.9 ms, and Kv7.4:CaM G99A = −31.9 ± 1.8 ms). Kv7.4 co-expressed with CaM G97A or CaM Y100A generated activation properties identical to Kv7.4 co-expressed with WT CaM in terms of both the activation rate (Figure 7C; τ values at 40 mV: Kv7.4:CaM G97A = 68.6 ± 3.1 ms and Kv7.4:CaM Y100A = 70.0 ± 7.0 ms) and the voltage dependence of activation (Figure 7E; V1/2 values: Kv7.4:CaM N98A = −20.4 ± 1.0 ms and Kv7.4:CaM G99A = −21.6 ± 0.8 ms), suggesting that the two residues of CaM were not involved in the regulation of Kv7.4 activation. All mutants based on CaM3 (CaM3 G97A, CaM3 N98A, CaM3 G99A, and CaM3 Y100A) phenocopied the effects of CaM3 on the activation rate (Figure 7D; τ values at 40 mV: Kv7.4:CaM3 = 19.2 ± 1.1 ms, Kv7.4:CaM3 G97A = 19.5 ± 1.4 ms, Kv7.4:CaM3 N98A = 21.3 ± 2.0 ms, Kv7.4:CaM3 G99A = 20.7 ± 1.3 ms, and Kv7.4:CaM3 Y100A = 22.1 ± 1.1 ms) and the voltage dependence of activation (Figure 7F; V1/2 values: Kv7.4:CaM3 = −48.4 ± 1.0 mV, Kv7.4:CaM3 G97A = −46.3 ± 1.2 mV, Kv7.4:CaM3 N98A = −45.4 ± 1.3 mV, Kv7.4:CaM3 G99A = −48.1 ± 1.1 mV, and Kv7.4:CaM3 Y100A = −48.0 ± 0.9 mV). Taken together, the effects of the two mutations N98A and G99A in the CaM EF3 were similar to the effects of the five mutations (C156A, C157A, C158V, R159A, and R161A) in the Kv7.4 S2–S3 loop, which potentially interacted with the CaM EF3, providing further supporting evidence for the model in which CaM modulated Kv7.4 activation through the S2-S3 loop.
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FIGURE 7. CaM mutations N98A and G99A affect the regulation of Kv7.4 activation. (A) Representative current traces of cells co-expressing Kv7.4 with CaM-based mutants. (B) Representative current traces of cells co-expressing Kv7.4 with CaM3-based mutants. (C) Average time constants at 40 mV for the fast activation component of Kv7.4:CaM (N = 13), Kv7.4:CaM G97A (N = 15), Kv7.4:CaM N98A (N = 12), Kv7.4:CaM G99A (N = 10), and Kv7.4:CaM Y100A (N = 17). (D) Average time constants at 40 mV for the fast activation component of Kv7.4:CaM3 (N = 11), Kv7.4:CaM3 G97A (N = 11), Kv7.4:CaM3 N98A (N = 11), Kv7.4:CaM3 G99A (N = 14), and Kv7.4:CaM3 Y100A (N = 9). (E) Voltage-dependent activation curves for Kv7.4:CaM (N = 13), Kv7.4:CaM G97A (N = 15), Kv7.4:CaM N98A (N = 12), Kv7.4:CaM G99A (N = 10), and Kv7.4:CaM Y100A (N = 17). (F) Voltage-dependent activation curves for Kv7.4:CaM3 (N = 11), Kv7.4:CaM3 G97A (N = 11), Kv7.4:CaM3 N98A (N = 11), Kv7.4:CaM3 G99A (N = 14), and Kv7.4:CaM3 Y100A (N = 9). Error bars show SEM. N indicates the number of cells. Asterisks indicate significance: ***p < 0.001. NS indicates not significant.




