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Editorial on the Research Topic
 Targeting ion channels for drug discovery: emerging challenges for high throughput screening technologies




Cellular functions are regulated by complex signaling networks that determine gene expression and cellular behavior. Membrane receptors transmit various types of information from the external environment to be processed at the membrane, cytoplasmic, or nuclear level (Ullo and Case, 2023). Among these receptors are the ligand and voltage-gated ion channels, which are highly regulated proteins that control ion flow and cellular excitability (Catterall and Swanson, 2015). Some ion channels are also membrane “sensors” like receptors, such as ASIC channels (pH) and TRPx receptors (Storozhuk et al., 2021; Zhang et al., 2023), triggering cellular responses in excitable tissues, such as neurons and muscle cells (Hille, 1978). Dysregulation of ion channels can lead to a wide range of disorders, including neuropathies, cardiac arrhythmias, muscle disorders, and metabolic diseases (Harraz and Delpire, 2024). With over 1.5% of the human genome represented by ion channels and a sizable (15 to 18%) proportion of small molecule drugs focusing on either sensor-, voltage-, or ligand-gated ion channels (Santos et al., 2017), this protein class is the second-largest category of pharmacologically targetable proteins after G protein-coupled receptors (Kaczorowski et al., 2008; Alexander et al., 2019), highlighting their clinical potential.

The first ion channel-targeting drugs date back to the last decade of the 19th century with the discovery of cocaine-derived amino ester Na+ channel blockers leading to the discovery of the topical anesthetic lidocaine (c. 1943) and the class Ia antiarrhythmic procainamide (Cox, 2014). These discoveries paved the way for the FDA-approved drugs currently used in the clinic, including L-type voltage-gated Ca2+ channel blockers for treating hypertension (e.g., amlodipine, nifedipine, and verapamil), stroke (e.g., nimodipine), and arrhythmias (e.g., verapamil and diltiazem), and N- and T-type Ca2+ channel blockers for analgesic or anti-convulsant activity, and anti-convulsant Na+ channel inhibitors and KCNQ2/Kv7 K+ channel openers (e.g., retigabine) for treating epilepsy, to name a few.

The field has undergone considerable progress in the past 15 years, fueled by advancements in rodent and human genetic target detection and validation, structure-based drug design, high throughput computational modeling and disease modeling at the cellular level. With the acknowledgment of ion channels as quintessential drug targets, a deeper understanding of their pharmacology and structure has paved the way for substantial breakthroughs. Functional assays and instrumentation have significantly improved, leading to high-throughput screening (HTS) technologies designed explicitly for ion channels. Nonetheless, these targets present a challenging puzzle, and developing a successful in vitro drug profile for ion channel modulators remains a formidable goal. The current Research Topic showcases cutting-edge HTS technologies for various classes of ion channels, offering a glimpse into the forefront of research and innovation in this dynamic and vital field.

The first part of this Research Topic is devoted to the optimization of automated patch clamp (APC) and optogenetic screening platforms to accurately capture the nuances of ion channel activity and modulation. Ridley et al. focus on acid-sensing ion channels (ASIC), ligand-gated receptors playing a crucial role in detecting inflammation, tissue injury, and hypoxia-induced acidosis, and are thus considered promising targets for drug discovery in areas such as pain, oncology, and ischemia. The research outlines the development, optimization, and validation of various fast perfusion protocols for studying ligand-gated ion channels across multiple APC platforms using the hASIC1a channel as a case study. On the other hand, Rapedius et al. challenge the use of fluoride as a seal enhancer in APC experiments, which has been a longstanding practice for achieving optimal voltage control due to the criticality of seal and access resistance. The authors have developed APC recording substrates for high-throughput fluoride-free recordings on a 384-well APC system, achieving success rates exceeding 40% for GΩ seals.

The studies brought by Govorunova et al. and Borja et al. describe the combination of high-throughput, optical systems and reagents capable of collecting information-dense data from patch clamp and optogenetic assays in both heterologous and induced pluripotent stem cell-derived models. Govorunova et al. utilize a high-throughput APC platform to demonstrate the potential for discovery of new cation- and anion-selective channelrhodopsins (ChRs), discussing the advantages and limitations of employing the APC platform for ChR-coupled HTS. Borja et al. introduced Swarm™, a custom-designed all-optical instrument addressing the critical need for a compatible technology to enhance the application of optogenetic assays in drug screening. With variable-intensity blue-light optogenetic stimulation, Swarm™ facilitates membrane depolarization and enables fluorescence detection of changes in membrane potential or calcium levels.

Finally, Rosholm et al. review the state of APC techniques applied to the study of pluripotent stem cells (PSC). In particular, the authors posit that high-throughput electrophysiological profiling of human PSCs as cells differentiate will find application in personalized medicine based on stem-cell therapeutics.

In contrast to the high-throughput approaches described above, Mayar et al. showed the direct effect of cannabinoids on hyperpolarization-activated cyclic-nucleotide-gated (HCN1) channels using the two-electrode voltage clamp technique. The authors propose that cannabinoid-related drugs can directly affect channel function by bypassing GPCR activation, which may impact the use of these drugs as therapeutic entities.

Two additional articles focused on developing more effective drugs. The first review by Clement et al. discussed the neurological roles of ATP-sensitive potassium (KATP) channels and highlighted the potential for blocking the Kir6.1/SUR2B subtype as a promising approach to developing drugs to treat migraines. On the other hand, Melancon et al. delve into the limitlessness of chemical space and the intricacies of ion channels, presenting hurdles in identifying potential drug candidates and providing a comprehensive overview of cutting-edge computational chemistry methodologies for screening extensive compound libraries.

Further, in a cutting-edge study, Tsortouktzidis et al. used CRISPR activation and interference/inhibition systems (CRISPRa/i) to target promoter sequences and modulate gene expression in a highly specific manner. The study focused on the Cacna1h gene, which encodes the low-voltage-activated T-type calcium channel CaV3.2 linked to channelopathies associated with epileptic seizures. The researchers demonstrated the feasibility of a newly developed CRISPRa/i toolbox in manipulating the promoter activity of Cacna1h in various cell types, providing a promising approach to studying the functional effects of gain-of-function or loss-of-function variants in the Cacna1h gene. Following this channelopathy topic, it remains crucial to accurately profile the functional effects of patient-derived and disease-linked ion channel mutations and polymorphisms to determine their pathogenic potential. Accordingly, Ye et al. conducted a comprehensive analysis of 11 de novo KCNQ2 Kv7.2 variants linked to epileptic encephalopathies using manual patch clamp. The team used different combinations of homomeric KCNQ2 and heteromeric KCNQ2/KCNQ3 channels in a semi-high throughput manner.

In conclusion, the work presented in this Research Topic on ion channels as drug targets has highlighted novel approaches for drug screening and strategies to improve ion channel drug targeting. Technological progress in the field will no doubt spawn further work to discover drugs to modulate this yet underexploited class of drug targets, the ion channels.
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Precise genome editing in combination with viral delivery systems provides a valuable tool for neuroscience research. Traditionally, the role of genes in neuronal circuits has been addressed by overexpression or knock-out/knock-down systems. However, those techniques do not manipulate the endogenous loci and therefore have limitations. Those constraints include that many genes exhibit extensive alternative splicing, which can be regulated by neuronal activity. This complexity cannot be easily reproduced by overexpression of one protein variant. The CRISPR activation and interference/inhibition systems (CRISPRa/i) directed to promoter sequences can modulate the expression of selected target genes in a highly specific manner. This strategy could be particularly useful for the overexpression of large proteins and for alternatively spliced genes, e.g., for studying large ion channels known to be affected in ion channelopathies in a variety of neurological diseases. Here, we demonstrate the feasibility of a newly developed CRISPRa/i toolbox to manipulate the promoter activity of the Cacna1h gene. Impaired, function of the low-voltage-activated T-Type calcium channel CaV3.2 is involved in genetic/mutational as well as acquired/transcriptional channelopathies that emerge with epileptic seizures. We show CRISPR-induced activation and inhibition of the Cacna1h locus in NS20Y cells and primary cortical neurons, as well as activation in mouse organotypic slice cultures. In future applications, the system offers the intriguing perspective to study functional effects of gain-of-function or loss-of-function variations in the Cacna1h gene in more detail. A better understanding of CaV3.2 channelopathies might result in a major advancement in the pharmacotherapy of CaV3.2 channelopathy diseases.

Keywords: ion channelopathies, Cacna1h promoter modulation, CRISPR-induced activation, CRISPR-induced inhibition, T-Type calcium channel Cav3.2


INTRODUCTION

The human genome encodes approximately 400 ion channel genes, encompassing both voltage-gated and ligand-gated ion channels (Hutchings et al., 2019). Ion channels are pore forming membrane proteins that allow ionic flows across membranes and are crucial for normal functioning of many tissues, including the central and peripheral nervous system, heart, kidney, and liver (Cannon, 2007). Ion channel dysfunctions, also coined as ion “channelopathies,” have been associated with a large variety of diseases. Besides disorders of the nervous system (e.g., epilepsy, ataxia, Alzheimer’s disease, and Autism spectrum disorders), also cardiac arrhythmia and several muscle, endocrine, and renal disorders are linked to dysfunction of ion channels (Wang et al., 1996; Heeringa et al., 2009; Ryan et al., 2010). Still, many molecular and structural mechanisms of how channelopathies convert cells from a health to disease state are not fully understood, including critical time-windows during development as well as the potential reversibility by reconstituting normal expression/function of affected molecules. Major obstacles to manipulate ion channels are given by their large size, which limits options for widespread and in vivo overexpression and their diversification by alternative splicing.

Genetic editing using a modified CRISPR (clustered regularly interspaced palindromic repeats) system could be a powerful approach for the manipulation of large proteins that cannot be done by conventional techniques. Recently, substantial progress has been made in genomic editing by using specific applications of the CRISPR technique, including the CRISPR activation (CRISPRa) and CRISPR interference/inhibition (CRISPRi) technology. CRISPRa uses a catalytically dead Cas9 (dCas9) enzyme fused with a highly efficient transcriptional activator complex consisting of the tripartite transcriptional activator VP64-p65-Rta (VPR), shown to increase target gene expression even up to 320-fold (Chavez et al., 2015). CRISPRi also uses the dCas9 enzyme and is fused with the transcriptional repressor KRAB (Krüppel-associated box) protein, which results in up to 60–80% reduction in the expression of endogenous eukaryotic genes (Gilbert et al., 2013). Using these enhanced CRISPR technology systems, the expression of genes can be modified in their native context with utmost precision. Therefore, this strategy will be particularly useful for (a) the overexpression of large proteins, which is difficult to accomplish by conventional techniques and (b) for alternatively spliced genes.

In this study, we have developed a CRISPRa/i toolbox for manipulating the expression of a well-described ion channelopathy gene, Cacna1h, encoding the low-voltage-activated T-Type calcium channel CaV3.2. Ion channelopathies for Cacna1h have been described particularly for epilepsy variants (Khosravani et al., 2004, 2005; Powell et al., 2009; Souza et al., 2019), but were also reported for other neurological diseases including autism spectrum disorders (Splawski et al., 2006), amyotrophy lateral sclerosis (ALS; Rzhepetskyy et al., 2016) and pain disorders (Souza et al., 2016). By using the unique CRISPRa/i toolbox, we demonstrate to specifically modulate Cacna1h gene expression in different cell types in order to closely recapitulate CaV3.2 channelopathies.



MATERIALS AND METHODS


Design of sgRNAs

sgRNA design was performed using the computational software Benchling (Cloud-Based Informatics Platform for Life Sciences R&D | Benchling, 2021). The previously validated Cacna1h promoter (Van Loo et al., 2012) was used to set the sgRNAs targeting sequence. The sgRNAs were selected based on their local off-target scores, proximity to the start-ATG, a distance of at least 50 bp between each other and a 100% match in targeting both the mouse and rat genome.



Cloning

All primer sequences used for cloning are shown in Supplementary Table 1. As a basis for our cloning strategies, we exchanged the hybrid cytomegalovirus-actin-globin promoter of pAAV-MCS (Agilent) by the human synapsin (hSyn) promoter (Kügler et al., 2003) using the MluI/Bsu15I restriction sites. In order to generate the pAAV-U6-sgRNA plasmids, we cloned a U6-BbsI/BbsI cassette into the pAAV-hSyn-MCS backbone. For this, the U6-BbsI/BbsI cassette was PCR-amplified from px458 [Addgene #48138, Ran et al. (2013)] and inserted by in-fusion cloning (IFC; Takara Bio Europe/Clontech) into MluI/AsiSI-digested pAAV-hSyn-MCS. Next, the polyA was removed by digestion with AfeI/PmlI and subsequent self-ligation. Finally, the sgRNAs were annealed and cloned into the BbsI sites (Cloud-Based Informatics Platform for Life Sciences R&D | Benchling, 2021). Briefly, the annealing was performed using 10 μM of each oligo, 1X T4 ligation buffer and 5U of T4 PNK in a total volume of 10 μL, following an incubation at 37°C for 30 min and 95°C for 5 min, the reaction was cooled at room temperature. The annealed oligos (1 μL) were cloned using 25 ng of construct, 1X T4 ligation buffer, T4 ligase (200 U) and BbsI (2.5 U) in a total volume of 10 μL, the reaction was performed by 30 cycles at 37°C for 5 min and 23°C for 5 min.

The all-in-one CRISPRa lentiviral system was generated by replacing the promoter of pLenti-Ef1a-dCas9-VPR [Addgene#114195, Savell et al. (2019)] by the hSyn promoter using IFC. For this, pAAV-hSyn-MCS was used as PCR template for the hSyn promoter and cloned into AfeI/KpnI-digested pLenti-Ef1a-dCas9-VPR. In a second step, the Cacna1h and LacZ sgRNA sequences from the pAAV-U6-sgRNA plasmids (see above) were cloned by IFC into the PacI site of pLenti-syn-dCas9-VPR, resulting in pLenti-U6-sgRNA(Cacna1h/LacZ)-Syn-dCas9-VPR.

The all-in-one CRISPRi lentiviral system was produced by replacing the hU6-sgRNA-hUbC cassette of pLenti-hU6-sgRNA-hUbC-dCas9-KRAB-T2a-eGFP [Addgene#71237, Thakore et al. (2015)] for the hSyn promoter by IFC. The backbone was digested with XbaI/PacI and the hSyn promoter PCR amplified from pAAV-hSyn-MCS, resulting in pLenti-hSyn-dCas9-KRAB-T2A-eGFP. Subsequently, the U6-sgRNACacna1h/LacZ cassettes from the pAAV-U6-sgRNA plasmids (see above) were inserted into the PacI site of pLenti-hSyn-dCas9-KRAB-T2A-eGFP by IFC.

pTRE-dCas9-VPR was generated by replacing the promoter of pLenti-Ef1a-dCas9-VPR [Addgene#114195, Savell et al. (2019)] for the tetracycline response element (TRE) of the pK031.TRE-Cre [Addgene#69136 (Mizuno et al., 2014)] by IFC using the AfeI/KpnI restriction sites. pTRE-dCas9-KRAB-T2A-eGFP was produced by replacing the promoter of the previously generated pLenti-hSyn-dCas9-KRAB-T2A-eGFP with the TRE of pK031.TRE-Cre [Addgene#69136 (Mizuno et al., 2014)] by IFC, using the PacI/XbaI restriction sites. pAAV-hSyn-rtTA was generated by IFC using EcoRI/SalI-digested pAAV-hSyn-MCS and the rtTA sequence PCR-amplified from mCreb1 in pInducer20, kindly provided by Dasgupta and co-workers (Chhipa et al., 2018).



Cell Culture, Transfection, and Luciferase Assay

NS20Y cells (Sigma, #08062517) were maintained at 37°C and 5% CO2 in DMEM (Sigma, D6546) supplemented with 10% (v/v) heat inactivated FBS, 2 mM L-Glutamine, 100 units/mL penicillin/streptomycin. Cells were transfected in 24 well plates using Lipofectamine (Invitrogen) following the manufacturer’s instructions. The DNA concentration used per well: Cacna1h-Luciferase or Cacna1h-mRuby 100 ng, CMV-VPR [Addgene# 63798, (Chavez et al., 2015)] or CMV-KRAB [Addgene#110821, (Yeo et al., 2018)] 200 ng, pAAV-sgRNA 200 ng and hypB-CAG-2A-eGFP 100 ng. Following 48 h after transfection, the cells were imaged or collected for luciferase assays. Luciferase assays were performed using the Dual Luciferase Reporter Assay System (Promega) according to the manufacturer’s specifications. Firefly luciferase activity was determined using the Glomax Luminometer (Promega).



Viral Production and Neuronal Transduction

AAV1/2 viruses were produced by large-scale triple CaPO4 transfection of HEK293-AAV cells (Agilent, #240073) as described previously (Van Loo et al., 2012). Lentiviruses were produced in HEK293T cells using a second-generation lentiviral packaging system. The procedure was performed as described before (Van Loo et al., 2019). Dissociated primary neurons were prepared from mouse cortex (C57Bl6/N) at embryonic day 15–19 as described before (Woitecki et al., 2016). All animals were handled according to government regulations as approved by local authorities (LANUV Recklinghausen). All procedures were planned and performed in accordance with the guidelines of the University Hospital Bonn Animal-Care-Committee as well as the guidelines approved by the European Directive (2010/63/EU) on the protection of animals used for experimental purposes. Cells were kept in BME medium (Gibco) supplemented with 1% FBS, 0.5 mM L-glutamine, 0.5% glucose and 1X B27 at 37°C and 5% CO2. Neuronal transduction was performed at days in vitro (DIV) 4 in 24 well plates containing 70,000 cells/well with a multiplicity of infection (MOI) of approximately 14. Cells were collected on DIV15 in lysis/binding buffer (Invitrogen, A33562) and stored at −80°C until mRNA extraction or at DIV20 for Western blot.