CaM Regulates Activation of Kv7.4 Isoform b

There are two alternatively spliced isoforms of human Kv7.4, called Kv7.4 isoform a and Kv7.4 isoform b. Most studies including ours, used Kv7.4 isoform a, which we and others called Kv7.4. To further the understanding of CaM regulation of both the two isoforms, we also performed experiments on Kv7.4 isoform b, which we called Kv7.4b to distinguish from isoform a. Whole-cell recordings were performed on CHO cells transfected with Kv7.4b alone or together with WT CaM, CaM1234, or CaM3. Kv7.4b with only endogenous CaM and Kv7.4b with overexpression of exogenous WT CaM showed the same activation rate (τ values at 40 mV: Kv7.4b = 52.5 ± 5.0 ms; Kv7.4b:CaM = 48.0 ± 4.2 ms) and voltage dependence of activation (V1/2 values: Kv7.4b = −22.2 ± 2.0 mV; Kv7.4b:CaM = −24.9 ± 1.0 mV). Overexpression of CaM1234 significantly accelerated the activation rate (τ value at 40 mV: Kv7.4b:CaM1234 = 23.4 ± 2.7 ms) and shifted the voltage dependent activation leftwards markedly (V1/2 value: Kv7.4b:CaM1234 = −48.8 ± 1.1 mV). CaM3 mirrored the facilitating effects of CaM1234 on both activation kinetics (τ value at 40 mV: Kv7.4b:CaM3 = 21.8 ± 2.2 ms) and voltage-dependence activation (V1/2 value: Kv7.4b:CaM3 = −51.6 ± 1.1 mV). To probe effects of the Kv7.4b S2–S3 loop on CaM regulation, we also performed whole-cell recordings on CHO cells transfected with Kv7.4b C156A/R159A alone or together with WT CaM, CaM1234, or CaM3. According to the statistical results, there was no significant difference among the four groups in both the activation rate (τ values at 40 mV: Kv7.4b C156A/R156A = 23.5 ± 3.4 ms; Kv7.4b C156A/R159A:CaM = 22.5 ± 2.0 ms; Kv7.4b C156A/R159A:CaM1234 = 23.6 ± 1.8 ms; Kv7.4b C156A/R159A:CaM3 = 21.6 ± 1.9 ms) and the voltage dependence of activation (V1/2 values: Kv7.4b C156A/R156A = −53.2 ± 2.0 mV; Kv7.4b C156A/R159A:CaM = −53.5 ± 0.9 mV; Kv7.4b C156A/R159A:CaM1234 = −52.4 ± 1.3 mV; Kv7.4b C156A/R159A:CaM3 = −53.3 ± 0.9 mV), suggesting that the double mutation C156A/R159A in the S2–S3 loop also abolished CaM regulation of Kv7.4b activation. Taken together, our work revealed a unified mechanism for CaM regulation of both isoforms of Kv7.4 channels (Figure 8).
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FIGURE 8. CaM regulates activation of Kv7.4 isoform b. (A) Representative current traces of Kv7.4b without overexpression of exogenous CaM and Kv7.4b with overexpression of exogenous CaM, CaM1234, or CaM3. (B) Representative current traces of Kv7.4b C156A/R159A without overexpression of exogenous CaM and Kv7.4b C156A/R159A with overexpression of exogenous CaM, CaM1234, or CaM3. (C) Corresponding current density-voltage relations of Kv7.4b (N = 7), Kv7.4b:CaM (N = 10), Kv7.4b:CaM1234 (N = 9), and Kv7.4b:CaM3 (N = 10). (D) Corresponding current density-voltage relations of Kv7.4b C156A/R159A (N = 7), Kv7.4b C156A/R159A:CaM (N = 9), Kv7.4b C156A/R159A:CaM1234 (N = 8), and Kv7.4b C156A/R159A:CaM3 (N = 8). (E) Average time constants at 40 mV for the fast activation component of Kv7.4b (N = 7), Kv7.4b:CaM (N = 10), Kv7.4b:CaM1234 (N = 9), Kv7.4b:CaM3 (N = 10), Kv7.4b C156A/R159A (N = 7), Kv7.4b C156A/R159A:CaM (N = 9), Kv7.4b C156A/R159A:CaM1234 (N = 8), and Kv7.4b C156A/R159A:CaM3 (N = 8). (F) Voltage-dependent activation curves for Kv7.4b (N = 7), Kv7.4b:CaM (N = 10), Kv7.4b:CaM1234 (N = 9), and Kv7.4b:CaM3 (N = 10). (G) Voltage-dependent activation curves for Kv7.4b C156A/R159A (N = 7), Kv7.4b C156A/R159A:CaM (N = 9), Kv7.4b C156A/R159A:CaM1234 (N = 8), and Kv7.4b C156A/R159A:CaM3 (N = 8). Error bars show SEM. N indicates the number of cells. Asterisks indicate significance: ***p < 0.001. NS indicates not significant.





DISCUSSION

With the properties of opening at subthreshold membrane potentials and lacking inactivation, Kv7 channels hold a pivotal position in controlling excitability in the heart and the nervous system (Barhanin et al., 1996; Sanguinetti et al., 1996; Wang et al., 1996, 1998; Jentsch, 2000; Delmas and Brown, 2005; Hernandez et al., 2008; Brown and Passmore, 2009). CaM conferred effective regulation to Kv7 channels. Though the importance of CaM regulation of Kv7 channels has been recognized, the regulation mechanism remains elusive. Earlier studies mostly focused on the role of the C-terminal domain of Kv7 channels in CaM binding and CaM regulation. Mutations in the C-terminal domain impairing CaM binding affect channel assembly, trafficking, and gating (Ghosh et al., 2006; Shamgar et al., 2006; Etxeberria et al., 2008; Alaimo et al., 2009, 2018; Liu and Devaux, 2014; Tobelaim et al., 2017; Chang et al., 2018). Here, our data provided new insight into CaM regulation of Kv7 channels by proving that the S2–S3 loop of Kv7.4 channels is essential for CaM-mediated calcium-dependent regulation of Kv7.4 activation.

Previous studies have shown that CaM conferred intracellular calcium signals to Kv7 channels (Gamper and Shapiro, 2003; Gamper et al., 2005; Sihn et al., 2016; Gomis-Perez et al., 2017; Tobelaim et al., 2017; Chang et al., 2018). To probe the calcium-dependent regulation of Kv7.4 channels mediated by CaM, we performed electrophysiology experiments on CHO cells transfected with Kv7.4 anole or together with WT CaM or CaM mutants with impaired calcium binding abilities. CHO cells have endogenous CaM, which is important for many cellular physiological activities, and thus cannot be knocked out. Overexpression of exogenous CaM or CaM mutants could knockdown the effects of endogenous CaM, which is a common method used by most of the previous studies to probe calcium-dependent CaM regulation. Compared with Kv7.4 channels with only endogenous CaM of CHO cells, overexpression of exogenous WT CaM increased current amplitudes over 2-fold but did not change activation properties, and overexpression of exogenous CaM1234 increased current amplitudes about 5-fold and facilitated channel activation as well. CaM1234 sharply accelerated the activation rate and produced a large leftward shift in the voltage-dependent activation, similar to the effects of CaM1234 on Kv7.2 (Gomis-Perez et al., 2017), Kv7.3 (Gomis-Perez et al., 2017), and Kv7.5 (Chang et al., 2018) and implying a unified mechanism in which Apo/CaM facilitates Kv7.2–7.5 activation, or in other words, in which Ca2+/CaM inhibits Kv7.2–7.5 activation.