RNA Isolation and Real Time RT-PCR

RNA isolation and cDNA production was performed using Dynabeads mRNA Direct Micro Kit (Invitrogen, 61021) and RevertAid H Minus First strand cDNA Synthesis Kit (Thermo Fisher Scientific, K1632) following the manufacturer’s instructions. Quantitative PCR was performed in a Thermal Cycler (BioRad C1000 Touch, CFX384 Real-Time system). The reaction was performed using 1X Maxima SYBR Green/Rox qPCR Master Mix (Thermo Fisher Scientific, K0223), 0.3 μM of each primer (for primer sequences see Supplementary Table 2) and 1/10 synthesized cDNA (for NS20Y and 1/2 for Neurons) for a total volume of 6.25 μL. The qPCR conditions were as follow: 2 min at 50°C, 10 min at 95°C, 40 cycles of 15 s at 95°C and 1 min at 59°C. mRNA quantification was performed by real-time RT-PCR using the ΔΔCt-method. Quantification was based on synaptophysin (Chen et al., 2001).



Protein Extraction and Western Blotting

Transduced cortical neurons (4,20,000 cells) were lysed in RIPA buffer (150 mM sodium chloride, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris–HCl, pH8, protease inhibitor 1X, and phosphatase inhibitor 1X), loaded on 8% SDS polyacrylamide gels and transferred onto nitrocellulose membranes. Blots were blocked in 5% milk for 1 h and incubated overnight with a primary antibody against CaV3.2 (1:200, Sigma C1868). Following washing steps in PBS-T (0.1% Tween) the membrane was incubated with IRDye800 Goat anti-Rabbit (1:10,000, LI-COR Biosciences) for 45 min, washed and imaged. The membrane was subsequently incubated with anti-Tubulin antibody (1:5,000, ab6160) for 2 h at RT, washed and incubated with IRDye680 Goat anti-Rat (1:10,000, LI-COR Biosciences). Bands were detected with infrared Odyssey system (LI-COR Biosciences) and quantified using the software Image Studio Lite.



Mouse Organotypic Slices

Organotypic hippocampal slices were prepared from mice (C57Bl6/N) at postnatal day 3–6 as described before (Biermann et al., 2014). In brief, the hippocampus was isolated and cut in 350 μM thickness using a McIllwain tissue chopper. The slices were cultured in 6 well plates containing cell culture inserts 0.4 μM, 30 mm (Millipore) and medium (50% Neurobasal medium, 25% Hank’s balanced salt solution (without MgCl2, without CaCl2), 25% horse serum, 0.65% D(+)-glucose, 0.01 M Hepes, 2 mM L-glutamine and 0.5X B27). Cultured slices were kept at 37°C, 5% CO2.



Cell Imaging

Images were obtained using an inverted phase contrast fluorescent microscope (Zeiss Axio Observer A1 with objectives 20X, LD A-Plan and 5X, Fluar) and processed using Fiji. The cell surface area, set by the GFP fluorescence, was determined using the Weka trainable segmentation plugging. The integrated density, determined by the mRuby fluorescence was normalized to the cell surface area to obtain the reported values of integrated density/cell surface (IntDE/cell surfase).



Statistical Analyses

Statistical analyses were performed using GaphPad software. One sample t-test, Student t-test, and two way ANOVA followed by multiple comparison tests were used to compare significance of the results. Values were considered significant a p < 0.05. For all graphs data are displayed as mean ± SEM.




RESULTS

To modulate the promoter activity of the Cacna1h gene, we first designed sgRNAs sequences targeting the mouse and rat Cacna1h gene. Using the Benchling computational tool, we selected two sgRNAs binding 66 (sgRNA1) and 131 (sgRNA2) base pairs (bp) upstream of the start-ATG of the Cacna1h gene (Figure 1A). Next, we tested the efficiency of the two sgRNAs to target the Cacna1h promoter and regulate its activity in neuroblastoma NS20Y cells. For this, we transfected the two sgRNAs together with (i) a minimal reporter unit expressing mRuby under control of the rat Cacna1h promoter, (ii) a ubiquitous promoter expressing eGFP, and (iii) either a CRISPRa construct [dCas9-VPR, Chavez et al. (2015)] or a CRISPRi construct [dCas9-KRAB, (Yeo et al., 2018)] in NS20Y cells and analyzed the fluorescence intensity 2 days after transfection (Figures 1B,C). A strong activation of the Cacna1h promoter was observed after co-transfection with the CRISPRa construct and an inhibition after co-transfection with the CRISPRi construct (Figure 1C). No modulation was observed for the ubiquitous CAG-eGFP construct, indicating that the sgRNAs only affected the activity of the Cacna1h promoter (Figure 1C).
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FIGURE 1. Validation of the CRISPRa/i system for modulating Cacna1h expression. (A) Schematic representation of the Cacna1h mouse gene. Exons and introns are shown as boxes and dash lines, respectively. The position of sgRNA1 and sgRNA2 are indicated respective to the start-ATG (bp: base pairs). (B) Schematic illustration of the CRISPRa (CMV-dCas9-VPR), CRISPRi (CMV-dCas9-KRAB), and the sgRNA (pAAV-U6-sgRNA) constructs. (C) NS20Y co-transfected with CRISPRa or CRISPRi, the two sgRNAs targeting Cacna1h (or LacZ as control), the reporter pAAV-Cacna1h-mRuby, and a CAG-eGFP construct as internal control for transfection. Scale bar = 100 μm. (D) Quantification of integrated density (IntDE) of mRuby per cell surface area (defined by CAG-eGFP positive cells). Values of IntDE/cell area were normalized to the controls of each treatment: CRSIPRa-LacZ for CRISPRa and CRISPRi-LacZ for CRISPRi (One sample t-test, N = 4), *p ≤ 0.05, **p ≤ 0.01. (E) Luciferase activity of cells co-transfected with pAAV-Cacna1h-luciferase, CRISPRa or CRISPRi and sgRNAs targeting Cacna1h (or LacZ as control). Data normalized to each control: CRISPRa-LacZ for CRISPRa treatment and CRISPRi-LacZ for CRISPRi treatment (One sample t-test, N = 3), *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (F) Cacna1h mRNA expression in NS20Y cells co-transfected with CRISPRa or CRISPRi. Left panel: Cells transfected with CRISPRa and CRISPRi without sgRNAs (N = 3, t-test). Right panel: Cacna1h mRNA expression levels in NS20Y cells transfected with CRISPRa or CRISPRi and sgRNAs targeting Cacna1h (sgRNA1 + 2). Values were normalized to the mean of CRISPRa and CRISPRi controls (lacking sgRNA) (One sample t-test, N = 3), *p ≤ 0.05, **p ≤ 0.01.


Next, we compared the modulatory effects of the two sgRNAs in both the CRISPRa and CRISPRi systems. A significant increase in Cacna1h-mRuby fluorescence activity was observed for the two single sgRNAs in the CRISPRa system (mean ± SEM = sgRNA1: 3.41 ± 0.26-fold increase, p = 0.0026; sgRNA2: 2.93 ± 0.16-fold increase, p = 0.0012), and reached similar levels as observed for the combination of the two sgRNAs (Figure 1D, left panel; mean ± SEM = sgRNA1 + 2: 3.60 ± 0.51-fold increase, p = 0.015). Also for the CRISPRi system, comparable modulatory effects were observed for sgRNA1 (mean ± SEM = 0.52 ± 0.078-fold decrease, p = 0.0088), sgRNA2 (0.51 ± 0.046-fold decrease, p = 0.0017) and the combination of the two sgRNAs (0.52 ± 0.10-fold decrease, p = 0.017; Figure 1D, middle panel). A control sgRNA targeting LacZ did not have an effect on Cacna1h fluorescence intensity in the CRISPRa or CRISPRi system (Figure 1D, right panel), indicating that the modulatory effects observed for the two Cacna1h-sgRNAs were highly specific.

To confirm and precisely quantify the Cacna1h-specific CRISPRa and CRISPRi regulation, we next exchanged the mRuby reporter for a luciferase reporter gene (Figure 1E, left panel). As expected, transfection of the CRISPRa and CRISPRi components into NS20Y cells, resulted in an increase of luciferase activity for the CRISPRa system (Figure 1E, middle panel; sgRNA1: 5.44 ± 0.84-fold increase, p = 0.034; sgRNA2: 4.79 ± 0.80-fold increase, p = 0.042; sgRNA1 + 2: 6.75 ± 0.45-fold increase, p = 0.006) and a decrease for the CRISPRi system (Figure 1E, right panel; sgRNA1: 0.26 ± 0.087-fold decrease, p = 0.013; sgRNA2: 0.24 ± 0.039-fold decrease, p = 0.0026; sgRNA1 + 2: 0.12 ± 0.014-fold decrease, p = 0.0003). Also here, no significant differences were observed between the two sgRNAs or the combination of the two sgRNAs.

We next examined the endogenous Cacna1h mRNA expression levels after manipulation with the CRISPRa and CRISPRi systems using quantitative real-time RT-PCR. Since both sgRNAs showed similar effects on the Cacna1h reporter constructs (Figures 1D,E) we decided to use the combination of the two sgRNAs for this experiment. Activation of the system in NS20Y cells, resulted in augmentation of endogenous Cacna1h mRNA expression levels, whereas inhibition significantly decreased the Cacna1h mRNA expression levels (Figure 1F, right panel; CRISPRa: 2.69 ± 0.33-fold increase, p = 0.036; CRISPRi: 0.69 ± 0.018-fold decrease, p = 0.0034). No changes in Cacna1h expression were observed for the CRISPRa and CRISPRi controls (no sgRNA; Figure 1F, left panel). Altogether, these results confirmed that the present Cacna1h-CRISPR modulatory toolbox successfully can activate or inhibit endogenous Cacna1h expression in NS20Y cells.

We then probed whether the modulatory effects observed in NS20Y cells could also be observed in primary cultured neurons. For this, we transduced primary mouse cortical neurons at DIV4 with all-in-one CRISPRa/i lentiviruses (Figure 2A) and measured endogenous Cacna1h mRNA expression levels at DIV15 and protein levels at DIV20. Since the two sgRNAs displayed similar effects in NS20Y cells (Figures 1D,E), we decided to proceed with only one sgRNA (sgRNA2) to minimize unspecific effects in the neuronal cultures. Intriguingly, a strong activation was observed after transduction with CRISPRa lentiviruses both at the mRNA (Figure 2B, left panel, 4.37 ± 0.37-fold increase, p = 0.0016) and at the protein level (Figure 2C, 2.18 ± 0.42-fold increase, p = 0.0046). In addition, also inhibition of the system using CRISPRi in neuronal cultures resulted in a reduced Cacna1h expression at the mRNA (Figure 2B, right panel, 0.12 ± 0.049-fold change, p = 0.032) as well as at the protein level (Figure 2D, 0.39 ± 0.14-fold change, p = 0.042), indicating that sgRNA2 can efficiently modulate Cacna1h promoter activity in primary neurons. Although we observed additional non-specific bands in our Western blot experiments (Supplementary Figure 1), only the band of approximately 260 kDa corresponding to CaV3.2 increases or decreases in intensity after treatment with Cacna1h-CRISPRa and Cacna1h-CRISPRi, respectively.
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FIGURE 2. CRISPRa/i modulates the endogenous expression of Cacna1h in primary neurons. (A) Schematic representation of the all-in-one lentiviral constructs for CRISPRa (Lenti-U6-sgRNA-syn-dCas9-VPR) and CRISPRi (Lenti-U6-sgRNA-syn-dCas9-KRAB-EGFP). (B) mRNA expression of Cacna1h in cultured neurons after transduction with the all-in-one lentivirus targeting either Cacna1h or the control (LacZ). Expression levels of Cacna1h relative to Synaptophysin in every treatment were normalized to the controls (CRISPRa-LacZ and CRISPRi-LacZ), N = 3, unpaired t-test, *p ≤ 0.05, **p ≤ 0.01. (C) Representative western blot and quantification of Cav3.2 protein levels in cortical neurons transduced with the all in one lentivirus for CRISPRa-Cacna1h (or LacZ, as control) (N = 6, paired t-test), **p ≤ 0.01. (D) Representative western blot and quantification of Cav3.2 protein levels in cortical neurons transduced with the all in one lentivirus for CRISPRi-Cacna1h (or LacZ, as control) (N = 5, paired t-test), *p ≤ 0.05. (C,D) Tubulin was used as loading control. Values of Cav3.2/Tubulin were normalized to the controls of each treatment: CRSIPRa-LacZ for CRISPRa and CRISPRi-LacZ for CRISPRi. (E) mRNA expression of different calcium channels in neurons transduced with the all-in-one lentiviral constructs targeting Cacna1h. Expression relative to synaptophysin (N = 3, Two way ANOVA, Tukey’s multiple comparison test, ****p ≤ 0.0001). (F) Mouse organotypic hippocampal slices transduced with the CRISPRa lentivirus, the AAV-U6-sgRNA and the reporter AAV-Cacna1h-mRuby (Scale bar of 500 μM for upper and 100 μM for lower panel).


To prove unequivocally that the Cacna1h-CRISPRa/i toolbox is specific for Cacna1h modulation, we next examined the mRNA expression levels of other calcium channel family members (Cacna1g, Cacna1i, and Cacna1e) after Cacna1h-CRISPRa/i targeting using quantitative real-time RT-PCR. No alterations were observed for any of the other calcium channels tested (Figure 2E), indicating that our newly developed Cacna1h-CRISPRa/i toolbox is highly specific for Cacna1h modulation.

In order to test if our system has the potential to be delivered in neuronal network structures in vivo we infected mouse organoptypic hippocampal slices with recombinant adeno-associated (rAAV) and lentiviruses encoding our Cacna1h-CRISPRa toolbox and a fluorescent reporter. After co-transduction with AAV-sgRNA, lenti-EF1a-dCas9-VPR (Savell et al., 2019) and the reporter AAV-Cacna1h-mRuby we observed a stronger signal of the red fluorescent protein when using the sgRNA targeting Cacna1h than in the control indicating an activation of the Cacna1h promoter in vivo (Figure 2F).

The Cacna1h-CRISPR toolbox we describe here was made for constitutive activation or inhibition of the Cacna1h transcripts. We next adapted the system for induced gene expression control by incorporating doxycycline-controlled Tet-On gene expression systems (Colasante et al., 2019; Zhang et al., 2019). In this way, Cacna1h expression can be activated or inhibited at a precise temporal resolution. We tested the system in primary cortical neurons with a combination of viruses that allow doxycycline-inducible CRISPR-Cacna1h activation (denoted as TET-ON-CRISPRa-Cacna1h; Figure 3A) or doxycycline-inducible CRISPR-Cacna1h inhibition (denoted as TET-ON-CRISPRi-Cacna1h; Figure 3B). Doxycycline was administered 4 days after viral transduction and mRNA was analyzed at DIV15. Interestingly, we observed an increase in Cacna1h expression after transduction with the TET-ON-CRISPRa-Cacna1h system following doxycycline treatment (Figure 3C; 1.85 ± 0.12-fold change, p = 0.0015), and a decrease in Cacna1h expression after TET-ON-CRISPRi-Cacna1h transduction and doxycycline treatment (Figure 3D; 0.28 ± 0.11-fold change, p = 0.027). No effect on Cacna1h expression was observed when using a control sgRNA targeting LacZ (Supplementary Figure 2). We thus present a proof of principle that Cacna1h expression can be activated or inhibited at a precise temporal resolution.
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FIGURE 3. Future perspectives to study Cacna1h-channelopathies. (A) Schematic representation of a TET-ON system for the conditional expression of CRISPRa (TRE-dCas9-VPR). Only in the presence of doxycycline (Dox) the reverse tetracycline-controlled transactivator (rtTA) binds to the tetracycline response element (TRE) inducing the expression of Cacna1h-CRISPRa resulting in augmented endogenous Cacna1h expression. (B) Schematic representation of a TET-ON system for the conditional expression of CRISPRi (TRE-dCas9-KRAB). Only in the presence of Dox, endogenous Cacna1h expression is inhibited. (C) Cacna1h mRNA expression levels of cultured neurons after transduction with the TET-ON-CRISPRa-Cacna1h system (pTRE-dCas9-VPR, pAAV-hSyn-rtTA and pAAV-sgRNA-Cacna1h) in the presence or absence of doxycycline (1 μg/mL) (N = 4, t-test), **p ≤ 0.01. (D) Cacna1h mRNA expression of cultured neurons after transduction with the TET-ON-CRISPRi-Cacna1h system (pTRE-KRAB-T2A-eGFP, pAAV-hSyn-rtTA, and pAAV-sgRNA-Cacna1h) in the presence or absence of doxycycline (1 μg/mL) (N = 5, t-test), *p ≤ 0.05.




DISCUSSION

Detailed analyses of the dynamic contribution of individual ion channels in the context of neuronal network function remains challenging, particularly in the context of mutational and transcriptional “channelopathies,” in which for example the fine-tuned regulation of mRNA expression levels of affected genes, including Cacna1h plays a major role. Traditionally, the functional characterization of individual ion channels in terms of gain- and loss-of-function approaches has been addressed by the exogenous overexpression of genetically encoded proteins and by knock-down systems via RNA interference (RNAi)/genetic gene ablation (knock-out), respectively. Although very valuable, the applicability of these techniques has limitations (Kampmann, 2018).

Here, we present a modular method using a CRISPRa/i system that allows to manipulate the endogenous expression of Cacna1h in vitro and in vivo. This CRISPRa/i system applies specific sgRNAs directed to the Cacna1h promoter and a dCas9 fused to the transcriptional activator VPR or the transcriptional inhibitor KRAB (Gilbert et al., 2013; Chavez et al., 2015) to induce changes in the endogenous expression of the Cacna1h gene. We provide evidence that both the CRISPRa and CRISPRi systems can specifically manipulate the endogenous expression of Cacna1h in dividing cells as well as in primary neuronal cultures. In addition, we demonstrate the possibility to activate the Cacna1h promoter in mouse organotypic hippocampal slices. Interestingly, the fold-change induction by CRISPRa occurred within a range also observed for CaV3.2 channelopathies (Becker et al., 2008), making our Cacna1h-CRISPR system highly suitable for analyzing this particular and also other channelopathies at the functional level.