We also measured surface expression of Kv7.4 with only endogenous CaM and Kv7.4 with overexpression of exogenous WT CaM and CaM1234 to further explain the different current amplitudes. Kv7.4 co-expressed with WT CaM and Kv7.4 co-expressed with CaM3 showed similar surface expression and about 3.5-fold the surface expression of Kv7.4 with only endogenous CaM, suggesting that CaM enhances Kv7.4 surface expression in a calcium-independent manner. We also measured Kv7.4 total expression of the three groups, and the total expression of Kv7.4 with overexpression of exogenous WT CaM or CaM1234 was about twice the total expression of Kv7.4 channels with only endogenous CaM (Supplementary Figures S4A,B). Taken together, increased surface expression accounted for the greater current amplitudes of Kv7.4 with overexpression of exogenous WT CaM than Kv7.4 with only endogenous CaM, and Kv7.4 with overexpression of exogenous CaM1234 generated further greater current amplitudes due to both facilitated activation and increased surface expression. As the facilitating effect of the overexpression of exogenous WT CaM or CaM1234 on Kv7.4 surface expression is more significant than the facilitating effect on Kv7.4 total expression, we deem that the increase of Kv7.4 surface expression is likely due to not only the increase of Kv7.4 total expression but also enhanced channel trafficking.

Of note, Kv7.4 with overexpression of exogenous WT CaM showed activation properties equivalent to Kv7.4 with only endogenous CaM, possibly because exogenous WT CaM is essentially the same as endogenous CaM except the much higher expression level. CaM was reported to be an auxiliary subunit of Kv7 channels (Wen and Levitan, 2002). Disrupted CaM interactions with Kv7 channels have been shown to be tightly associated with severely impaired Kv7 surface expression (Ghosh et al., 2006; Shamgar et al., 2006; Etxeberria et al., 2008; Alaimo et al., 2009, 2018; Liu and Devaux, 2014; Chang et al., 2018), illustrating the vital role of CaM in Kv7 assembly and trafficking, which is also supported by our study. Additionally, the stoichiometry for CaM binding to the Kv7 subunit was 1:1 (Sun and MacKinnon, 2017), and Bernardo-Seisdedos et al. (2018) reported that the Kv7.2 A and B helices could not be purified in the absence of CaM and that the complex could not be dissociated at any calcium concentration in vitro. Therefore, we deem that there would be CaM strongly and stably binding to the functional plasma membrane Kv7.4 channels, which has been properly assembled and transported, at a stoichiometry of 1:1, although more Kv7.4 channels was expressed on the cell surface due to the overexpression of exogenous WT CaM. However, the already bound CaM controls the regulating activation of the plasma membrane Kv7.4 channels, so the different expression levels of endogenous CaM and overexpressed exogenous WT CaM did not change Kv7.4 activation.

We also studied the effects CaM12, CaM34, CaM3, and CaM4 on Kv7.4 activation to probe the role of each lobe or EF hand in regulating Kv7.4 channels. CaM34 and CaM3 caused facilitating effects equivalent to CaM1234 on Kv7.4 activation kinetics and the voltage dependence of activation, supporting a key role of the EF3 in CaM regulation of Kv7.4 activation. CaM12 did not mirror the effects of WT CaM of Kv7.4 activation, possibly because calcium binding could enhance the binding of the N-lobe to the B helix of Kv7.4 (Chang et al., 2018), and such configuration changes might have slight effects on channel function. However, the changes of Kv7.4 activation caused by CaM12 were much slighter than the changes caused by CaM1234, CaM34, and CaM3. Our data largely match the results by Chang et al. (2018), but there is a difference in the effects of CaM4 on Kv7.4 activation. We found that CaM4 did not change Kv7.4 activation kinetics or the voltage dependence of activation, whereas Chang et al. (2018) showed that CaM4 facilitated Kv7.4 activation though the facilitating effects is much weaker than CaM3, CaM34, and CaM1234. This difference might result from the different experimental approaches, in which Chang et al. (2018) used perforated-patch configuration to test cells under natural resting calcium levels but we used whole-cell configuration to substitute the cell cytosolic composition by the pipette solution. Moreover, activation of Kv7.4 co-expressed with WT CaM was inhibited by increasing intracellular calcium levels, while CaM1234 and CaM3 rendered Kv7.4 insensitive to the changing calcium concentrations, further emphasizing the role of calcium in CaM regulation of Kv7.4 channels and implying that CaM1234 and CaM3 facilitate Kv7.4 activation essentially by abolishing the calcium-dependent inhibition.