Increasing the gene expression levels of Cacna1h in a high percentage of cultured cells, which is required for many downstream analyses, or in vivo requires the application of viral transduction systems. Here, our Cacna1h-CRISPRa toolbox has a clear advantage over conventional virally mediated overexpression approaches, where the limiting packaging capacity of the commonly used and easily applicable recombinant adeno-associated- and lenti-viruses, excludes the possibility to overexpress large proteins like Cacna1h. On the other hand, recombinant viruses with a higher packaging capacity, like Adeno- and Herpes Simplex virus, cannot be easily generated in the lab and are expensive to purchase. Since augmentation of proteins using the CRISPRa system is independent of their transcript size, even the large Cacna1h gene (mRNA transcript length up to 8.2 Kb) can be easily augmented using rAAV and lentiviruses, which can be produced in most molecular biology labs. Another advantage of the Cacna1h-CRISPRa system over conventional gain-of-function approaches is the endogenous modulation of the Cacna1h genomic locus, providing the opportunity to study the effects of abundant alternative splicing variants of Cacna1h. For Cacna1h, at least 12–14 alternative splicing sites have been described, resulting in the possibility to generate more than 4,000 alternative Cacna1h transcripts (Zhong et al., 2006). Such a complexity cannot be achieved by conventional overexpression of only one variant of Cacna1h. Also in terms of loss-of-function approaches, our Cacna1h-CRISPRi has clear advantages over conventional shRNA/siRNA approaches. A siRNA approach for Cacna1h in mouse embryonic stem cells reduced Cacna1h expression levels to approximately 40% but also caused a non-specific decrease in Cacna1g mRNA expression levels (Rodríguez-Gómez et al., 2012). By interfering directly with gene promoters, CRISPRa/i modifies corresponding transcript abundance in a way that strongly recapitulates physiological promoter regulation – compared to the above mentioned molecular manipulations, which typically target one specific mRNA variant only. In contrast, CRISPRa/i leads to abundance changes of the respective RNA, which will then be subjected to alternative splicing. Thereby, the abundance of the full complement of alternatively spliced variants will be increased.

The fact that we did not observe any alterations in the mRNA expression levels of the calcium channel family members Cacna1g, Cacn1i, and Cacna1e clearly indicates that our newly developed Cacna1h-CRISPRa/i toolbox is highly specific for Cacna1h modulation. Importantly, since the catalytic inactive Cas9 (dCas9) used in our system does not cleave the DNA, the possible off-target effects are more likely to be less deleterious than using the conventional Cas9 to induce a genetic knock-out (Colasante et al., 2020). Compared to genetic knock-out approaches, the Cacna1h-CRISPRa/i toolbox, which is based on viral-transduction, allows to decrease Cacna1h expression in selected neuron types, by putting dCas expression under the control of cell type specific promoters, in localized brain regions and under temporal control, without time consuming breeding of animals.

Our Tet-On Cacna1h-CRISPR toolbox system might open new roads for investigating the role of Cacna1h in several channelopathies in more detail. Our present study has some limitations. Firstly, we did not test the present CRISPRa/i systems parallel to cell culture in an in vivo approach. However, AAV-constructs acting properly in cultured neurons have been successfully translated into in vivo applications (Van Loo et al., 2012, 2015). Secondly, we could not scrutinize the effects of CRISPRa/i on a functional level such as by T-type Ca2+-current density or neuronal discharge analyses. Although neuronal cultures constitute a well-known system for studying electrophysiological properties, measuring calcium currents is challenging, especially after modulation of the system. However, all of our previous studies indicate that cellular changes of CaV3.2 mRNA expression are reflected on the protein level and by changes of current densities and neuronal discharge behavior (Su et al., 2002; Becker et al., 2008; Van Loo et al., 2015).

Also in the context of mutational/genetic ion channelopathies, the potential of inducible Cacna1h-CRISPR approaches are immense. For example, in the Genetic Absence Epilepsy Rat from Strasburg (GAERS) a mutation in Cacna1h has been described, which augments the expression of Cav3.2 at the cell surface and increases calcium influx (Proft et al., 2017). Here, the Cacna1h-CRISPRa could be used as a gain-of-function approach to mimic the enhanced expression seen in GEARS. In addition, a transient inhibition of Cacna1h via the Tet-on inducible cacna1h-CRISPRi system in the GAERS rats at different stages during development could also reveal potentially interesting time windows for Cacna1h-associated channelopathies.

Taken together, our here described Cacna1h-CRISPRa/i modular approach could thus be used to model transient gain-of-function or loss-of-function effects in the Cacna1h gene and to study CaV3.2 channelopathies in more detail in vivo.
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Cannabinoids are a broad class of molecules that act primarily on neurons, affecting pain sensation, appetite, mood, learning, and memory. In addition to interacting with specific cannabinoid receptors (CBRs), cannabinoids can directly modulate the function of various ion channels. Here, we examine whether cannabidiol (CBD) and Δ9-tetrahydrocannabinol (THC), the most prevalent phytocannabinoids in Cannabis sativa, can regulate the function of hyperpolarization-activated cyclic-nucleotide-gated (HCN1) channels independently of CBRs. HCN1 channels were expressed in Xenopus oocytes since they do not express CBRs, and the effects of cannabinoid treatment on HCN1 currents were examined by a two-electrode voltage clamp. We observe opposing effects of CBD and THC on HCN1 current, with CBD acting to stimulate HCN1 function, while THC inhibited current. These effects persist in HCN1 channels lacking the cyclic-nucleotide binding domain (HCN1ΔCNBD). However, changes to membrane fluidity, examined by treating cells with TX-100, inhibited HCN1 current had more pronounced effects on the voltage-dependence and kinetics of activation than THC, suggesting this is not the primary mechanism of HCN1 regulation by cannabinoids. Our findings may contribute to the overall understanding of how cannabinoids may act as promising therapeutic molecules for the treatment of several neurological disorders in which HCN function is disturbed.

Keywords: HCN channel, cannabinoids, cannabidiol, Δ9-THC, ion channel


INTRODUCTION

Hyperpolarization-activated cyclic-nucleotide-gated (HCN) channels are widely expressed in the central and peripheral nervous systems. All four isoforms (HCN1-4) are expressed in the brain (Pape, 1996; Santoro et al., 1997, 1998; Ludwig et al., 1998; Moosmang et al., 2001) where they play a role in setting the resting membrane potential, dendritic integration, neuronal pacemaking, and establishing the action potential threshold (Pape, 1996). HCN channels are important for learning and memory, pain sensation, sour taste sensation, and vision. HCN1−/− mice show impaired motor learning but enhanced spatial learning and memory (Nolan et al., 2003, 2004) and enhanced susceptibility to kainic acid-induced seizures (Huang et al., 2009). HCN2−/− mice presented symptoms of absence epilepsy and tremoring (Ludwig et al., 2003). Gain and loss of function mutations in HCN1 and HCN2 have also been identified in patients with various forms of epilepsy (Tang et al., 2008; Dibbens et al., 2010; DiFrancesco et al., 2011; Nakamura et al., 2013; Nava et al., 2014). Altered HCN-cAMP signaling in prefrontal cortex networks also appears to contribute to the working memory deficits in schizophrenia and stress (Arnsten, 2011; Paspalas et al., 2013; Gamo et al., 2015). HCN channels are also highly expressed in primary afferent (sensory) neurons such as the dorsal root ganglion (Scroggs et al., 1994; Villiere and McLachlan, 1996; Yagi and Sumino, 1998; Cardenas et al., 1999; Abdulla and Smith, 2001; Chaplan et al., 2003; Yao et al., 2003; Tu et al., 2004; Masuda et al., 2006; Onoda et al., 2006) with HCN1 and HCN2 predominant in large and small-sized neurons, respectively (Moosmang et al., 2001; Chaplan et al., 2003; Tu et al., 2004). HCN2−/− mice do not demonstrate neuropathic pain in response to mechanical or thermal stimuli (Emery et al., 2011) suggesting that Ih drives action potential firing to initiate neuropathic pain in nociceptors. Mutations in the scaffolding protein SHANK3 may predispose people to autism by inducing an Ih channelopathy with increased neuronal input resistance, enhanced neuronal excitability, and reduced synaptic transmission (Yi et al., 2016).

Cannabinoids are a broad class of molecules that act primarily on neurons, affecting pain sensation, appetite, mood, learning, and memory. There are 3 classes of cannabinoids: (1) endocannabinoids produced naturally by the body, (2) phytocannabinoids from some plants, and (3) synthetic cannabinoids. Cannabinoids may provide effective treatments for addiction, pain, epilepsy, major mood disorders, anxiety, post-traumatic stress disorder, spasticity in multiple sclerosis, Parkinson's disease, and Huntington's disease (Cunha et al., 1980; Hill et al., 2012; The Health Effects of Cannabis Cannabinoids, 2017; Russo, 2018). However, to use them therapeutically, without negative side effects, we must understand exactly how they interact with their targets to affect nerve function.

Cannabinoids bind to cannabinoid receptors (CB1R or CB2R). However, activating CBRs cannot directly alter electrical excitability in neurons, since CBRs do not generate electrical signals on their own. Instead, membrane potential and electrical signaling in all excitable cells, including neurons, are generated by ion channels embedded in the cell membrane. Recently, it has been shown that the synthetic cannabinoid WIN55,212-2 affects memory by activating CB1 receptors, leading to intracellular signaling changes that affect the Ih current generated by hyperpolarization-activated HCN channels (Maroso et al., 2016) (Figure 1). The CB1R–Ih pathway does not involve adenylyl cyclase/cAMP formation, since CB1Rs decrease cAMP levels through Gαi. Instead, CB1R activation involves JNK-mediated increases in activated nitric oxide synthase (NOS), resulting in increased guanylyl cyclase activity and, in turn, cGMP.
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FIGURE 1. Cannabinoid regulation of Ih in neurons. The synthetic cannabinoid WIN55,212-2 affects memory via increasing Ih by activating CB1 receptors, leading to JNK-mediated increases in activated nitric oxide synthase (NOS), resulting in increased guanylyl cyclase activity and, in turn, cGMP (Hill et al., 2012). However, cannabinoids have also been shown to modify the function of several ion channels independently of cannabinoid receptors (CBRs) activation. Here, we ask if hyperpolarization-activated cyclic-nucleotide-gated (HCN1) channels can be directly modulated by cannabidiol (CBD) and Δ9-tetrahydrocannabinol (THC) (Maroso et al., 2016).


In addition to activating CBRs, cannabinoids can also directly bind ion channels, or affect their function by altering the physiochemical properties of the cell membrane. WIN 55,212–2, Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD) alter the voltage-dependence of activation and inactivation in several Nav channels (Okada et al., 2005; Ghovanloo et al., 2018). THC and CBD also inhibit T-type calcium channels (Ross et al., 2008). Some TRP channel subfamilies, including TRPV1, are activated and desensitized by CBD, while TRPM8 is inhibited (De Petrocellis et al., 2011, 2012; Iannotti et al., 2014). On the other hand, anandamide, THC, and CBD potentiate homomeric and heteromeric glycine receptors (Hejazi et al., 2006; Ahrens et al., 2009). Given the important role of HCNs in synaptic integration, mood, pain sensation, and memory, and the knowledge that cannabinoids may have therapeutic potential for these same disorders and can directly regulate the function of several ion channels, we aimed to determine if cannabinoids have direct effects on HCN channels that are independent CBR activation.



MATERIALS AND METHODS


Drugs and Reagents

Drugs, cannabidiol (CBD), and Δ9-THC (Sigma-Aldrich, USA) were prediluted in 99.8% methanol at a concentration of 1.0 mg/ml. Detergent, Triton™ X-100 (Sigma-Aldrich, USA) was diluted to a working concentration of 10 mM with distilled water from a stock solution.



Molecular Biology and Cell Expression

cDNA coding for the mouse HCN1 gene was previously subcloned into expression vector pGH19 (provided by Dr. William N. Zagotta, University of Washington, Seattle, Washington). The mouse HCN1-CX5 construct (denoted as HCN1-ΔCNBD in this article) was previously subcloned into expression vector pGH19 (provided by Bina Santoro, Columbia University, New York). To obtain RNA, NheI (New England Biolabs) was used to linearize both cDNA constructs of mHCN1 and ~1.0 μg of linearized cDNA was used for in vitro transcription synthesis using the mMESSAGE mMACHINE™ T7 Transcription kit (Thermo Fisher Scientific, Life Technologies, USA).

All the experiments were performed using unfertilized Xenopus oocytes, extracted from anesthetized female Xenopus laevis. Once extracted, oocytes were injected with 4.6 ng of mHCN1 using a Drummond Nanoject II injector (Drummond Scientific Company). Prior to injection, oocytes were subject to a controlled temperature of 17–19°C and placed in vials containing Barth antibiotic solution (mM): 90 NaCl, 3 KCl, 0.82 MgSO4.7H2O, 0.41 CaCl2.2H2O, 0.33 Ca(NO3)2.4H2O, and 5 HEPES supplemented with 100 U/ml of penicillin-streptomycin and 10 mg/ml of kanamycin stock (10 mg/ml). Post injection cells were incubated in Barth antibiotic serum solution supplemented with ~5% horse serum. Cells were expressed and ready to be used in electrophysiological recordings 1–3 days post injection.



Electrophysiological Recordings

Electrophysiological studies were conducted using the two-electrode voltage clamp (TEVC) technique. Borosilicate rapid fill microelectrode pipettes (1.0 mm OD ×0.5 mm ID/Fiber from FHC Inc., USA) were filled with filtered 1 M KCL solution. Oocytes expressing wild-type HCN1 and HCN1-ΔCNBD were recorded in a bath solution containing (in mM) 89 KCl, 15 HEPES, 0.4 CaCl2, and 0.8 MgCl2, pH = 7.4. Macroscopic currents were recorded using Oocyte Voltage Clamp (OC-725C) amplifier (Warner Instruments, USA) and digitized using the Digidata 1322A data acquisition apparatus (Molecular Devices). All the data were acquired using the software Clampex 10.5 at a sampling rate of 5 KHz with a filter of 1 KHz. Repetitive pulse protocols involved 2 s pulses to −130 mV hyperpolarized voltage every 30 s from a holding potential (VH) of 0 mV. HCN1 activation was assessed by 3.5 s test-steps between −160 and −30 mV (ΔV = +10 mV) from a VH = 0 mV, followed by a 3 s step to −160 mV. Deactivation was assessed by applying a 1.75 s prepulse to −130 mV, followed by test pulses from +50 to −70 mV (ΔV = −10 mV). Hysteresis was also monitored by applying voltage ramps from 0 to −150 mV and back to 0 mV at varying speeds. In all recordings, cells were held at the holding potential for an inter-pulse time of 27 s to allow the channels to fully recover between sweeps. Cannabinoids were added to the bath solution in 10 μM increments only after recordings of the previous condition had stabilized (i.e., current density remained unchanged between recordings at that concentration; typically, 15–30 min after their addition). Equimolar quantities of methanol used to solvate the cannabinoids to their listed concentrations were used as controls. Therefore, where presented, MeOH (X μM) represents the quantity of methanol used to dilute CBD or THC to X μM, and not X μM of methanol. All recordings were conducted at room temperature.



Data Analysis and Statistics

All recordings were analyzed offline using the Clampfit (Molecular Devices) software. Data were analyzed and plotted using Origin 8.0 software (Northampton, MA, USA) or GraphPad Prism (Version 8.1.1, San Diego, CA). Current-voltage (I–V) relationships were analyzed using built-in software in pClamp, taking each respective voltage to an inquired current. The I–V relationship was fit with the Boltzman I–V equation:

[image: image]

Activation and deactivation kinetics were determined with mono-exponential fits of test pulses after the initial lag period. Steady-state activation curves were fit with a standard Boltzmann equation:

[image: image]

where Vm corresponds to the test pulse, V1/2 is the midpoint of activation, and k is the slope factor. EC50/IC50 values were determined by fitting concentration dependence curves with the Hill equation:

[image: image]

where I0 is the baseline current for HCN1 prior to treatment.

Data are presented as means (±) standard error. Statistical significance for I–V curves was measured using two-way ANOVA with Tukey HSD post-hoc analysis. V1/2's of steady-state dependencies were determined for each recording and pooled for a given treatment then analyzed by one-way ANOVA with Tukey post-hoc analysis. Mean activation and deactivation kinetics (from −20 to −70 mV) were analyzed using the Zar method for significance (Zar, 1984).