The free calcium concentration in the regular pipette solution is 80 nM, which is within the basal cytosolic calcium concentrations (10–100 nM). Free CaM exists in its Apo-forms in the basal cytosolic calcium concentrations [Kd(C-lobe) = 3.4 μM, Kd(N-lobe) = 14 μM; Linse et al., 1991]. However, CaM binding to some target peptides or proteins can dramatically increase calcium affinities (Olwin et al., 1984; Olwin and Storm, 1985; Peersen et al., 1997; Black et al., 2005; Evans and Shea, 2009; Findeisen et al., 2013). For instance, the calcium affinities of CaM binding to the IQ motif of Cav channels, kinase skMLCK or kinase MKII are quite high with Kd values much lower than 100 nM (Peersen et al., 1997; Black et al., 2005). In this study, the calcium chelators, EGTA and BAPTA-AM exerted effects on Kv7.4 activation in the same facilitating direction as CaM1234, CaM12, CaM34, and CaM3, suggesting that there are some tonic occupations by calcium in the EF hands under the basal intracellular calcium level. Previous studies have also reported changed Kv7 currents by decreasing intracellular calcium concentrations from the basal level (Ghosh et al., 2006; Shamgar et al., 2006; Chang et al., 2018). These observations are possibly due to increased calcium affinities of CaM when binding to Kv7 channels.

Structural studies have reported that the CaM EF3 interacted with the Kv7.1 S2–S3 loop, which is conserved among Kv7 isoforms (Sun and MacKinnon, 2017). To explore if the important functional role of the CaM EF3 is associated with the potential interaction between the CaM EF3 and the Kv7.4 S2–S3, we mutated amino acids either in the Kv7.4 S2–S3 loop or in the CaM EF3 to a nonpolar amino acid. Five mutations (C156A, C157A, C158V, R159A, and R161A) in the Kv7.4 S2–S3 loop and two mutations (N98A and G99A) in the CaM EF3 led to decreased inhibitory effects of Ca2+/CaM, facilitating Kv7.4:CaM activation in terms of both the activation rate and the voltage dependence of activation. The double mutation C156A/R159A within the S2–S3 loop completely abolished the inhibitory effects of Ca2+/CaM on Kv7.4 activation and rendered Kv7.4 insensitive to changing intracellular calcium levels, which further emphasizes the importance of the Kv7.4 S2–S3 loop in CaM regulation. We also performed co-immunoprecipitation experiments to probe the effect of C156A/R159A on CaM binding. Compared with WT Kv7.4, the double mutant C156A/R159A showed weaker association with Ca2+/CaM but unchanged association with CaM3 and Apo/CaM, suggesting that the Kv7.4 S2–S3 loop interacts with the Ca2+/EF3 but has no association with the Apo/EF3. The co-immunoprecipitation results coincide with our electrophysiological results. Mutations in the Kv7.4 S2–S3 loop decreased Ca2+/CaM binding as well as Ca2+/CaM inhibition on channel activation, while these mutations had no effect on CaM3 binding as well as activation of Kv7.4 co-expressed with CaM3, suggesting that Ca2+/CaM inhibited Kv7.4 activation through an interaction with the Kv7.4 S2–S3 loop.

We also probed CaM regulation of Kv7.4 isoform b, activation of which was reported by Sihn et al. (2016) to be not regulated by CaM. Our results are strikingly different from Sihn et al. (2016) and show that CaM regulates Kv7.4b activation in a calcium-dependent manner similarly to the regulation of Kv7.4 isoform a. CaM1234 facilitated Kv7.4b activation in terms of both activation kinetics and the voltage dependence of activation, and CaM3 phenocopied the facilitating effects of CaM1234. The double mutation C156A/R159A abolished CaM regulation of Kv7.4b activation. These results emphasized the crucial roles of the EF3 and the S2–S3 loop in CaM regulating activation of Kv7.4b. There are cases where the earlier studies failed to find CaM regulation of Kv7.1 and Kv7.3 (Gamper et al., 2005), both of which were later shown to be regulated by CaM (Sachyani et al., 2014; Gomis-Perez et al., 2017; Tobelaim et al., 2017; Chang et al., 2018). Our work proved a unified rather than isoform-dependent mechanism for CaM regulation of Kv7.4 channels.

To the best of our knowledge, the mechanism for CaM-mediated calcium-dependent regulation of voltage-gated channels has remained puzzling since the CaM binding sites were initially found. Heretofore, the most-studied structural presentation accounting for the mechanism for CaM regulation of channel activation comes from SK4 channels (Lee and MacKinnon, 2018). It was proposed that Apo/CaM binds to SK4 channels through the interaction of Apo/C-lobe with the SK4 A and B helices, and calcium loading allows the Ca2+/N-lobe to remain anchored on the A and B helices and enables the Ca2+/N-lobe to contact the S4–S5 linker of SK4 channels and further affect pore opening. In Kv7 channels, it has been widely assumed that the Ca2+-dependent CaM regulation is also driven by conformational changes derived from calcium loading, but detailed interpretation remained unresolved. Apo/CaM binds to Kv7 channels in a clamped form, in which the C-lobe interacts with the A helix of Kv7 channels and the N-lobe interacts with the B helix (Bernardo-Seisdedos et al., 2018; Chang et al., 2018). Calcium binding allow the Ca2+/N-lobe to stay anchored on the Kv7 B helix in a similar configuration to the apo/N-lobe (Sachyani et al., 2014; Strulovich et al., 2016; Sun and MacKinnon, 2017; Bernardo-Seisdedos et al., 2018; Chang et al., 2018), while there are striking differences between the Ca2+/C-lobe and Apo/C-lobe conformations. Structural studies of the interaction between CaM and the Kv7.4 A and B helices showed that calcium binding makes the C-lobe lose interaction with the A helix and bind to the B helix weakly through a much smaller interaction surface (Xu et al., 2013; Chang et al., 2018). Xu et al. (2013) proposed that the interaction of apo/CaM with the Kv7.4 A helix may affect the neighboring S6 in some way to favor channel opening and, in contrast, when CaM switches to Ca2+/CaM and binds to the helix B, loss of the interaction with the A helix causes inhibition of the currents. Our data demonstrate that the third EF hand of CaM and the S2–S3 loop of Kv7.4 channels play crucial roles in CaM-mediated calcium-dependent regulation of Kv7.4 activation, and lead us to propose a new regulation model (Figure 9). Apo/CaM binds only the C-terminal domain of Kv7.4 channels through the interaction of the Ca2+/C-lobe with the A helix and the interaction of the Ca2+/N-lobe with the B helix, and has no association with the voltage sensor domain of Kv7.4 channels. Thus, the voltage sensor could easily move in response to depolarized membrane potentials, which is coupled to pore opening. Upon calcium loading, the CaM C-lobe releases its interaction with the Kv7.4 A helix and binds to the B helix weakly with a much smaller interaction surface (Xu et al., 2013; Chang et al., 2018), making it possible for the Ca2+/EF3 to contact the Kv7.4 S2–S3 loop. This interaction between the Ca2+/EF3 and the Kv7.4 S2–S3 loop makes it possible for Ca2+/CaM to “pull” the voltage sensor of Kv7.4 channels, and thus offers a force opposing the movement of the voltage sensor in response to depolarized potentials, affecting voltage-dependent pore opening. We could not deny the model proposed by Xu et al. (2013), although our model could better explain the shift in the voltage dependence of activation caused by CaM regulation. Probably, the inhibitory effect of Ca2+/CaM on Kv7.4 activation might be a combined effect of the “pulled” voltage sensor and the released helix A. In our model, the interaction of the S2–S3 loop with the Ca2+/EF3 rather than the Apo/EF3 is more likely to be driven by calcium-dependent changes of the constitutive interactions between CaM and the Kv7.4 C-terminal domain. However, the residues in the Kv7.4 A and B helices interacting with Apo/CaM and the residues in the Kv7.4 B helix interacting with Ca2+/CaM are different from the residues in Kv7.1 to a certain degree, so there might be some differences between Kv7.4 and Kv7.1 in the calcium-dependent interaction with the CaM EF3, accounting for the different direction of CaM regulation.

[image: Figure 9]

FIGURE 9. A model for CaM-mediated calcium-dependent regulation of Kv7.4 activation. The gray box represents the voltage sensor domain containing the Kv7.4 transmembrane helixes S1–S4, with positively charged amino acids (shown as plus signs) in the S4 helix. The S2–S3 loop is shown as a red curve. The yellow box represents the pore domain. The brown rectangles represent the A and B helices. The CaM N-lobe is colored in green, and the C-lobe is colored in purple. The gray circles represent calcium bound to CaM. Apo/CaM binds to Kv7.4 channels with the Apo/N-lobe interacting with the B helix and the Apo/C-lobe interacting with the A helix, and Apo/CaM has no association with the Kv7.4 S2–S3 loop. Upon calcium loading, the Ca2+/N-lobe remains anchored on the B helix, while the Ca2+/C-lobe releases interaction with the A helix and binds to the B helix through a much smaller interaction surface, making it possible for the Ca2+/EF3 to contact the Kv7.4 S2–S3 loop and affect motivation of the voltage sensor and opening of the coupled pore.


Limited previous studies explored the role of the Kv7 S2–S3 loop in channel function. Gamper et al. (2006) found that increasing H2O2 concentrations enhanced Kv7.4 currents and facilitated Kv7.4 activation and that currents of the Kv7.4 triple mutant C156A/C157A/C158A remained unchanged after extracellular application of H2O2, so they concluded that the triple cysteines in the S2–S3 loop was critical for the oxidative modification. However, their data showed that extracellular application of H2O2 still facilitated the activation rate of Kv7.4 C156A/C157A/C158A, which seemed contradictory to the unchanged currents. Additionally, before extracellular application of H2O2 and with only endogenous H2O2 in cells, Kv7.4 C156A/C157A/C158A showed a faster activation rate and a leftward shift in the half-activation voltage compared with WT Kv7.4, which contrast the facilitating effects of H2O2 and suggested that the S2–S3 loop might be involved in other regulations that affect channel function as well. Ooi et al. (2013) reported that extracellular application of SNAP that forms nitric oxide (NO) inhibited Kv7.4 currents with an inhibition of about 30%, and that the NO inhibition of the Kv7.4 triple mutant C156A/C157A/C158A was much smaller and almost abolished. They also tested S-nitrosylation of WT Kv7.4 and Kv7.4 C156A/C157A/C158A treated with SNAP and found that Kv7.4 C156A/C157A/C158A showed decreased S-nitrosylation, so they concluded that NO possibly inhibited Kv7.4 currents through S-nitrosylation of the triple cysteines in the S2–S3 loop. Both NO and Ca2+/CaM inhibit Kv7.4 channels, and the S2–S3 loop is required for both inhibition, implying a potential correlation between the two regulations. For example, possibly S-nitrosylation of the triple cysteines could favor the interaction between Ca2+/CaM and the S2–S3 loop of Kv7.4 channels. Further studies are required to explore the role of the S2-S3 loop in coordinating the process of H2O2 regulation, NO regulation, and Ca2+/CaM regulation.