RESULTS

Unfertilized Xenopus oocytes lack CBRs (Xenbase.org) (Karimi et al., 2018) and thus, provide an ideal system to examine the direct effects of cannabinoids on HCN channels by two-electrode voltage-clamp (TEVC). Using a repetitive pulse protocol to hyperpolarized potentials (−130 mV from a holding potential VH = 0 mV), we assessed the effects of adding CBD or THC to the bath solution at increasing concentrations (Figure 1). To ensure the effects of CBD and THC could be differentiated from the vehicle (methanol), we first examined the effects of equimolar quantities of methanol used to solvate the cannabinoids to their listed concentrations. We saw a negligible change (<5%) in overall current over the course of nearly 2 h at varying concentrations (Figures 2F,G). We observed a concentration-dependent increase in HCN1 current with the addition of CBD, which can then be inhibited by a saturating concentration of ZD7288 (Figures 2A,C,D). At −130 mV, the concentration dependence of CBD activation of HCN1 shows 50% max response (EC50) at 28.5 μM (slope = 0.1) with up to 91% maximal increase in current (Figure 2B). This effect is observed even in the presence of the CB1 receptor antagonist AM-251 (Figure 2B), providing further support that CBRs are not functionally expressed in Xenopus oocytes. Furthermore, the addition of CBD to uninjected oocytes does not stimulate the activation of a “background” current (Figure 2C), indicating that the observed changes are only due to the effect on HCN1 currents.
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FIGURE 2. Concentration-dependent regulation of HCN1 current by THC and CBD. (A) Steady-state current values from a representative cell following repetitive pulses to −130 mV from VH = 0 mV with the addition of 0, 10, 20, 30, and 50 μM CBD. (B) Concentration dependence of HCN1 activation by CBD (■) at −130 mV (n = 13). This activation of HCN1 persists in the presence of the CB1R antagonist 10 μM AM-251 (∘) (n = 5). A total of 50% Max response (EC50) for CBD is elicited at 28.5 μM, with a 91% maximal increase in current. (C) CBD has no effects on uninjected oocytes, indicating that we are not observing effects on background currents. (D) CBD activated currents can be fully inhibited by 500 μM ZD7288. This indicates that CBD is only activating HCN1 currents, and not activating a background current in oocytes. (E) Steady-state currents from a representative cell following repetitive pulses to −130 mV in 0, 10, 25, and 50 μM THC. (F) Steady-state currents from a representative cell following repetitive pulses to −130 mV in the presence of the quantity of methanol used as a vehicle for 0, 10, 25, and 50 μM CBD/THC. (G) Concentration dependence of HCN1 inhibition by THC (■) or methanol (□) at −130 mV (n = 5). THC induces a 63% maximal block of HCN1 currents, with a half-maximal response (Relative IC50) of 21.8 μM. 50% block of total current (Absolute IC50) occurs at 28.9 μM. Methanol induces <a 5% decrease in current at concentrations above 20 μM (n = 4).


We then studied the effect of Δ9- THC on HCN1. Contrary to the effect of CBD, THC has an inhibitory effect on HCN1 (Figure 2E). Using repetitive pulses to −130 mV, we observe a concentration-dependent inhibition by THC with a maximal inhibitory response of THC of 63% (Figure 2G) and a half-maximal response (relative IC50) at 21.8 μM (slope = −0.1). A total of 50% block of HCN1 current by THC (absolute IC50) occurs at 28.9 μM.

To assess the effects of CBD and THC on HCN1 currents in more detail, we examined the relative I–V relationship, steady-state voltage-dependencies, and gating kinetics. Cannabinoids were added to the bath solution in 10 μM increments only after currents at the previous concentration had stabilized, and for each cell, currents were normalized to the amount of current −160 mV under control (0 μM) conditions. We observed a concentration-dependent increase in HCN1 current with the addition of CBD above 10 μM, with no statistically significant changes in steady-state voltage-dependence and gating kinetics (Figures 3A–E). On the other hand, the addition of THC in the bath induces a concentration-dependent decrease in the current (Figures 3F,G). However, THC also does not affect steady-state voltage-dependence or gating kinetics (Figures 3G,H). Equivalent amounts of methanol used to dissolve CBD or THC have no effect on current, voltage-dependence, or gating kinetics (Supplementary Figure 1).
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FIGURE 3. Regulation of HCN1 by cannabidiol (CBD) and Δ9-tetrahydrocannabidiol (THC). (A) Representative traces from a paired experiment following the addition of increasing concentrations of CBD to oocytes expressing full-length HCN1. (B) Current–voltage (I/V) relationship in presence of CBD normalized to maximal current (IWT(−160mV)) (5 < n < 18 per condition; P < 0.05 for 30–50 μM). (C) Steady state activation in presence of CBD (P = 0.81 for V1/2). (D) Activation time constant (τ) kinetics in presence of CBD (0.21 < P < 0.71). (E) Deactivation time constant (τ) kinetics in presence of CBD (3 < n <7 per condition; 0.09 < P <0.65). (F) Representative traces from a paired experiment following the addition of increasing concentrations of THC to oocytes expressing full-length HCN1. (G) (I/V) relationship in presence of THC normalized to maximal current (IWT(−160mV)) (4 < n <8 per condition; P <0.05 for Gmax (slope between −120 and −160 mV) of 20–50 μM). (H) Steady-state activation in presence of THC (P = 0.49 for V1/2). (I) Activation time constant (τ) kinetics in presence of THC (0.21 < P < 0.90). (J) Deactivation time constant (τ) kinetics in presence of THC (3 < n < 8 per condition; 0.11 < P < 0.45).


HCN channels have been shown to undergo a hysteresis or mode-shifting in their voltage-dependence where the voltage sensitivity of gating charge movement depends on the previous state (Mannikko et al., 2005; Elinder et al., 2006; Xiao et al., 2010). Voltage-hysteresis is thought to play an important role in preventing cardiac arrhythmias (Mannikko et al., 2005; Elinder et al., 2006; Xiao et al., 2010), and for short-term, activity-dependent memory (Bruening-Wright and Larsson, 2007). We quantified the degree of hysteresis using ramp protocols of various rates between 600 and 37.5 mV/s and measuring the difference in area between the curves of the forward and reverse direction as performed previously (Furst and D'Avanzo, 2015) (Figure 4A). We observe that HCN1 hysteresis in oocytes decreases with slower ramp speeds (Figure 4A), and that methanol has no concentration-dependent effect on HCN1 hysteresis (Figure 4B). We observe that at all concentrations and ramp speeds, CBD had no significant effect on HCN1 hysteresis (Figures 4C–E). On the other hand, at concentrations above 10 μM, THC decreases the degree of hysteresis at faster ramp speeds (Figures 4C–E). Notably, the impact of THC on HCN1 hysteresis also appears to be concentration-dependent with a greater range of ramp speeds affected as THC concentrations increase.


[image: Figure 4]
FIGURE 4. Effects of CBD and THC on HCN1 hysteresis. (A) Ramps from 0 to −150 mV and back to 0 mV at speeds of 600, 300, 150, 75, and 37.5 mV/s. The degree of hysteresis was quantified by the area between the forward and backward current traces when plotted vs. the membrane voltage. (B) Histogram of HCN1 hysteresis for HCN1 treated with different concentrations of methanol used as vehicles for the cannabinoids at concentrations listed in parentheses. Hysteresis is unaffected by increasing concentrations of methanol. (C–E) THC reduces the degree of hysteresis at fast ramp speeds, with a greater range of ramp speeds affected as THC concentration increases. CBD did not affect HCN1 hysteresis (3 < n < 10 for each condition; *P < 0.05).


To address the mechanism(s) by which CBD and THC modulate HCN1 channels, we first examined the role of the CNBD, by performing similar experiments on an mHCN1 construct lacking the cyclic-nucleotide binding domain (HCN1ΔCNBD) (Santoro et al., 2011). Similar to full-length channels, methanol has no effect on HCN1ΔCNBD properties (Supplementary Figures 1E–H). The application of CBD to HCN1ΔCNBD channels increases the current in a concentration-dependent manner, with a 35% maximal increase in current above 40 μM (Figure 5A). Steady-state voltage dependence and activation kinetics are unaffected by treatment with CBD (Supplementary Figures 2B,C). Intriguingly, the lack of CNBD uncovered an effect of CBD on slowing the deactivation kinetics of HCN1 (Figure 5B). On the other hand, HCN1ΔCNBD current decreases following treatment with THC, although the effect on slope conductance (Figure 5C) is less than what was observed for full-length HCN1 (Figure 3G). Again, similar to full-length channels, THC does not affect HCN1 steady-state voltage-dependence and gating kinetics (Supplementary Figures 2F–H). Hysteresis in HCN1ΔCNBD channels is also unaffected by methanol and CBD, however, similarly to what we observed for full-length channels, HCN1ΔCNBD hysteresis also decreases with elevated levels of THC at faster ramp speeds (Figures 5D,E). These results suggest that the primary effects of CBD and THC on HCN1 function do not directly involve the CNBD, though this domain may fine tune their modulation.
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FIGURE 5. Effects of CBD and THC on HCN1 do not require the CNBD. (A) Current-voltage (I/V) relationship of HCN1ΔCNBD in the presence of increasing concentrations of CBD normalized to maximal current (IWT(−160mV)) (4 < n < 13 per condition; P < 0.05 for 20–50 μM). (B) Deactivation time constant (τ) kinetics of HCN1ΔCNBD following treatment with CBD (4 < n < 10 per condition; P < 0.05 for 20–50 μM). (C) Current-voltage (I/V) relationship of HCN1ΔCNBD in the presence of increasing concentrations of THC normalized to maximal current (IWT(−160mV)) (4 < n <12 per condition; P < 0.05 for 10–50 μM). (D,E) THC reduces the degree of HCN1ΔCNBD hysteresis at fast ramp speeds, with a greater range of ramp speeds affected as THC concentration increases. CBD did not affect HCN1ΔCNBD hysteresis (3 < n <10 for each condition; *P < 0.05).


Our results suggest that the CBR-independent regulation of HCN1 channels by CBD and THC does not involve the CNBD and thus likely involves the transmembrane regions. The functions of numerous membrane proteins are regulated by the physiochemical properties of the membrane bilayer, including membrane fluidity (Caires et al., 2017; Yoshida et al., 2019; Ghovanloo et al., 2021). CBD and THC have both been shown to alter membrane fluidity. THC increases membrane fluidity in the hydrophobic core of brain membranes (Hillard et al., 1985; Beiersdorf et al., 2020), while CBD decreases membrane fluidity (increases membrane stiffness) (Ghovanloo et al., 2021). To assess whether the mechanism of cannabinoid regulation of HCN1 involves changes to membrane fluidity, we performed experiments using Triton X-100, a non-ionic surfactant that has been shown to increase membrane fluidity (Ingolfsson et al., 2010). Similar to THC, TX-100 rapidly decreases HCN1 current at −130 mV using a repetitive pulse protocol (Figure 6A). However, while the effects of cannabinoid treatment on HCNs were slow (15–40 min), the effects of TX-100 treatment occurred much more rapidly (<5 min). TX-100 also decreases HCN1 current using step protocols (Figure 6B), however, the effects on steady-state activation and gating kinetics are significantly different compared with THC (e.g., P <0.05 for V1/2 of 30 μM THC vs. TX-100 by two-sample unpaired t-test). We see a leftward shift from −10 to −15 mV in the steady-state, meaning increasing membrane fluidity makes it more difficult for HCN1 channels to open (Figure 6C and Supplementary Table 3). In addition, we see a change in the slope of the activation time constants, indicating that the channel opens slower at more hyperpolarized voltages (Figure 6D). This change in slope of the activation time constants was not observed in cannabinoid treated cells. Thus, since the effects of TX-100 do not resemble the modulation seen by either CBD or THC, it appears that the mechanism of HCN1 regulation by either of these cannabinoids cannot be completely described by the effects of altered membrane fluidity.


[image: Figure 6]
FIGURE 6. Changes in membrane fluidity do not account for cannabinoid regulation of HCN1. Membrane fluidity was altered by the addition of Triton X-100 (TX-100) to the bath solution. (A) Representative time course of the steady-state current following the application of TX-100 at different concentrations, indicating that increasing membrane fluidity decreases HCN1 channel activity. However, this decrease in HCN1 current occurs more rapidly (within 1–2 min) than the decline observed with THC (which occurs over the course of 10–30 min). (B) Current-voltage relationship of HCN1 upon the addition of 0, 15, 25, 30, and 45 μM TX-100 normalized to maximal current (IWT(−160mV)). (C) TX-100 induces a −10 to −15 mV hyperpolarizing shift in the steady-state voltage-dependence of HCN1, which does not occur when THC or CBD is applied. (D) HCN1 activation kinetics are uniquely affected by TX-100, with membrane fluidity having a greater impact on slowing channel activation with more hyperpolarization of the membrane potential (3 < n < 9 per condition; P < 0.05).




DISCUSSION

Phytocannabinoids CBD and THC have been shown to interact with numerous ion channels independently of CBRs (Okada et al., 2005; Hejazi et al., 2006; Ross et al., 2008; Ahrens et al., 2009; De Petrocellis et al., 2011, 2012; Iannotti et al., 2014; Ghovanloo et al., 2018). Here, we demonstrate that HCN1 currents are enhanced by CBD and inhibited by THC (Figures 2, 3). Using standard step protocols, the effects of both CBD and THC were limited to changes in current density with no observed changes in steady-state activation or gating kinetics. This is similar to the effects that modulating membrane cholesterol content has on HCN1 current (Furst and D'Avanzo, 2015). Some of the effects of THC and CBD on voltage-dependence may be obscured by the non-saturating voltage-dependence curve we report, as a result of our use of a high K+ bath solution. However, if the basis of the increase in HCN1 current observed following treatment with CBD was caused a shift in voltage-dependence, we would expect the V1/2 to be more depolarized and thus saturation to be more apparent. From our traces and the data, we see this is not the case. On the other hand, it is possible that a further hyperpolarized shift in V1/2 may cause the effect of decreased HCN1 currents by THC. However, this is also unlikely since we were able to detect such a hyperpolarizing shift with TX-100 but not THC. Thus, it is more likely that the number of channels at the membrane, or the unitary conductance, are affected by treatment by these cannabinoids.

We also observed that THC alters the non-equilibrium gating properties of the HCN1, since they undergo less hysteresis following treatment with that cannabinoid, particularly with faster ramps (Figure 4). This means THC makes HCN1 channels less responsive to the rate of membrane potential changes (i.e., firing rate). The CNBD domain does not appear to be critical for cannabinoid regulation of HCN function, since these changes are also observed in recordings of HCN1ΔCNBD channels (Figure 5). This also indicates that CBD and THC do not alter HCN1 channels through changes in intracellular cyclic-nucleotide signaling. However, the lack of the CNBD did unmask the effects of CBD on the HCN deactivation kinetics (Figure 5B), indicating that CBD in the membrane slows channel closure. Since cannabinoids are lipids that are embedded in the lipid bilayer, they can alter channel function by altering membrane properties and/or directly binding the channel. Both mechanisms appear to be important for the regulation of Nav's by CBD (Ghovanloo et al., 2018, 2021; Sait et al., 2020) while TRPV2 directly binds CBD in the transmembrane helices (Pumroy et al., 2019). Changes to membrane fluidity were induced by the treatment of cells by TX-100, a non-ionic surfactant that has been shown to increase membrane fluidity (Ingolfsson et al., 2010). TX-100 decreases HCN1 function, indicating that membrane fluidity is an important modulator of this channel. However, the rate of action and the changes in voltage-dependent activation and gating kinetics did not reflect the effects of CBD or THC on HCN1 that we observe. While it is possible that TX-100 has greater effects on membrane fluidity than THC at the concentrations used, even at low (15 μM) concentrations, the effects of TX-100 on HCN1 currents are faster than THC, a −10 mV change in V1/2 is observed, and the slopes of the activation kinetics are in the opposite direction. THC does not induce these effects even at the highest concentrations used, and thus their effects appear qualitatively different. Therefore, it appears that the primary mechanism of action on HCN1 channels is not through altered membrane fluidity, though it may still be a secondary contributor to the effects observed. However, at this time, we cannot conclude that these phytocannabinoids directly bind HCN channels without further experimentation. Other mechanisms, such as changes in bilayer thickness/hydrophobic matching, lipid organization, or other membrane properties may contribute to the modulation by cannabinoids. Since the macroscopic current is a function of the unitary conductance, the number of channels, and the open probability, we did not observe changes in steady-state voltage dependence (i.e., open probability), meaning THC and CBD may alter the single-channel properties of these channels. Alternatively, given the slow time courses involved in the observed effects, it is possible that these cannabinoids alter protein turnover at the membrane, altering the number of channels at the membrane with time.

The concentrations of CBD and THC necessary to affect HCN1 channels (in the mid-micromolar range) may be considered high for these molecules to have therapeutic actions through these channels. However, additional considerations may prove such concerns to be unwarranted. At first, various other ion channels have been shown to be modulated by CBD and THC within the concentration ranges used in this study. Direct activation of chloride ion channels (α1 and α2β glycine receptors) by CBD has been reported with an EC50 of 132.4 and 144.3 μM (Ahrens et al., 2009). Sodium channel, NavMs, and α7 -nicotinic acethylcholine (α7 nACh) are inhibited by CBD with an IC50 of 17.8 (Sait et al., 2020) and 11.3 μM (Mahgoub et al., 2013), respectively. Kv1.2 channels are inhibited by THC with an IC50 of 2.4 μM (Poling et al., 1996), while human ether-à-go-go (hERG) channels are inhibited with an IC50 of 10.3 μM (Orvos et al., 2020). In addition, single-dose administration of 10 mg CBD and THC generate serum levels of 3.0 ± 3.1μg/L (= 9.1–19.4 μM) (Guy and Flint, 2004; Guy and Robson, 2004). Anticonvulsant effects of THC and CBD have an ED50 ~120 mg/kg (Devinsky et al., 2014). Depending on the mode of administration, 120 mg/kg of CBD leads to concentrations of 7 μM in serum and 1.3 μg/g in the brain; increased with IP administration to 45 μM in serum and 6.9 μg/g in the brain (Deiana et al., 2012). Because of their high lipophilicity (Koctanol−water ~ 6–7), there is a preferential distribution to fat with rapid distribution in the brain, adipose tissue, and other organs (Ohlsson et al., 1984) with only 10% of administered CBD bound to circulating red blood cells (Williamson, 2004). Chronic administration may lead to further accumulation. It is important to also note the relative differences in IC50 and EC50 values between mammalian cell lines such as HEK or CHO cells and Xenopus oocytes observed for some drugs, including cannabinoids. Previous studies reveal IC50 and EC50 values which are significantly higher in Xenopus oocytes when compared with mammalian cells. Potassium channel (Kv1.1) blocker, aminopyridine (4-AP), was shown to inhibit channels expressed in mammalian Sol-8 cells with an IC50 value of 88 ± 5 μM (Castle et al., 1994). This value was more than 10 times higher in oocytes with IC50 values closer to 1 mM. Another study monitoring the efficacy of various blocking agents on hERG potassium channels showed 5–100 times higher IC50 values in Xenopus oocytes when compared with the mammalian HEK293 and CHO cells (Lacerda et al., 2001). K2P10.1 channels are blocked by carvedilol with an IC50 of 24 μM in oocytes and 7.6 μM in HEK cells (Kisselbach et al., 2014). In our experiments, TRPV1 channels in oocytes required more than 10 μM CBD before activation could be observed (Supplementary Figure 3) whereas an EC50 of 1.0 ± 0.1 μM was reported in HEK-293 cells (De Petrocellis et al., 2011). These differences between cell types might be attributed to differences in basal properties of the cells (e.g., differences in levels of cAMP, or phosphorylation) or to differences in the membrane composition which may modify the equilibrium of cannabinoid insertion into the bilayers. For example, Xenopus oocytes membranes possess higher levels of sphingomyelin (~25% of lipids) (Stith et al., 2000; Hermansson et al., 2005; Hill et al., 2005; Pike et al., 2005) in their external leaflet than mammalian cells (4–18%) (Post et al., 1995; Hamplova et al., 2004; Hermansson et al., 2005; Pike et al., 2005). Moreover, some drugs have been shown to also bind the follicular layer of oocytes, with as much as a 90% reduction in membrane availability and increases of the IC50 values up to 30-fold (Madeja et al., 1997). Therefore, the general effect of the ligand still holds true, and variations between cell types are generally limited to 1 order of magnitude. Taking this into account, it is likely the effects of CBD and THC we observe for HCN1 channels in oocytes are not outside the therapeutic range, especially since they are comparable to those observed for other channels and receptors, and that the IC50 and EC50 values are likely to be the same, if not even lower, in the mammalian cells.

Cannabinoids are already being examined for the therapeutic potential of various neurological disorders, including neuropathic pain and epileptic seizures (Jones et al., 2010). Similarly, HCN channels are promising targets for neuropathic pain and epilepsy (Tibbs et al., 2013; Dini et al., 2018; Balducci et al., 2021). Activation of HCN1 current may contribute to the overall reduction of neuronal hyperactivity in epilepsy with CBD treatment (Iannotti et al., 2014; Maroon and Bost, 2018), similar to the reduced neuronal firing observed in CA1 pyramidal neurons resulting from lamotrigine stimulated Ih (Peng et al., 2010). There is also growing evidence that CBD exerts promising analgesic effects in different models of inflammatory and chronic pain including nerve injury, chemotherapy-induced peripheral neuropathy, and diabetes (Costa et al., 2007; Xiong et al., 2012; Casey et al., 2017; Finn et al., 2021). THC also significantly attenuates pain-related behaviors in nerve injury models (Soliman et al., 2021). In addition to animal studies, clinical studies have demonstrated that a combination of THC and CBD can be an effective therapeutic option for patients with neuropathic and other types of chronic pain (Nurmikko et al., 2007; Turcotte et al., 2010; Lynch and Campbell, 2011). Since HCN1 expression and Ih in HCN1/2-rich sensory neurons increase following their injury (Momin et al., 2008) and antineoplastics treatment (Descoeur et al., 2011), or HCN pore blockers (ZD7288 or ivabradine) reverse spontaneous discharges in injured nerve fibers and are anti-hyperalgesic for late-phase inflammatory pain, nerve injury-induced mechanical allodynia, as well as chemotherapy-induced mechanical and thermal hyperalgesia (Tibbs et al., 2016), we anticipate that CBD and THC effects on HCN1 currents may contribute to their role in reducing pain though through different mechanisms. Inhibition of HCN1 current by THC would be expected to reduce excitability in those neurons, as has been demonstrated for other HCN blockers. On the other hand, stimulation of HCN1 by CBD may reduce pain by depleting neurotransmitter release in sensory neurons similar to capsaicin stimulation of TRPV channels (Willis, 1997; Yan et al., 2006) or by stimulating inhibition by GABAergic interneurons. On the other hand, activation of HCN channels by CBD may not be directly involved in analgesia, but rather may help limit the decrease in excitability induced by action on other channels, including Nav's, whose conductance is inhibited up to 90% (Ghovanloo et al., 2018, 2021).
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In the Hollywood blockbuster “The Curious Case of Benjamin Button” a fantastical fable unfolds of a man’s life that travels through time reversing the aging process; as the tale progresses, the frail old man becomes a vigorous, vivacious young man, then man becomes boy and boy becomes baby. The reality of cellular time travel, however, is far more wondrous: we now have the ability to both reverse and then forward time on mature cells. Four proteins were found to rewind the molecular clock of adult cells back to their embryonic, “blank canvas” pluripotent stem cell state, allowing these pluripotent stem cells to then be differentiated to fast forward their molecular clocks to the desired adult specialist cell types. These four proteins – the “Yamanaka factors” – form critical elements of this cellular time travel, which deservedly won Shinya Yamanaka the Nobel Prize for his lab’s work discovering them. Human induced pluripotent stem cells (hiPSCs) hold much promise in our understanding of physiology and medicine. They encapsulate the signaling pathways of the desired cell types, such as cardiomyocytes or neurons, and thus act as model cells for defining the critical ion channel activity in healthy and disease states. Since hiPSCs can be derived from any patient, highly specific, personalized (or stratified) physiology, and/or pathophysiology can be defined, leading to exciting developments in personalized medicines and interventions. As such, hiPSC married with high throughput automated patch clamp (APC) ion channel recording platforms provide a foundation for significant physiological, medical and drug discovery advances. This review aims to summarize the current state of affairs of hiPSC and APC: the background and recent advances made; and the pros, cons and challenges of these technologies. Whilst the authors have yet to finalize a fully functional time traveling machine, they will endeavor to provide plausible future projections on where hiPSC and APC are likely to carry us. One future projection the authors are confident in making is the increasing necessity and adoption of these technologies in the discovery of the next blockbuster, this time a life-enhancing ion channel drug, not a fantastical movie.
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INTRODUCTION

When Takahashi and Yamanaka discovered four genes (c-Myc, Oct3/4, Sox2, and Klf4), whose protein products were shown to reprogram (induce) somatic cells into pluripotent stem cells (Takahashi and Yamanaka, 2006), these Yamanaka factors were heralded as a breakthrough in biomedical research (Press release, 2012). For the first time, pluripotency, the ability to form a range of specialized cell types from a pluripotent cell, was possible from mature, adult somatic cells, no longer requiring embryonic stem cells (Shi et al., 2017; Yoshida and Yamanaka, 2017).

The limited availability of embryonic tissue to derive embryonic stem cells coupled with legal and ethical regulations, always stymied stem cell research development and progress (Lo and Parham, 2009; Jha, 2011; Moradi et al., 2019). With the discovery of the Yamanaka factors, somatic cells could be taken from adult tissue and reprogrammed, turning back the clock on mature cells to an embryonic-like, pluripotent state. The processes where pluripotent stem cells (PSCs) are differentiated and matured, allows fast-forwarding of cells into specialized cell lines providing model cells for in vitro research (Rowe and Daley, 2019).

The use of human induced pluripotent stem cells (hiPSCs) has a number of advantages: it reduces the use of animal tissue; compared to cells overexpressing recombinant protein [e.g., Chinese hamster ovary (CHO)] human cells are more physiologically relevant and translatable models; in comparison with primary cells, such as tissue dissociated cardiomyocytes and neurons, they are easier to access (typically from a blood or skin sample) and to maintain in culture; hiPSCs can be derived from both healthy and patient populations, providing both human “wild type” control and diseased models; and, since hiPSCs can be derived from any of us, the options to study a personal genotype and phenotype are broad, allowing for truly personalized (also termed precision or stratified) medicines and interventions (Matsa et al., 2016; Hamazaki et al., 2017; Doss and Sachinidis, 2019). This technology, however, has limitations worth considering, such as: the fetal nature of hiPSCs; the lifespan in culture; the long-term maturation process (for details on the challenges and limitations see the following section “Maturity and Subtype Specificity of hiPSC-Derived Cell Lines”).

Whilst these seminal developments in generating and differentiating hiPSCs were taking place, similar strides were being made in ion channel recording techniques. The dazzlingly brilliant but highly time consuming and technically challenging manual patch clamp (MPC) technique (Hamill et al., 1981) was simplified, made faster and more efficient, through a combination of planar patch clamp and automation (Bell and Dallas, 2018). By switching from manual micro-manipulation of a single recording electrode down onto an adherent cell in MPC, to the application of cell suspensions by robot pipettors to arrays of electrodes in automated patch clamp (APC), the technical hurdles were lowered whilst vastly increasing throughput of ion channel recordings.

Thus, with hiPSCs and APC, researchers now have the capabilities to characterize ion channel populations in hiPSCs and their differentiated cell lines, for instance exploring the effect of different reprogramming, differentiation and maturation conditions and introducing quantifiable metrics for quality assessment. Furthermore, as the hiPSC technology develops, APC will be applicable for safety pharmacology and drug screens in highly translatable hiPSC model cell lines from healthy and disease patient populations.

In this review, the authors aim to describe advances in the generation of mature hiPSC-derived cell lines; developments in cell suspension preparation for APC measurements; APC techniques and technologies that have made these once challenging ion channel recordings more successful, physiologically relevant, and amenable to high throughput screening; and the key challenges solved thus far and those to be faced. Finally, we provide examples of novel applications of hiPSCs and APC. These techniques offer huge potential to advance biomedical research and drug discovery, and the future they project looks to be bright and filled with many novel and exciting findings.



REPROGRAMMING, DIFFERENTIATION, AND MATURATION OF HUMAN INDUCED PLURIPOTENT STEM CELL DERIVED CELL LINES

During the last decade, substantial effort has gone into developing protocols for generating specialized hiPSC-derived cells and tissues for applications within a range of areas, such as blood, smooth muscle, liver, heart, and brain (Bellin et al., 2012; Shi et al., 2017; Rowe and Daley, 2019).

In general, the formation of different specialized hiPSC derived cells follow the same sequence of events: (1) the reprogramming (induction) of human unipotent somatic cells into hiPSCs by directed expression of certain transcriptional factors; and, (2) the differentiation and maturation of hiPSCs into specialized cells, typically by using signaling pathway agonists and antagonists in specific concentrations to induce stepwise progression through the embryonic development stages (Bellin et al., 2012; Figure 1).
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FIGURE 1. Generation of specialized hiPSC-derived cells and APC applications. Somatic patient cells can be reprogrammed into hiPSCs, followed by the differentiation and maturation into specialized cells. The specialized cells can be used directly in regenerative medicine, or they can be employed together with APC for a range of applications including: characterization and quality control; disease modeling; drug screening and discovery; and pharmacology and safety screening. Patient hiPSCs can be used as personalized drug screening and pharmacology models in trials. Adapted from Bellin et al. (2012), with permission from publisher Springer Nature.


In this section we aim to summarize the latest methodological advances of hiPSC generation and differentiation and discuss the key challenges in the field.


Genetic Variability of Human Induced Pluripotent Stem Cell Derived Cell Lines

A challenge with hiPSC-derived cell lines is the genetic variability existing within and between hiPSC populations, and an ongoing task is to control and maintain genome integrity during reprogramming and differentiation (Assou et al., 2018; Popp et al., 2018). An important development in this regard was the introduction of non-integrating methods, such as Sendai virus (Fusaki et al., 2009), for introducing reprogramming factors, which aim to reduce the risk of variability or spurious gene activation/inactivation in hiPSC-derived cell lines (Shi et al., 2017; Berry et al., 2019).

Another focus is the inherent biological variability between donors stemming from their individual genetic and epigenetic background (Berry et al., 2019; Rowe and Daley, 2019), which has been estimated to be responsible for up to 46% of phenotype variability and also influences differentiation efficiency (Kilpinen et al., 2017). A strategy for circumventing inter-donor variability is to apply gene-editing technologies, such as CRISPR/Cas9 (Jehuda et al., 2018) to generate isogenic controls, which allow the investigation of disease-causing mutations with control cells having the same genetic background (Yoshida and Yamanaka, 2017).



Maturity and Subtype Specificity of Human Induced Pluripotent Stem Cell-Derived Cell Lines

A further key challenge is to improve the maturity and subtype specificity of hiPSC-derived cell lines. Despite improved protocols for producing specific somatic cell types and subtypes, the vast majority of hiPSC-directed differentiations produce populations that most closely resemble fetal or neonatal cells (Berry et al., 2019), including the extensively studied hiPSC-derived cardiomyocytes (hiPSC-CMs; Kolanowski et al., 2017; Di Baldassarre et al., 2018; Ahmed et al., 2020), and hiPSC-derived neurons (hiPSC-neurons; Casalia et al., 2021; de Leeuw et al., 2021; Giacomelli et al., 2022). In both cases there is a further complexity in creating pure subtype populations, for example atrial or ventricular hiPSC-CMs (Cyganek et al., 2018; Feyen et al., 2020) or defining the desired hiPSC-neuron subtype (e.g., sensory, motor, or dopaminergic neurons; Davis-Dusenbery et al., 2014; Hartfield et al., 2014; Young et al., 2014).

Strategies to improve cell maturation during differentiation are many (see Figure 2) and include: the addition of specific chemical cues during differentiation (Burridge et al., 2012; Yoshida and Yamanaka, 2017; Ahmed et al., 2020); replacing the energy source, for instance the addition of fatty acids as a substitute for glucose in the culturing media, has been shown to improve hiPSC-CM maturation by activating the required metabolic pathways (Sharma et al., 2015; Yoshida and Yamanaka, 2017; Yang et al., 2019); prolonged time in culture which does, however, also increase the risk of contamination and mutation accumulation (Blokzijl et al., 2016; Odawara et al., 2016; Breckwoldt et al., 2017; Yoshida and Yamanaka, 2017; Biendarra-Tiegs et al., 2019; Ahmed et al., 2020); electrical and mechanical stimulation (pacing) have been reported as valid methods to improve the maturity and function of hiPSC-CMs and -neurons (Ahmed et al., 2020; Giacomelli et al., 2022); and finally modulating the chemical and spatial microenvironment of the differentiating cell culture, for example changing the adherence matrix (Feaster et al., 2015; Depalma et al., 2021), cell culture geometry, e.g., using 3D culture (Lemoine et al., 2017; Tiburcy et al., 2017; Di Baldassarre et al., 2018; de Leeuw et al., 2021) or preparing co-cultures with supportive cells (Odawara et al., 2016; Andersen et al., 2020; Zafeiriou et al., 2020).
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FIGURE 2. Strategies for improving hiPSC maturity. Several strategies are used to improve the maturity and phenotype specificity of hiPSC-derived cell lines. However, the mechanism and efficiency of these strategies are still being explored and requires rigorous characterization and quality control. Adapted from Ahmed et al. (2020), with permission under Creative Commons Attribution License (CC BY).


Cell reprogramming, differentiation and maturation are manipulations that lead to many intracellular changes that can affect the lifespan of cells. Indeed, a somatic cell obtained from a patient which is “rejuvenated” into a stem-cell like phenotype, shows intracellular signatures such as an active telomerase activity and immature mitochondria, as well as a decrease in senescence markers [e.g., senescence marker p21, (Strässler et al., 2018)]. After differentiation, although the cellular aging process may restart, certain improved characteristics remain compared to the parent cell (e.g., longer telomeres).

Due to these intracellular changes, additional challenges arise when referring to how the age of patients could influence the functionality and maturity of hiPSC-derived models and whether it is feasible to apply this technology in age-related diseases. There is also an increasing need to perform safety pharmacology in “aged” senescent cells to functionally model and translate the complex physiology, pathophysiology and pharmacology of the aging, senior population, particularly in light of the growth of this demographic (Fermini and Bell, 2022).

In addressing these challenges, there is a need to define quality standards during hiPSC reprogramming and differentiation, as well as rigorous and statistically sound characterization of the final product (Engle et al., 2018). The specific composition of ion channels is an important marker of cell maturity and subtype specificity, for example in hiPSC-and -neurons (Jonsson et al., 2012; Bardy et al., 2016; Goversen et al., 2018b), rendering APC important as a high-throughput (HT) characterization method providing ion channel maturation metrics. Thus, we envision molecular and genetic approaches in combination with APC electrophysiological characterization will generate authentic, translatable and quantifiable hiPSC models for disease investigation and drug-screening.




ELECTROPHYSIOLOGICAL MEASUREMENTS OF HUMAN INDUCED PLURIPOTENT STEM CELL DERIVED CELL LINES USING AUTOMATED PATCH CLAMP

Ion channels represent attractive targets in hiPSC-derived cell lines, making electrophysiological studies of hiPSC-derived cell lines important not only for characterization (as mentioned above), but also for advances in biomedical research including drug discovery and development. The HT nature of APC that enables recordings of large datasets within a few days or even hours, makes this method ideal for applications such as: quantification of inter-patient or inter-batch variability; identification of cell sub-populations within the same batch, based on their ion channel content; and HT drug screening.

In this section we summarize the latest advances and challenges toward making such APC measurements possible.