Overall, our results highlight the importance of the Kv7.4 S2–S3 linker in CaM regulation of channel activation. This is the first study to indicate another site in Kv7.4 channels required for CaM regulation in addition to the C-terminal domain. Furthermore, given that the S2–S3 loop sequence is highly conserved among Kv7.2–7.5, this loop might play a similar role in CaM regulation of all these isoforms. More studies about the S2–S3 loop of the other Kv7 isoforms including Kv7.1 may further our understanding of a unified mechanism for CaM regulation of Kv7 channels.
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AGGCATAGAGGGACAGCACA

Pecam1 CTCCTAAGAGCAAAGAGCAACTTC NM_031591.1 100
TACACTGGTATTCCATGTCTCTGG

Kenq1l ~ TGGGTCTCATCTTCTCCTCC NM_032073 124
GTAGCCAATGGTGGTGACTG
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Residue Variant Region Phenotype Effect gnomAD References

R227 R227Q S4 (R1) ID/ASD GoF 0 Sands et al., 2019

R230 R230C/H/S S4 (R2) ID/ASD GoF 1 (38.98E—06) Sands et al., 2019

M240 M240R Sy BFNE LoF 0 Current work

Y266 Y266C Ss BFNE LoF 0 Symonds et al., 2019

V279 V279F Ss BFNE LoF 0 Maljevic et al., 2016

E289 E299K Pore loop BFNE LoF 0 Neubauer et al., 2008

D305 D305G Pore loop BFNE LoF 0 Singh et al., 2003

W308 W308S Pore loop BFNE 0 Sands et al., 2016

W309 W309R Pore loop BFNE LoF 1 (3.98E-06) Hirose et al., 2000; Uehara
et al., 2008

G310 G310V Pore loop BFNE LoF 0 Charlier et al., 1998; Schroeder
etal, 1998

1317 1317T Pore loop BFNE* LoF 0 Soldovieri et al., 2014

R330 R330L Pore loop BFNE* LoF 0 Miceli et al., 2015

R330C Pore loop BFNE LoF 0 Li et al., 2008; Fister et al.,
2013; Miceli et al., 2015
R330H Pore loop BFNE 0 Allen et al., 2014