Advances and Recent Developments

Electrophysiological methods, such as MPC, have been extensively employed for characterization of hiPSC-derived cell lines over the years (Chen et al., 2014; Jones et al., 2014; Lemoine et al., 2017; Giannetti et al., 2021). However, the inherently labor intensive and low throughput nature of MPC, lead electrophysiologists to consider more time and resource efficient alternatives. Consequently, increasing efforts have gone into transferring MPC experimentation and measurements to APC systems (Haythornthwaite et al., 2012; Franz et al., 2017; Li et al., 2019; Jung et al., 2022). A key element that allows this transfer from MPC to APC is the provision of unicellular cell suspensions (see Figure 3). The quality (homogenous, unicellular populations) and health (minimal enzymatic and mechanical membrane damage and cytotoxicity) of cells in suspension are critical to achieving high success recording rates on APC. Using dissociated cell suspensions literally turns the ion channel current recording format on its head: in MPC the recording electrode is moved to an adherent cell, contrasting with APC where dissociated, single cells in suspension are moved by robotic pippetors to arrays of wells containing fixed, planar recording electrodes.
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FIGURE 3. Dissociation of hiPSC-derived cell lines. Top row: Micrographs of hiPSC-CMs before (left) and after (right) dissociation. Bottom row: Dissociation of hiPSC-derived cell lines typically include a sequence of steps for example replating (1) followed by gentle dissociation methods (2) to obtain a homogeneous, healthy single-cell suspension suitable for APC measurements. Adapted from Rajamohan et al. (2016), with permission under Creative Commons Attributions License (CC BY).


Initial with hiPSC-derived cell lines focused on APC assay development, including cell-handling on the machine; intra- and extra-cellular recording solutions; and, the suction protocols employed to position the cell and rupture the membrane, the so-called whole-cell conformation, to allow electrical access to the interior of the cell. However, progress has been slow, with only minor improvements in experiment success rate and reproducibility. It has become increasingly evident that working with hiPSC-derived cell lines demands a greater understanding of the cell population than working with clonal, homogenous immortalized cell lines. This includes the process of generating hiPSC-derived cell lines (as discussed in the section above), characterization and quality control of the final product and specialized dissociation methods for generating purer, more homogenous cell suspensions.

Whilst measurements on hiPSC-derived cell lines have progressed slowly, the technological development of APC features have advanced at a faster pace. This includes: the exchange of external and internal solutions; fast compound addition and wash out; perforated patch methods (Rosholm et al., 2021a); current clamp and dynamic clamp recordings, e.g., enabling measurements of action potentials (Becker et al., 2020; Rosholm, 2021); and temperature control for physiologically relevant temperature experimentation; all in a high throughput fashion that provides the statistical power necessary for drawing accurate and correct conclusions (Bell and Dallas, 2018; Bell and Fermini, 2021).

One major difference of APC compared to other methods typically used for hiPSC measurements, such as MPC, multielectrode-array (Odawara et al., 2016) or fluorescent plate readers (Sube and Ertel, 2017; Kilfoil et al., 2021), is that APC measures single cells that have been dissociated from 2D or 3D tissue culture. Whilst 2D/3D multi-cell or tissue recordings provide information on tissue/population behavior (including, e.g., morphology changes and network signaling), single cell APC recordings have increased temporal resolution providing crucial information regarding inter-cell variability in, e.g., compound sensitivity, different ion channel expression levels and biological activity. It is imperative to be aware of and understand which questions can be answered using dissociated cells, because several important properties such as cell morphology and ion channel expression might change due to cell handling and dissociation from culture flasks (Raman and Bean, 1997). To fill this potential information gap that can arise in cell dissociated suspensions used in APC, a complementary technology would be single cell dye-based imaging of adherent cell populations (e.g., see Vala Sciences), though this, too, has its limitations: the dye(s) used can introduce new, non-biological variables to the imaging measurements and is an indirect, proxy measure of the ion channel activity.

The preferred harvest protocol will depend on the cell type, quality and culturing days and will likely evolve continuously (also, see Figure 3). Dissociating hiPSC-derived cell lines into single-cell suspensions is often challenging (especially CMs and neurons), due to the formation of tight cellular “tissue”-like structures and networks that must be disrupted. In general, the longer the cells have been cultured, the tighter the connections become, increasing the possibility of damage during cell harvest. For APC it is of utmost importance to work with a healthy, homogenous cell suspension that is free of debris. Improvements involve: using gentle dissociating enzymes (e.g., TrypLE™, Gibco, United States; Accutase™, Stemcell Technologies, United States; or Papain, Sigma-Aldrich, United States); cold-harvest and/or incubation; addition of protective chemicals to ensure membrane integrity (e.g., ROCK inhibitor, blebbistatin) and prevent stickiness (DNase); replating for 24 h – 1 week; filtering to remove aggregates and possibly positive selection based on surface markers (Rajamohan et al., 2016; Obergrussberger et al., 2017; Li et al., 2021b). Finally, the use of fluoride containing seal enhancing solutions on many APC platforms can be problematic for some measurements, e.g., cardiac action potentials, that rely on physiologically accurate calcium kinetics. Consequently, where possible, these measurements should be performed on systems using physiological recording solutions (Mann et al., 2019; Rosholm, 2021).

Even with the aforementioned challenges, the field is now rapidly advancing and with the existing cell quality and suspension preparation methods researchers have made significant progress in exploring and developing the possibilities of measuring hiPSC-derived cell lines using APC (Rajamohan et al., 2016; Mann et al., 2019; Potet et al., 2020; Toh et al., 2020; Li et al., 2021a).




NOVEL APPLICATIONS OF AUTOMATED PATCH CLAMP AND HUMAN INDUCED PLURIPOTENT STEM CELL DERIVED CELL LINES

Originally hiPSC-derived cell lines were mainly considered for applications in regenerative medicine (Laustriat et al., 2010; Doss and Sachinidis, 2019) but their extensive range of advantages have also made them interesting for the development of cell-based assays in the fields of drug-discovery, pharmaceutical research and personalized medicine (Yu et al., 2007; Di Baldassarre et al., 2018; Berry et al., 2019). Due to the improved quality and cell handling methods, ongoing development of APC features, and initiatives such as the Comprehensive in vitro Proarrhythmia Assay for cardiac ion channel safety pharmacology (Colatsky et al., 2016), the field is now making good progress developing new APC applications for the characterization and pharmacology of hiPSC-derived cell lines.

In this section we provide examples of some of these novel APC applications for studies of hiPSC-derived cell lines.


Ion Channel Analysis (Quality Control) in Human Induced Pluripotent Stem Cell Derived Cell Lines

A challenge of hiPSC-derived cells is that they typically display heterogeneous current expression. This might be due to different maturation states, different cell types, genetic, and/or biological variability. In APC, currents are recorded in parallel from many cells. This makes APC well suited to characterize cell populations and identify subpopulations (Haythornthwaite et al., 2012; Franz et al., 2017). A representative example is shown in Figure 4 in which a subpopulation of hiPSC-derived cortical neurons is selected that expresses both Nav and a mixture of delayed rectifier and A-type Kv channels. Properties of hiPSC-neurons, such as ion channel expression, AP firing characteristics and the resting membrane potential (RMP), have shown to approach that of mature adult neuronal cells by increased time in culture (Prè et al., 2014; Berry et al., 2015; Odawara et al., 2016). APC recordings can assist the evaluation of neuron population purity and maturity by comparing ion channel expression at different culturing time points or across different batches (see Figure 4).
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FIGURE 4. Characterizing mixed ion channel populations in hiPSC-derived cortical neurons. (A) Quality control filters allow selection of cells expressing the ion channels of interest. Top: Cut-out of the measurement plate view showing 24 of 384 experiments. Red and green borders correspond to experiments that failed and passed, respectively, the initial filter criteria (Rmem > 500 MΩ, Ccell > 1.5 pF). The experiments highlighted in yellow passed filter criteria for Nav and Kv currents. Bottom: Example of a population of current traces (black) elicited by + 5 mV voltage-steps (red) recorded from a neuron, expressing Nav channels and a mixture of delayed rectifier and A-type Kv channels. (B) The percentage (average ± SEM) of investigated cells containing Nav and Kv channels were displayed for three different differentiation batches of hiPSC cortical neurons (Nexp = 2 experiment days, with > 48 measurement sites per experiment). Of the cells expressing Kv channels, the percentage of Kv expressing cells also having A-type Kv currents are overlayed (diagonal pattern). No significant differences were observed between the three batches (Rosholm et al., 2021b). Adapted from Rosholm et al. (2021b), with permission from Sophion Bioscience A/S.




Action Potential Measurements in Human Induced Pluripotent Stem Cells-Derived Cardiomyocytes and Neurons

Measurements of cardiac APs are of special interest for disease modeling, drug discovery and cardiac safety (Braam et al., 2009; Mummery, 2018; Rowe and Daley, 2019; Bell and Fermini, 2021). However, the immature phenotype and heterogeneous ion channel expression of hiPSC-derived CMs, as compared to acutely isolated, primary CMs has limited the physiological relevance of their electrophysiological characterization, in general, and high throughput measurements, in particular (Casini et al., 2017; Mann et al., 2019; Vaidyanathan et al., 2021). This includes the presence of the pacemaker current If (routinely expressed in immature CMs and lost in adult CMs) and reduced densities of hyperpolarizing current IK1 (Jonsson et al., 2012; Goversen et al., 2018b). Highlighting these differences, Figure 5 provides a comparison between hiPSC-derived CMs and acutely isolated, primary adult CMs showing the relative size and contribution of ion channel currents that form the AP in each.
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FIGURE 5. Ion channel content in hiPSC-CMs versus human primary CMs. A comparison of action potential and ion channel currents recorded in (A) hiPSC-CMs and (B) human primary adult CMs. The associated genes and ion channels are listed on the right. From the top the currents are: If, pacemaker or funny current; ICaT, T-type calcium channel current; INa, sodium current; ICaL, L-type calcium channel current; Ito, transient outward potassium current; IKr, rapid delayed- rectifier potassium current; IKs, slow delayed-rectifier potassium current; and IK1, inward-rectifier potassium current. The traces highlight differences traditionally observed in hiPSC-CMs, such as the presence of the pacemaker current If (routinely expressed in immature CMs and lost in adult CMs) and reduced densities of hyperpolarizing current IK1. Adapted from Karbassi et al. (2020), with permission from publisher Springer Nature.


Different methods have been employed to compensate for missing currents. For example, a method that is increasingly being used is enhancing missing currents using viral transfection (Jones et al., 2014; Vaidyanathan et al., 2021). Another strategy that has been employed in APC is dynamic clamp, which is a method that models and electronically introduces ion currents into cells, to compensate for the lack of expression (Becker et al., 2013; Verkerk et al., 2017). For instance, this electronic compensation can be used to add the missing hyperpolarizing current IK1, bringing the depolarized RMP often observed in dissociated hiPSC-CMs closer to the physiological, hyperpolarized potential, which results in AP durations and waveforms comparable to mature CMs (Li et al., 2019; Becker et al., 2020). Drawbacks of dynamic clamp are that the compensating current is only as accurate as the assumption-based model of the mature CM, and ideally each cell’s current phenotype and derived model would need to be measured and performed individually with real-time compensation during experimentation, a potential computer processing bottleneck for the ms temporal resolution of 100 s of simultaneous recordings in APC.

Finally, the maturation of hiPSC-CMs has improved recently, and the paradigm of impaired IK1 expression in hiPSC-CMs has been challenged (Horváth et al., 2018). In Figure 6 we display APC measurements of “mature” IK1 currents in hiPSC-CMs.
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FIGURE 6. APC measurements of IK1 current-voltage relationship in hiPSC-CMs using physiological solutions. (A) Representative K+ current traces in response to a voltage step protocol from –110 mV to +10 mV with 10 mV increment step size (black). The current was measured in 5 mM extracellular K+ (gray, left) and 75 mM extracellular K+ before (black) and after (red) addition of 1 mM BaCl2 (right). (B) The BaCl2 sensitive IK1 was calculated by subtracting the insensitive current (red trace in A) from the total IK (black trace in A). (C) The IK1 current-voltage relationship was plotted by extracting the average steady-state sensitive current (shown in B) and plotting as a function of step voltage. Adapted from Rosholm et al. (2022), with permission from Sophion Bioscience A/S.


As observed with hiPSC-CMs, hiPSC-neurons (including several subtypes, such as motor neurons and sensory neurons) do not completely replicate the adult neuron phenotype in terms of morphology, electrical function, and critically, in resembling neurodegenerative disease features (Casalia et al., 2021; Giacomelli et al., 2022). Although iPSC-neurons fail to entirely capture all the characteristics of fully mature brain cells, they express functional ion channels and are capable of displaying primary neuronal functions such as firing action potentials (Franz et al., 2017). Recent developments of more sophisticated and reproducible differentiation protocols combined with advanced genome engineering, longer maturation in culture and improved dissociation procedures have improved iPSC-neurons which now constitute a promising cell model for APC recordings despite their relatively immature phenotype (Shi et al., 2017; Giacomelli et al., 2022).

The high throughput of APC allows sufficient data generation to accurately define heterogeneous ion channel populations in hiPSC-CMs, correlating channel levels to the resulting AP firing properties (Rosholm, 2021). Presently, optimized hiPSC-CM maturation and harvest protocols have made it possible to measure APs and capture compound effects in physiological solutions using APC (see Figure 7). The data were very similar to data obtained with a complementary optical assay (Seibertz et al., 2020). These advances hold great promise that robust and consistent AP assays for cardiac safety and compound screens will soon be feasible and routine.
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FIGURE 7. APC current-clamp measurements of paced action potentials and APD90 concentration-response plots. (A) The percentage of successful experiments displaying paced action potentials [Vp > 0 mV, resting membrane potential (RMP) < –40 mV]. Data is avg ± SD of three measurement plates (each of 48 recording sites). Assay success rate was 10%–30% out of 48 sites. (B) Paced action potentials from 10 individual hiPSC-CMs within a single measurement plate (left) and an expanded action potential displaying the extracted parameters: threshold potential (Vt), peak potential (Vp), hyperpolarization potential (Vh), and action potential duration at 90% repolarization (APD90). (C) Plot of extracted parameters, Vt (red), Vp (gray), Vh (blue), and APD90 (green, ms) for 18 individual hiPSC-CMs with the avg ± SD (solid lines). (D) Paced action potentials for saline controls (black traces) and in response to increasing concentrations of Bay K8644 (top, traces in shades of red) and nifedipine (bottom, traces in shades of green). (E) Plots of APD90 versus compound concentration with Boltzmann fits including EC50 or IC50 calculated values, recorded in a single cell. (F) Cumulative concentration-response (average, APD90 normalized to pre compound concentration) relationships with Boltzmann fits including EC50 or IC50 calculated values. Data points are avg ± SEM of Ncells. Adapted from Rosholm (2021) and Rosholm et al. (2022), with permission from Sophion Bioscience A/S.




Disease Modeling, Drug-Screening, and Personalized Medicine

As the quality of hiPSC-derived cell lines increases, an obvious next step will be to utilize the HT capability of APC for studying disease models, drug-screening and personalized (or stratified) medicine (Chen et al., 2016). hiPSC disease models, characterization and drug-screening assays employing these cells have been developed for a range of diseases including neurodegenerative diseases (Kim, 2015; Lee and Huang, 2017) such as Alzheimer’s Disease (Medda et al., 2016; Brownjohn et al., 2017), and cardiovascular diseases (Braam et al., 2009; Sube and Ertel, 2017; Mummery, 2018; Wu et al., 2020) such as long-QT syndrome (Friedrichs et al., 2015; Jouni et al., 2015; Chen et al., 2016).

Although examples of APC applications within personalized biomedicine are still scarce, their need and value mean they are in active development (Friedrichs et al., 2015; Goversen et al., 2018a), with expectations high that we will see more in the near future. For an example of such an application see Rosholm (2019) in which an hiPSC motor neuron disease model, derived from a Spinal Muscular Atrophy patient (Faravelli et al., 2015) was characterized together with control cells from healthy subjects. The results showed the expected overactivity of Nav channels, which could be rescued by a Nav antagonistic compound addition (SMN-C3), see Figure 8.
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FIGURE 8. APC evaluation of compound effects on Nav channel properties in SMA hiPSC-neurons. Parallel recordings of control neurons (black), SMA neurons (orange), and SMA neurons treated with SMN-C3 during culturing (blue). (A) Average Nav current versus step voltage. (B) Quantification of the current amplitude at –20 mV. The current amplitude is significantly larger in SMA cells than in control cells [Student’s t-test, p < 0.05 (*), 95% confidence interval]. (C) Average Nav current normalized to the current recorded at V = –20 mV. Fitting of a Boltzmann function (solid lines) yielded the half-activation voltage ([image: image], mV). (D) Half-activation voltage ([image: image]) values. Error bars are SEM. Adapted from Rosholm (2019), with permission from Sophion Bioscience A/S.





FUTURE PERSPECTIVES

As highlighted in this review, the advances made in our labs and amongst APC and stem cell researchers across the world in the last few years have catapulted this niche, often challenging, area of research into the limelight, and is becoming widely adopted amongst the stem cell and drug discovery communities (Rajamohan et al., 2016; Franz et al., 2017). With experimental success rates climbing, improved protocols and assays developed using physiological recording conditions, the large, objective data sets generated are furthering our understanding of ion channel physiology and pathophysiology. We believe these advances in APC in vitro electrophysiology, married with cross-correlated combinations of animal and human iPSC models, in time will reduce and circumvent the expensive use (and sometimes limited translatability) of primary animal organ, tissue and cell models (Ebert et al., 2012; Deng, 2017; Pessôa et al., 2020). The advances made to date are providing tools and assays for significant progress in the accuracy and efficiency of safety pharmacology, drug discovery and development, and regenerative and personalized medicines.

Jumping into the fabled time traveling DeLorean car and heading back to the future: one area that is likely to feature heavily in the future of stem cell and ion channel research are the possibilities afforded by patient-derived hiPSCs. Measuring and defining an individual patient’s hiPSCs (such as their ion channel composition, pharmacology and biophysics) will allow the design of personalized, targeted medical interventions (Matsa et al., 2016; Hamazaki et al., 2017; Doss and Sachinidis, 2019), thus improving the efficacy of medicinal regimes and limiting side-effects.

Taking this concept of measuring and defining patient hiPSCs a step further: by identifying patient genotypes (by gene or genome sequencing) involved in a panel of potential health issues specific to the patient, these can be correlated to ion channel phenotypes determined using APC recordings of patient-derived hiPSCs, across a range of cell types. Such patient genotype/phenotype correlation (“phenotypic screening”) will allow existing health issues to be identified and addressed (Muñoz-Martín and Matsa, 2021). Combining this ion channel phenotypic screening with other typical phenotype screens (such as defining patient metabolic pathways or “metabolome”) will allow potential future health issues to be flagged, enabling pre-emptive, prophylactic medical interventions or lifestyle changes to be implemented. In addition, high throughput APC would allow for the application of artificial intelligence (or machine learning) tools to study multidimensional high-volume data for particular phenotypes, which may allow for identification of novel cellular biomarkers as a basis for robust drug discovery research. With time and concomitant “big data” analyses, the correlation between genotype and phenotype is likely to become sufficiently predictive allowing gene sequencing alone to be used in forecasting the ion channel targeting medicinal regimes that best suit a designated genotype patient cohort or sub-group within the general population.

In conclusion, the marriage of hiPSC and APC offers much potential for ion channel biomedical research and drug discovery. The possibilities of defining ion channel activity, biophysics and pharmacology in specialized cells (like CMs and neuronal cells), including cells derived from healthy or diseased patients, provide model cells to efficiently perform APC driven in vitro studies and high throughput screens that increasingly translate to human clinical studies (Rowe and Daley, 2019; Muñoz-Martín and Matsa, 2021). In writing this review, the authors aim to convey the recent adventures and advances in cellular time travel and the vast potential for these techniques and technologies. After reading, we hope the reader, like us, is now flexing their muscles in the starting blocks for the bright biomedical future of the brave new world we are soon to be sprinting toward.
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Optogenetic assays provide a flexible, scalable, and information rich approach to probe compound effects for ion channel drug targets in both heterologous expression systems and associated disease relevant cell types. Despite the potential utility and growing adoption of optogenetics, there remains a critical need for compatible platform technologies with the speed, sensitivity, and throughput to enable their application to broader drug screening applications. To address this challenge, we developed the SwarmTM, a custom designed optical instrument for highly parallelized, multicolor measurements in excitable cells, simultaneously recording changes in voltage and calcium activities at high temporal resolution under optical stimulation. The compact design featuring high power LEDs, large numerical aperture optics, and fast photodiode detection enables all-optical individual well readout of 24-wells simultaneously from multi-well plates while maintaining sufficient temporal resolution to probe millisecond response dynamics. The Swarm delivers variable intensity blue-light optogenetic stimulation to enable membrane depolarization and red or lime-light excitation to enable fluorescence detection of the resulting changes in membrane potential or calcium levels, respectively. The Swarm can screen ~10,000 wells/day in 384-well format, probing complex pharmacological interactions via a wide array of stimulation protocols. To evaluate the Swarm screening system, we optimized a series of heterologous optogenetic spiking HEK293 cell assays for several voltage-gated sodium channel subtypes including Nav1.2, Nav1.5, and Nav1.7. The Swarm was able to record pseudo-action potentials stably across all 24 objectives and provided pharmacological characterization of diverse sodium channel blockers. We performed a Nav1.7 screen of 200,000 small molecules in a 384-well plate format with all 560 plates reaching a Z′ > 0.5. As a demonstration of the versatility of the Swarm, we also developed an assay measuring cardiac action potential and calcium waveform properties simultaneously under paced conditions using human induced pluripotent stem (iPS) cell-derived cardiomyocytes as an additional counter screen for cardiac toxicity. In summary, the Swarm is a novel high-throughput all-optical system capable of collecting information-dense data from optogenetic assays in both heterologous and iPS cell-derived models, which can be leveraged to drive diverse therapeutic discovery programs for nervous system disorders and other disease areas involving excitable cells.

Keywords: optogenetics, optopatch, high-throughput screening, ion channels, voltage-gated sodium channels, pain, human iPSC models, drug discovery


INTRODUCTION

The development of effective therapeutics for disorders of the nervous system has been challenging in comparison with other areas such as cancer and cardiovascular disease (Schoepp, 2011). Therapeutics for neurological disorders historically have had longer development periods and lower FDA approval rates compared to most other indication areas (Kaitlin, 2014; Dowden and Munro, 2019). For example, chronic pain is a neurological condition affecting more than one hundred million people in the United States and remains a major unmet medical need (Institute of Medicine of the National Academies, 2011). Individuals suffering from chronic pain often face significant loss of productivity and a decrease in overall quality of life (Connor, 2009). Opioid treatments, which are the most frequently prescribed treatment for chronic pain, have considerable undesirable side effects (Benyamin et al., 2008). The addictive properties of opioids create a substantial risk for the development of abuse disorders that can further negatively impact quality of life for patients. Existing non-opioid alternative drugs for chronic pain are less efficacious for a large subset of patients (Grosser et al., 2017). Despite the massive unmet medical and societal need, the pharmaceutical industry has yielded few new therapeutics for chronic pain patients and has similarly struggled for other nervous system disorders. As such, there remains a critical need for new technologies and approaches to support development of novel therapeutics for chronic pain and other neurological diseases with improved efficacy and safety profiles (Gribkoff and Kaczmarek, 2017).

Ion channels represent a promising class of drug targets for a variety of nervous system-based disorders (Waszkielewicz et al., 2013), as they are essential components in signal generation and propagation in neurons and other electrically excitable cell types. The characterization of pathogenic mutations in human ion channels has directly linked ion channel function to human disease pathologies, including “channelopathies” associated with severe genetic epilepsies, chronic pain conditions, and many others (Snowball and Schorge, 2015; Imbrici et al., 2016; Albury et al., 2017; Reid et al., 2017). Channel biophysical properties across the hundreds of ion channel targets have been deeply investigated, though the mechanisms that connect genetic and pharmacological modulation of ion channel properties to systems level outcomes in patients remains an area of active research. Bridging this knowledge gap is critical in the identification of effective therapeutics that target different ion channels. Despite the continued advancements in understanding ion channel properties, it remains a challenge to translate these findings to effective therapeutics.

One class of ion channels with strong genetic evidence for involvement in disease pathologies and broad recognition as important drug targets in the pharmaceutical industry are the voltage-gated sodium (Nav) channels (Wang et al., 2017). Nav channels are transmembrane proteins that are expressed and localized to the membranes of electrically excitable cells, such as neurons, and are responsible for the selective transport of Na+ ions. There are nine members of the Nav channel class (Nav1.1–1.9), each with critical roles in diverse tissue types (de Lera Ruiz and Kraus, 2015). For example, Nav1.1, 1.2, 1.3, and 1.6 are expressed in the central nervous system, and dysfunction in these channels can lead to epilepsy, migraine, autism, and ataxias (Ogiwara et al., 2009). Nav1.7, 1.8, and 1.9 are expressed predominantly in dorsal root ganglion (DRG) sensory neurons, and dysfunction leads to pain disorders such as small fiber neuropathy (Eijkenboom et al., 2019) and congenital insensitivity to pain (Cox et al., 2006). Nav1.5 is expressed in heart muscle, and pathogenic mutations affecting this channel lead to Brugada syndrome, long QT syndrome, and atrial fibrillation (Keating and Sanguinetti, 2001; Splawski et al., 2002; Veerman et al., 2015). Our understanding of Nav channel biology has advanced dramatically over the last decade, however drug development for these targets remains a major challenge. Achieving the ideal molecular profile that balances selectivity, state dependence, and the preferred pharmacological activity in intact disease relevant cell types like neurons or cardiomyocytes is a key factor that has ultimately prevented the full realization of effective therapeutics for this class of targets.

A major challenge within Nav channels and, more generally, in ion channel drug discovery efforts is the limitations of the existing technologies, assays, and disease models, which lack either the throughput or the information content required to derive necessary insights into complex human biology and pharmacological responses that enable translation to efficacious therapies. Consequently, there remains a need to develop model systems that are both information-rich and high-throughput to enable rapid identification and optimization of novel drug templates. While methods such as manual patch clamp electrophysiology (E-phys) provide rich information content, high resolution, and flexibility to fine-tune assay conditions, this approach is severely limited by throughput in the context of drug discovery screening applications. Automated E-Phys development has made significant strides in achieving higher throughput than manual patch clamp, but still has lower throughput and is less affordable than optical assays, which are key considerations when conducting primary screening of large chemical libraries. First generation optical based technologies such as FLIPR and E-VIPR (Schroeder, 1996; Huang et al., 2006) are cost effective and well-adapted for high throughput screens (HTS), however they do not maintain high temporal resolution of single millisecond scale required to faithfully record electrical spiking, thus limiting information provided on complex drug mechanisms. In addition, most plate-based fluorescence assays rely on non-physiological stimuli that can alter pharmacological sensitivity and impact translation to therapeutic efficacy in humans. Given the limitations of current technologies, there is a clear need for new neuroscience drug discovery platforms applicable to ion channel targets that are capable of screening hundreds of thousands to millions of compounds while maintaining physiologically relevant assay conditions and providing information-rich data comparable to manual or automated patch clamp methods.

A promising solution to addressing current challenges in ion channel drug discovery lies in recent advances in optogenetic methodologies (Song and Knöpfel, 2016; Dempsey and Werley, 2017; Zhang and Cohen, 2017), which can enable high resolution all-optical electrophysiology achieving both dramatic improvements in throughput and deep information content measurements of excitable cells. One approach, called OptopatchTM (Hochbaum et al., 2014), relies on genetically engineered optogenetic actuators such as the channelrhodopsin variant CheRiff that can be expressed in a variety of cell types to initiate cell depolarization and subsequent action potential (AP) initiation using a blue light stimulus (488 nm). Changes in membrane potential can be quantified with exquisite sensitivity using either a voltage sensitive fluorescent protein such as QuasAr (637 nm) (Hochbaum et al., 2014) or a voltage sensitive dye such as BeRST1 (635 nm) (Huang et al., 2015) by recording the changes in red fluorescence over time. When a blue-light driven actuator and red-light fluorescence voltage reporter are co-expressed, all-optical electrophysiology can be conducted with high spatial and temporal resolution. The achievable spatial and temporal resolution of optogenetic electrophysiology now enable the development of high throughput imaging systems to support drug discovery (Werley et al., 2017).

To translate the advances in optogenetic actuator and sensor technology to a robust, all-optical therapeutic discovery platform that can be leveraged for diverse drug targets such as ion channels we have developed the SwarmTM, a novel high-throughput screening instrument for optogenetic assays. Here, we describe the physical and optical characteristics of the Swarm instrument. The Swarm can deliver blue-light stimuli across entire individual wells in a multi-well plate, eliciting changes in membrane potential and then recording cell depolarizations and firing via red-light excitation and fluorescence detection. To enable the high-throughput capacity of Swarm, the instrument stimulates and records from 24 wells simultaneously, which allows information from an entire 96-well or 384-well plate to be collected in 4 or 16 recordings, respectively. The system allows for optogenetic pacing and analysis of electrically excitable cell types in a multi-wavelength format with four input excitation channels (three independent wavelengths and one for patterned illumination) and three independent fluorescence channels for multicolor recording. We have also developed custom software to control the instrument and a suite of tools for automated data analysis.

To demonstrate the utility of the Swarm for ion channel drug discovery, we applied a set of custom optogenetic assays using HEK293 cell lines that heterologously express an optogenetic actuator and a series of voltage gated-sodium channel (Nav1.x) subtypes including Nav1.2, Nav1.5, and Nav1.7 (herein referred to as ‘Nav1.x spiking HEK assays') and are compatible with a fluorescent voltage sensing dye BeRST1 (Zhang et al., 2016, 2020). In humans, Nav1.7 is a critical modulator of pain sensitivity and is expressed primarily in sensory neurons, playing a central role in neuronal action potential initiation (Gingras et al., 2014; Hameed, 2019). Nav1.7 is a genetically validated target for novel pain therapeutics with known loss- and gain-of-function mutations identified in humans that lead to dramatic hypo- or hyper-sensitivity to pain, respectively (Goldberg et al., 2007; Emery et al., 2016; Shields et al., 2018). Given the genetic validation of Nav1.7 as a drug target, significant effort has been devoted to identifying small molecule inhibitors that block Nav1.7. However, to date, none have demonstrated sufficient clinical efficacy to gain approval for pain related indications. Several challenges have hindered the development of small molecule inhibitors including a requirement for subtype selectivity to avoid adverse effects in the cardiovascular and nervous system resulting from block of other sodium channel subtypes such as Nav1.5 and Nav1.2, respectively (Mulcahy et al., 2019). Non-selective voltage-gated sodium blockers, such as lidocaine have clinical utility and are frequently used as local anesthetics, however systemic administration can cause side effects such as dizziness, shortness of breath, and nausea (Cherobin and Tavares, 2020). Compounds with high Nav1.7 subtype selectivity, such as PF-05089771, have shown limited efficacy in clinical pain studies, possibly due to a strong state-dependent blocking mechanism, lack of blood brain barrier penetrance, and poor performance in sensory neurons (McDonnell et al., 2018). These issues highlight a need to identify new classes of Nav1.7 inhibitors that meet the required characteristics to enable their use for treating chronic pain.

Using Nav1.x spiking HEK assays (Zhang et al., 2016, 2020) in a 384-well plate format, we show validation of the Swarm for high-throughput optogenetic screening. First, we demonstrate assay performance through uniform signal detection across all 24 detection channels and across whole 384-well control plates formatted with alternating columns of positive and negative control compounds. Next, we use an extensive panel of control pharmacology across Nav1.2, Nav1.5, and Nav1.7 spiking HEK assays to show that measured IC50 values and state dependence metrics are consistent with literature reports. We then use the Swarm to perform a HTS screen of 200,000 small molecules to identify novel inhibitors of Nav1.7. The demonstrated Z′ (>0.5) and on-plate quality control metrics (IC50 of tetracaine) demonstrate high performance of the instrument and assay. We further report on potency, state dependence, and selectivity of confirmed hits from the screen along with tool compounds which are either clinically used or that have failed in clinical trials as comparators. Lastly, we show that the Swarm can also be used to record action potentials and calcium transients simultaneously under paced conditions in human iPS cell-derived cardiomyocytes along with control pharmacological validation, enabling utilization of the Swarm instrument for counter screening for Nav channel programs or more broadly for screening applications in human cellular models.



MATERIALS AND METHODS


Swarm Instrument Design

The Swarm read head objective modules are made of custom-designed, CNC-machined, anodized aluminum (Protolabs, Maple Plain, MN). The 12-objective read heads are built as six independent 2-objective modules that hold the lenses, dichroics, and filters. The compact design of the read head module is dictated by the pitch between wells of a 96-well plate (9 mm) and complies with the optical design to maximize the light throughput, minimize stray light, and maximize positioning accuracy. A spring-loaded plate pusher is designed to hold 96-, 384-, or 1,536-well microplates. The plate pusher arm is articulated above the read-heads mounted flush to the top deck to provide smooth translation through a low-profile X-Y linear stage (Thorlabs, Newton, NJ), so that all wells can be measured, 24 wells at a time.

The Swarm read head comprises two banks of 12 objective modules, 24 in total, mounted to the top deck beneath the well plate. Each objective module houses more than 40 compact optics (lenses, filters, masks), LEDs, and photodiodes. Within the illumination path, there are 4 independent channels with high power LEDs (Luxeon, Alberta, Canada)—a red channel (627 nm), a lime channel (567 nm), an unpatterned blue channel (470 nm), and a patterned blue channel (470 nm with a chrome mask at the conjugate image plane). Light is delivered to the sample using a series of high numerical aperture aspheric relay lenses (LightPath, Orlando, FL) in 4-f configuration. The lens relay configuration was simulated and optimized with optical design software (Zemax, Kirkland, WA) to ensure maximum light delivery efficiency and to inform read head mechanical manufacturing tolerance. The designed focus spot size is 1 mm2 at the sample after the final objective lens. A red (640/14 nm central wavelength/bandwidth nm), lime (563/9 nm), or blue (470/22 nm) bandpass filter (Semrock, Rochester, NY) is placed in front of each LED to narrow to the targeted excitation wavelengths. In the detection path, three output color channels are separated by dichroic mirrors (Semrock, Rochester, NY) detected simultaneously by three independent photodiodes (Hamamatsu, Hamamatsu, Japan): one photodiode is behind a red filter (736 nm long pass) for a voltage indicator, one behind an orange filter (600/14 nm) for a calcium indicator, and one behind a GFP filter (520/35 nm) for protein expression detection or other measurements.

We designed and fabricated custom-made printed circuit boards to hold the essential electronics components, collect/transmit signals, and deliver power to the Swarm. An LED board and 2 photodiode boards are attached to each two-objective module. Each LED board contains 8 high-power LEDs (2 x 4 LEDs per objective). The two photodiode boards contain 6 photodiodes (2 x 3 photodiodes per objective) and 6 independent picoammeter circuits that amplify the photodiode signal. Each two-objective module is also connected to a signal/driver board. The signal/driver board has two functions. First, it contains the LED driver circuitry that can deliver up to 1 A of low-noise constant current to the high-power LEDs in the LED board. Second, it collects the amplified signals from the photodiode boards and delivers them to a Compact Data Acquisition (DAQ) system (National Instruments, Austin, TX), which provides synchronized analog input for the 72 total photodiode channels and synchronized analog output control for the 96 LEDs. Each signal/driver board is connected to a power distribution bus board that delivers stable DC voltage from high-performance rugged power supplies (Acopian, Easton, PA).