G340 G340V Sg BFNE 0 Grinton et al., 2015

R364 R364H Prox C-term BFIE 1 (3.18E—05) Fusco et al., 2015

N468 N468S C-terminus BFIE No effect 39 (1.38E—04) Singh et al., 2003

P574 P574S C-terminus BFNE No effect 586 (2.07E—03) Miceli et al., 2009

R780 R780C C-terminus BFIE 26 (9.20E—05) Zaraetal., 2013

N821 N821S C-terminus BFNE 60 (2.12E—04) Bassi et al., 2005

Table gives number of observations of each variant (frequency) in gnomAD, associated phenotype, region within Kv7.3, and functional consequences in vitro if known; blue,
intellectual disability (ID) with or without autism spectrum disorder (ASD); purple, benign familial neonatal epilepsy (BFNE) or benign infantile epilepsy (BFIE) phenotypes;
gray, variants of questionable pathogenicity; LoF, loss-of-function; GoF, gain-of-function; * individuals with mild/moderate ID reported; ~mosaic individual.
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Activator Species Experimental DSM Observation on DSM contractility References
contraction protocol
L-364373 Guinea pig Spontaneous phasic Inhibition of phasic contractions, effects on Afeli et al., 2013
(Ky7.1 channel activator) amplitude and muscle force, but weak changes
in frequency and duration
Guinea pig EFS-induced Inhibition of EFS contractions, effects on Afeli et al., 2013
amplitude and muscle force, but a weak change
in the duration
Retigabine Guinea pig Spontaneous phasic Inhibition of phasic contractions, effects on Afeliet al., 2013
(Ky7.2-Ky7.5 channel activator) amplitude, muscle force, frequency, and duration
Rat Spontaneous phasic Inhibition of phasic contractions, effects on Rode et al., 2010;
amplitude and tension Wang et al., 2014
Rat Carbachol-induced phasic Inhibition of phasic contractions, effects on Rode et al., 2010
amplitude and tension
Pig Carbachol-induced phasic Inhibition of phasic contractions, effects on Svalo et al., 2013
amplitude and tension
Human Carbachol-induced tonic Inhibition of tonic contraction Svalo et al., 2015
Human Bethanechol-induced tonic Inhibition of tonic contraction Bientinesi et al., 2017
Rat 20 mM KCl-induced phasic Inhibition of phasic contractions, effects on Argentieri and Sheldon,
amplitude, tension, and frequency 2006; Rode et al., 2010
Human 20 mM KCl-induced phasic Inhibition of tonic contraction Svalo et al., 2015
Guinea pig EFS-induced Inhibition of phasic contractions, effects on Afeliet al., 2013
amplitude, muscle force, and duration
Rat EFS-induced Inhibition of EFS contractions, effects on Rode et al., 2010
amplitude and tension
Pig EFS-induced Inhibition of EFS contractions (amplitude) Svalo et al., 2013
Flupirtine Guinea pig Spontaneous phasic Inhibition of phasic contractions, effects on Anderson et al., 2013
(Ky7.2-Ky7.5 channel activator) amplitude and muscle force but not on
frequency; also reduced muscle tone
Human Bethanechol-induced tonic Inhibition of tonic contraction Bientinesi et al., 2017
Meclofenamic acid Guinea pig Spontaneous phasic Inhibition of phasic contractions, effects on Anderson et al., 2013
(Ky7.2/Ky7.3 channel activator) amplitude and muscle force but not on
frequency; also reduced muscle tone
ICA-069673 Guinea pig Spontaneous phasic Inhibition of phasic contractions effects on Provence et al., 2015
(Ky7.2/Ky7.3 channel activator) amplitude, muscle force, frequency, and duration
Guinea pig Carbachol-induced phasic Inhibition of phasic contractions, effects on Provence et al., 2015
amplitude, muscle force, duration, and
frequency
Guinea pig 20 mM KCl-induced phasic Inhibition of phasic contractions, effects on Provence et al., 2015
amplitude, muscle force, duration, and
frequency
Guinea pig EFS-induced Inhibition of EFS contractions, effects on Provence et al., 2015
amplitude and muscle force
ML213 Guinea pig Spontaneous phasic Inhibition of contractions, effects on amplitude, Provence et al., 2018
(Ky7.2, Ky7.2/Ky7.3, and muscle force, frequency, and duration
Ky 7.4 channel activator) Guinea pig Carbachol-induced phasic Inhibition of contractions, effects on amplitude, Provence et al., 2018
muscle force, duration, and frequency
Pig Carbachol-induced phasic Inhibition of tonic contractions Svalo et al., 2013
Human Carbachol-induced phasic Inhibition of tonic contractions Svalo et al., 2015
Guinea pig 20 mM KCl-induced phasic Inhibition of phasic contractions, effects on Provence et al., 2018
amplitude, muscle force, duration, and
frequency
Human 20 mM KCl-induced phasic No effect on tonic contraction Svalo et al., 2015
Guinea pig EFS-induced Inhibition of EFS contraction, effects on Provence et al., 2018
amplitude and muscle force
ML277 Human Carbachol-induced Inhibition of tonic contractions Svalo et al., 2015
(Ky7.1 channel activator) Human 20 mM KCl-induced No effect on tonic contraction Svalo et al., 2015

Human

40 mM KCl-induced

Inhibition of tonic contraction

Svalo et al., 2015
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Inhibitor Species Experimental DSM Observation on DSM contractility References
Contraction Protocol
XE991 Guinea pig Spontaneous phasic Enhancement of phasic contractions, effects on amplitude Afeli et al., 2013;
(Ky7.1-Ky7.5 and muscle force but weak/unchanged on frequency and Anderson et al., 2013
channel blocker) duration; also increase or no change in muscle tone
Rat Spontaneous phasic No effect on contractions Wang et al., 2014
Rat Spontaneous phasic Enhancement of phasic contractions; effects on amplitude Rode et al., 2010
and tension
Guinea pig EFS-induced Enhancement of EFS contractions, effects on amplitude Afeliet al., 2013
and muscle force but weak/unchanged on duration; also
increase in muscle tone
Rat 20 mM KCl-induced Enhancement of phasic contractions, effects on amplitude, Rode et al., 2010
tension, and frequency
Pig 20 mM KCl-induced Enhancement of phasic contractions, effects on amplitude Svalo et al., 2013
and tension
Rat Carbachol-induced No/weak effects on phasic contractions Rode et al., 2010
Pig Carbachol-induced No effect on phasic contractions Svalo et al., 2013
Pig EFS-induced No effect on EFS contractions Svalo et al., 2013
Human Spontaneous tonic Enhancement of tonic contraction Bientinesi et al., 2017
activity (lacking phasic
contractions)
Human 20 mM K*-induced Enhancement of tonic contraction Svalo et al., 2015
Human 40 mM K*-induced No effect on tonic contraction Svalo et al., 2015
Human Carbachol-induced No effect on tonic contraction Svalo et al., 2015
Linopirdine Guinea pig Spontaneous phasic Enhancement of phasic contractions, effects on amplitude Afeli et al., 2013;
(Ky7.1-Ky7.5 and muscle force but weak/unchanged on frequency and Anderson et al., 2013
channel blocker) duration; also increase or no change in muscle tone
Guinea pig EFS-induced Enhancement of EFS contractions, effects on amplitude Afeli et al., 2013
and muscle force but weak/unchanged on duration; also
increase in muscle tone
Chromanol 293B Guinea pig Spontaneous phasic Enhancement of phasic contractions, effects on amplitude Anderson et al., 2013
(Ky7.1 channel and muscle force but weak/unchanged on frequency also
blocker) no effect on muscle tone
Pig 20 mM KCl-induced No effect on phasic contractions Svalo et al., 2013
Pig EFS-induced No effect on EFS contractions Svalo et al., 2013

Pig

Carbachol-induced

No effect on phasic contractions

Svalo et al., 2013
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PULMONARY ARTERY

Cell: Pulmonary arteries smooth muscle cells (PASMC)
Kv7 channel expressed: Kv7.1, 7.4 and 7.5
KCNE subunits expressed: no data available

Vasodilation Vasoconstriction|

Function: vascular tone control

BRONCHIAL TUBES

Cell: Airway smooth muscle cells (ASMC)
Kv7 channel expressed: Kv7.1, 7.2, 7.3, 7.4 and 7.5
KCNE subunits expressed: no data available

Function: ASMC excitability control Bronchodilation Bronchoconstriction|

Cell: airway epithelial cells (AC)  tuminaL, 120 €I
Kv7 channel expressed: Kv7.1

KCNE subunits expressed: KCNE1, E2, E3
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n V2 (mV) k (mV/e-fold) Current density Blockade by 100 oM BHB
at + 20 mV (pA/pF) 3 mM TEA (%) (A V, mV)
CHO 10 - - 0.5 +£0.05 - -
Kv7.3 26 —37.2 +1.1* 7.2+04" 126 £ 1.1* 8.0+ 2.1* -
Kv7.3 M240R 8 - - 0.5+0.2 - -
Kv7.2 11 -26.8+1.3 1824089 4201 +25 851 4B.1* -
Kv7.2 + Kv7.3 18 —27.7+1.4 1.2+ 05 126.4 £17.9 801443 —8.1+11
Kv7.2 + Kv7.3 M240R 7 18.1 £4.9* 22.6 +£0.8* 70.2 £10.4* 452 +51 -
Kv7.2 4+ Kv7.3 + Kv7.3 M240R 18 —156 £1.7* 15.5 £ 0.7* 1180+ 182 485452 —8.7 +£1.1

TEA, tetraethylammonium; CHO, Chinese hamster ovary. *p < 0.05 vs. Kv7.2 + Kv7.3.
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Channel/current Experimental PUFA Time Main effect(s) reportedt References
system perspec-
tive
Heterologous expression:
hKy7.1 Xenopus oocytes DHA, EPA Acute Faster activation kinetics Doolan et al., 2002
~5% at + 100 mV by 20 uM EPA
hKy7.1 Xenopus oocytes DHA, EPA Acute Increased current amplitude Lin et al., 2015
Negative shift in V5o
-9 to -14 mV by 70 wM DHA or EPA
hKy7.1 CcOos7 EPA Acute (No effect by 20 uM EPA) Moreno et al., 2015
hKy7.1/KCNE1 Xenopus oocytes DHA, EPA Acute Increased current amplitude Doolan et al., 2002
29% at + 40 mV by 20 wM DHA
Slowed activation kinetics
~78% at + 100 mV by 20 M EPA
hKy7.1/KCNE1 COSs7 DHA, EPA Acute Increased current amplitude Moreno et al., 2015
83% at + 60 mV by 20 wM DHA
37% at + 60 mV by 20 M EPA
Negative shift in V5o
-9 mV by 20 uM EPA
hKy7.1/KCNE1 Cos7 DHA, EPA Prolonged Negative or positive shift in V5o Moreno et al., 2015
-8 mV by 20 uM DHA
+ 10 mV by 20 uM EPA
hKy7.1/KCNE1 Xenopus oocytes DHA Acute (No effect by 70 uM DHA) Lin et al., 2015
hKy7.1/KCNE1 Xenopus oocytes LA, DHA Acute Increased current amplitude and Gmax Bohannon et al., 2020
~70% in Gmax by 20 WM DHA
hKy7.2/7.3 Xenopus oocytes ALA, DHA, EPA Acute Increased current amplitude Liin et al., 2016a
Negative shift in V5o
-7 to-11 mV by 70 wM ALA, DHA, or EPA
hKy7.2/7.3/KCNE1 Xenopus oocytes DHA Acute Increased current amplitude Liin et al., 2016a
Negative shift in V5o
-8 mV by 70 uM DHA
hKy7.2/7.3/KCNE2 Xenopus oocytes DHA Acute Increased current amplitude Liin et al., 2016a
Negative shift in V5o
-5 mV by 70 uM DHA
Native current:
Iks Guinea pig ventricular DHA Acute Increased current amplitude Moreno et al., 2015
cardiomyocytes 38% at + 20 mV by 10 uM DHA
Accelerated deactivation
19% at -40 mV by 10 wM DHA
Im Rodent AA, DHA Acute Biphasic effects (both decreased and Behe et al., 1992
neuroblastoma cells increased current amplitude)
observed for 5-50 WM PUFA
Im Bullfrog sympathetic AA Acute Increased current amplitude Villarroel, 1993, 1994; Yu,

neurons

~30-60% by 5-100 uM AA

1995

T Effects may vary between tested PUFAs (in such cases, most prominent effects have been listed and quantitative examples are provided in italic). AA denotes arachidonic
acid, ALA denotes linolenic acid, LA denotes linoleic acid, DHA denotes docosahexaenoic acid, EPA denotes eicosapentaenoic acid. Acute effects indicate effects
observed within minutes. Prolonged effects indicate effects observed within hours to days. V5o denotes the mid-point of the G(V) curve and is used to report on changes
in the voltage dependence of channel opening. Gmax denotes the top of the G(V) curve and is used to report on changes in the maximum conductance. COS7 is a
fibroblast cell line derived from the African green monkey C. aethiops.
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