Nav1.x Spiking HEK Cell Culture

Spiking HEK cells were used for Swarm instrument validation, the 200K small molecule screen, and tool compound pharmacological characterization. The spiking HEK cell lines consisted of HEK293 cells stably expressing human Nav.1.7, human Nav1.5, or human Nav1.2 co-expressed with the blue-shifted channelrhodopsin actuator CheRiff-EGFP. Spiking HEK cell lines and culture conditions are as previously described with slight modifications (Zhang et al., 2016, 2020). In brief, vials of Nav1.x spiking HEK cells were thawed and plated at 3 million cells/10 cm dish. Cell culture growth media contained DMEM, 10% FBS, 1% GluMax (Gibco, Waltham, MA) and MEM Non-Essential Amino Acids (ThermoFisher, Waltham, MA). To expand total cell numbers required for HTS, cells were grown at 37°C with 5% CO2 for 48 h to approximately 70% confluence. After 48 h, 4 mL of cell culture medium was removed and 300 μL of Kir2.1 lentivirus was added to the 10 cm dish. Cells were incubated for 24 h to facilitate Kir2.1 lentivirus transduction. The following day, 384-well plates (789836, Greiner Bio-One) were treated with Poly-D-lysine (20 μg/mL) for 1 h at 37°C and aspirated. Kir2.1 transduced HEK293 cells were then trypsin treated (0.5%), resuspended, centrifuged, washed, and resuspended in fresh DMEM with serum. Cells were then replated in Poly-D-lysine treated 384-well plates at a density of 30,000 cells per well. Cells were then incubated at 37°C overnight to achieve 100% confluence prior to running spiking HEK assays.



Nav1.x Spiking HEK Assays

Imaging was performed on Nav1.x spiking HEK cells 24 h after plating on 384-well plates. Prior to compound addition, medium was removed from cells using a flick and tap method, and then 1 μM BeRST dye was added using a Janus Mini liquid handling robot (PerkinElmer, Waltham, MA). The cells were then incubated for 30 min at 30°C with no exposure to light. Following incubation, the cells were washed using Tyrode's solution (containing, 125 mM NaCl, 8 mM KCl, 3 mM CaCl2, 1 mM MgCl2, 30 mM glucose, 10 mM HEPES, pH 7.35) and compounds were added using a Janus Mini liquid handling robot (PerkinElmer, Waltham, MA). Compounds were prepared in 1 μL spots on a separate compound plate at a concentration of either 666-fold or 1,666-fold over screening concentration, with negative controls (DMSO) and positive controls (1 μM TTX), as well as a reference compound (Tetracaine in a three-fold dilution series) on each plate. Following compound addition, plates were incubated for an additional 40 min at room temperature in the dark.

Each plate was read in two orientations throughout the studies to ensure data redundancy, first with well A1 designated as the top left corner of the plate, and then immediately again with well P24 as the top left corner. Instantaneous quality control metrics were generated using custom MATLAB (MathWorks, Natick, MA) software following each two-orientation plate read. Figures included heatmaps, signal-to-noise ratio, a list of traces indicating potentially problematic wells, and tetracaine concentration response curves (CRCs) with calculated IC50 values to ensure that the plate did not need to be imaged again due to user or instrument error. For Nav1.2 and Nav1.5 spiking HEK assays, imaging was performed using a process nearly identical to Nav1.7, with minor differences in potassium bath concentration and stimulus frequency (see Results Section for details).



Compound Libraries

Several small molecule libraries were used for instrument validation and our HTS campaign. For instrument validation, the commercially available Prestwick Chemical library™ (Prestwick Chemical Inc., Illkirch-Graffenstaden, France) was used. This library consists of 1,520 small molecules, most of which are FDA approved, prepared in 384-well plates at a stock concentration of 10 mM in DMSO. The 200,000 small molecule library screened for Nav1.7 inhibitors was compiled from a series of commercially available sources and internally assembled with three goals: diversity, CNS drug-like properties, and chemical scaffolds amenable to medicinal chemistry. Compound handling was performed using Janus and Janus Mini automated liquid handling instruments (PerkinElmer, Waltham, MA).



Nav1.x Spiking HEK Assay Data Analysis

For each well, the time course of fluorescence intensity was collected from a single objective and the collected raw trace was corrected for photobleaching by dividing the raw intensity time trace by the median filtered intensity. To reduce well-to-well variability, the photobleaching corrected trace was normalized to the steady state height of fluorescence plateau reached during the 500 ms long blue pulse (TP9), which is mainly determined by CheRiff depolarization, stable, and insensitive to sodium channel inhibitors. Next, for Nav1.7 and Nav.1.5, the peak amplitude during each blue light test pulse (TP) was extracted and the mean spike amplitude across all test pulses was used to calculate overall compound potency. For Nav1.2, mean spike areas under TP1, TP8, and TP10 were used to calculate compound potency. Since different regions within the same 384-well plate were imaged by different objectives, to further reduce the variability across different objectives, at the beginning of each imaging day, a sentinel plate with DMSO and a positive control compound (TTX for Nav1.2 and Nav1.7; tetracaine for Nav1.5) was imaged to establish the baseline and magnitude of Nav channel dependent signal from each objective. For each compound treated well, the key parameters such as spike amplitude and spike area under all the 10 test pulses were extracted using automated analysis in MATLAB. For all the following screening plates imaged on the same day, the extracted parameters from each well were normalized to the mean values of positive control and negative control wells imaged by the same objective from the sentinel plate. Since each plate was imaged using the regular orientation and the second orientation by rotating the plates by 180 degrees, each well was imaged by a pair of objectives and the mean values from these two objectives was used for next step of analysis. After objective-based normalization, to reduce plate-to-plate variability, each calculated parameter was further normalized based on the positive control wells and negative control wells from the same plate. For each plate, to evaluate assay quality, a Z′ factor was calculated as Z′ = 1–3(σp+σn)/(μp-μn), where σp is the standard deviation of all positive control wells, σn is the standard deviation of all negative control wells, μp is the mean of the positive controls, and μn is the mean of the negative controls. For IC50 values fitting, we define the Hill Equation in MATLAB as this syntax, sigmoid=@(beta,x) 1./(1+(x/beta(1)).beta(2)). Then we use MATLAB function nlinfit to derive IC50 values and we use MATLAB function nlparci (Non-linear regression parameter confidence intervals) to estimate the 95% confidence interval (CI) of the fitted IC50 values.



Cardiomyocyte Tissue Culture, Imaging, and Data Analysis

Human iPS cell-derived cardiomyocytes (Fujifilm Cellular Dynamics, Madison, WI) were cultured in clear 96-well Greiner COC plates which were plasma treated and coated with 0.1% gelatin (STEMCELL Technologies, Vancouver, Canada). iCell cardiomyocytes plating medium from the iCell Cardiomyocytes Media Kit was used to plate the cardiomyocytes at 60,000 cells/well and then exchanged with iCell Cardiomyocytes maintenance medium after 24 h. Four days after plating, the hiPSC-derived cardiomyocytes were transduced with lentiviral expression vectors for the blue light actuator CheRiff and the calcium indicator jRGECO1a. After 24 h, the medium was removed and exchanged for iCell maintenance medium to remove the virus. Medium (150 μL) was exchanged with fresh maintenance medium every 48 h. The cardiomyocytes imaging experiments were performed 9 days after plating.

Prior to imaging, maintenance medium was removed from the cells using a multichannel pipette, and then 150 μL of 1 μM BeRST1 dye was added to each well. The cells were incubated with BeRST1 dye for 30 min at 30°C in the dark. Following incubation, BeRST1 dye was washed out using 4 mM K+ Tyrode's solution. The cells were incubated with the Tyrode's solution and preliminary recordings were made on the Swarm instrument with the enclosure temperature set at 30°C. Compounds were then added in a dilution series to three replicate wells per concentration. The compounds were incubated for 10 min before the second post-drug addition recordings were made. Cells were not treated with blebistatin or other agents to reduce cardiomyocyte contraction as cell movement does not affect the optical signals.

For the cardiomyocyte imaging, two separate photodiodes were used to simultaneously record both the BeRST1 voltage fluorescence and the jRGECO1a Ca2+ fluorescence. The photodiode voltage recordings were collected with an NI-9202 Analog Input module (National Instruments, Austin, TX) at 2,000 Hz. The raw voltage recordings were low-pass filtered with a moving average filter and then bleach corrected to report the change in fluorescence (ΔF/F). Blue light stimulus artifacts were removed by linear interpolation between the data points immediately before and after the blue stimulus pulse. Post-drug addition traces were normalized to the maximum ΔF/F of the pre-drug addition traces for the same well. The max AP amplitude was extracted from each test pulse epoch and averaged across all 10 blue light test pulses to determine mean spike amplitude. AP70 width was calculated as the time between crossing 30% of maximum fluorescence between the upstroke and downstroke. The AP70 width was only calculated and averaged from epochs where the cardiomyocytes fired APs. The Ca2+ transients were quantified by computing the integrated area under the curve of the photobleach corrected jRGECO1a traces and averaged over all 10 test pulse epochs. Error bars represent the standard error of the mean (SEM) across three replicate wells each. Significance testing was performed using a one-way ANOVA with Dunnett's test and p-values were considered significant if <0.05. For the simultaneous voltage and calcium imaging experiments, the significance testing was conducted using a one-tailed t-test and p-values were considered significant if <0.05.




RESULTS


Swarm for Highly-Parallelized, Multicolor Optogenetic Recordings

We designed and built the Swarm instrument, which records both voltage and calcium activity in 24 wells simultaneously under optical simulation. The read head contains 24 objective modules, which enable flexibility in validation testing, optogenetic imaging, troubleshooting, and repair. Each objective module has over 40 optical elements comprised of low-cost molded aspheric lenses, low-noise photodiodes, high-power LEDs, and high-quality thin film filters and dichroics. Within each module, there are four excitation LED channels (637 nm red, 563 nm lime, 470 nm blue, and patterned 470 nm blue) optically cleaned by excitation filters, and three emission channels (736, 573, and 520 nm) collected by photodiode detectors (Figure 1A). The objective modules are aligned in parallel to form two banks of twelve modules that comprise the whole 24-objective read head. Each assay scan reported for this study requires approximately 9 s (3 s for imaging, 6 s of overhead, e.g., DAQ initialization, stage moving to read new wells, saving recordings). Imaging a 384-well plate requires 16 consecutive scans (~2.5 min) using the read pattern shown in Figure 1B. We constructed custom printed circuit boards attached to each objective module as shown in Figure 1C: (1) A LED board containing four high power LEDs for the four excitation optical paths (red, lime, blue, and patterned blue). (2) Two photodiode boards containing three photodiodes and three independent picoammeter circuits to measure and amplify the signal collected in the three emission channels (Far Red, RFP, and GFP). The overall Swarm instrument and superstructure footprint on an “18 by 24” optical breadboard is shown in Figure 1D.
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FIGURE 1. Swarm instrument schematics. (A) Each objective module contains four excitation LED paths (637, 563, 470 nm, and patterned 470 nm) and three emission channels (736, 573, and 520 nm), which are collected by photodiode detectors. Chrome masks are placed on conjugate image planes to enable patterned blue light stimulation. Beam shaping optics are not shown. (B) 384-well plate and objective modules illuminating 24 wells (blue dots) and scan pattern (red arrow) to image the entire plate. (C) Each individual objective module has two banks of 12 modules that comprise the whole 24-objective read head. Each module contains multiple lenses, filters, and masks to deliver light from the LED board to the bottom of the well. The signal amplification picoammeters measure currents from the sample which are collected by each photodiode channel. Water cooled heat exchangers are fastened to the LED boards. (D) Surrounding superstructure of Swarm. A plate pusher arm articulates a 384-well plate over a 24-objective read head, which is fastened below the top deck. The DAQ connectors hang to the side of the top deck rails.




Optopatch Nav1.7 Spiking HEK Swarm Assay Validation

Nav1.x spiking HEK cells can fire sodium channel dependent pseudo-APs which afford robust signals reflecting Nav channel function and pharmacology. The basic components of Nav1.x spiking HEK cells are shown in Figure 2A. Nav1.x spiking HEK cells stably expressed a Nav1.x channel, the target of interest, and a modified channelrhodopsin (Zhang et al., 2016, 2020). In addition, an inwardly rectifying potassium channel (Kir2.1) was transiently expressed by lentiviral transduction. Kir channel expression was required to hyperpolarize the resting membrane potential in order to maintain Nav channels in a non-inactivated state and enable repolarization following stimulation. Expression of Kir channels also allowed tunable control of resting potential by adjusting extracellular potassium concentrations in imaging (Dai et al., 2008). For the primary Nav1.7 assays, we used 8 mM bath potassium to achieve a resting membrane potential of approximately −70 mV, which is near the physiological value in native sensory neurons (Liu et al., 2017). Cells were loaded with a bright far-red fluorescent membrane potential dye, BeRST1, prior to imaging to provide a rapid and linear fluorescence readout of membrane voltage, which is compatible with red LED levels from Swarm which can deliver a maximum intensity of 4W/cm2. With this model, cells can be depolarized upon blue light stimuli leading to Nav1.x channel activation and the firing of pseudo-APs. The AP amplitude can be recorded by measuring BeRST1 fluorescence intensity and is sensitive to Nav channel inhibitor pharmacological modulation. For Nav1.7 spiking HEK cells, a 10 test-pulse blue light stimulus protocol (125 mW/cm2) with nine 40 ms short pulses and one 500 ms long pulse was used and the mean spike amplitude across all the test pulses was applied to evaluate Nav1.7 inhibitor potency and efficacy (Zhang et al., 2020). Figure 2B shows all the 16 wells imaged by objective 1 from a zebra sentinel plate with alternating columns of wells containing a Nav1.7 blocker tetrodotoxin (TTX; 1 μM) as a positive control and dimethylsulfoxide (DMSO; 0.15%) as a negative vehicle control. For the single objective, the average waveform amplitudes for the eight DMSO treated wells showed excellent separation from those of the eight TTX treated wells. The 40% signal reduction is due to Nav1.7 inhibition and all residual signal is mediated by voltage actuator CheRiff-mediated depolarization. Since optogenetic assay results can be sensitive to light illumination intensity, we further validated the instrument homogeneity across different objectives by examining the DMSO and TTX traces collected from each objective. Figure 2C shows that after fine tuning of analog output voltages to each blue LED, the Swarm instrument generates a consistent TTX sensitive, Nav1.7 dependent signal amplitude across all the different objectives covering a full 384-well plate. To further reduce the assay variability resulting from subtle differences in LED intensity across different objectives, we also included an objective-wise normalization step in the analysis pipeline (see Materials and Methods section). Figure 2D shows a heatmap from a zebra sentinel plate in which DMSO and 1 μM of TTX were placed in alternating columns and no apparent objective or position biased effects were observed.
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FIGURE 2. Nav1.7 Spiking HEK assay performance with the Swarm instrument. (A) Diagram of key components in Nav1.x spiking HEK cells, including voltage sensitive dye BeRST1, CheRiff-eGFP, Kir2.1, and the target of interest, Nav1.x channel. (B) Representative fluorescence traces from eight wells of DMSO or 1 μM TTX treated Nav1.7 spiking HEK cells stimulated with a 10 test-pulse blue light stimulation protocol, imaged by Objective 1 of the Swarm instrument. The bath [K+] is 8 mM. (C) Fluorescence traces collected from all the 24 objectives. The Nav1.7 spiking HEK cells were treated with either DMSO or 1 μM TTX and were stimulated by the protocol shown in (B). Each trace was averaged based on 8 adjacent wells imaged by the same objective. (D) The heat map from a representative Nav1.7 spiking HEK 384-well sentinel plate. All the odd columns were treated with DMSO vehicle control, and all the even columns were treated with 1 μM TTX.


The Optopatch Nav1.7 spiking HEK assay, when run using a serial epifluorescence microscope, was reported to yield IC50 values comparable to an automated patch clamp platform such as IonWorks Barracuda (Zhang et al., 2020). The parallel recording feature of Swarm greatly reduces imaging time per plate and subsequently improves overall throughput while maintaining overall assay performance. When a diverse set of compounds were tested using both Swarm and a custom single-well compatible epifluorescence microscope, the instruments yielded IC50 values for each compound differing less than two-fold across the two platforms (Supplementary Figure 1).



Tool Compound Pharmacology for Swarm Assay Validation Across Different Nav Channels

In addition to Nav1.7, the Optopatch spiking HEK assay can be applied to study the pharmacology of other Nav subtypes, including Nav1.2 (a major Nav subtype in the brain) and Nav1.5 (dominant Nav subtype in the heart), both of which are important counter screen targets to confirm Nav1.7 selectivity. We established stable cell line expression of Nav1.2/CheRiff and Nav1.5/CheRiff in HEK293 cells and Kir2.1 was introduced to the cells via lentiviral transduction prior to imaging. Similar to the Nav1.7 assay, upon blue light stimulation, Nav1.2 and Nav1.5 spiking HEK cells fire pseudo-APs and the spike amplitude and integrated spike area are sensitive to compound modulation (Figure 3A). The spike width is wider in Nav1.2 and Nav1.5 spiking HEK cells than Nav1.7 spiking HEK cells, possibly due to different Nav subtype channel gating properties or different background potassium current levels in different HEK cell lines (Ponce et al., 2018). It is also reported that exogenous expression of the beta subunit can alter Nav channel gating kinetics in Xenopus oocytes and thus potentially modulate AP width, but in HEK293 cells, Nav channel gating is much less impacted by exogenous beta subunit expression due to the endogenous expression of SCN1B (Moran et al., 2000; Walther et al., 2020). Different bath potassium concentrations were used for Nav1.2 (8 mM) and Nav1.5 (6 mM), based on the consideration that the cardiac Nav1.5 subtype has a more hyperpolarized half-inactivation voltage V1/2 than the neuronal subtypes Nav1.2 and Nav1.7 (Vilin et al., 2012; Wang et al., 2015). Adjusting the bath potassium concentration to generate similar levels of channel inactivation across sodium channel subtypes enabled more consistent comparison of pharmacological effects. Like the Nav1.7 assay, we extracted parameters from multiple test pulses to comprehensively evaluate compound effects on Nav1.2 and Nav1.5 channels and then derive overall compound IC50 values. We validated the assay sensitivity and accuracy by performing concentration response experiments using a set of 15 Nav tool compounds covering a wide range of subtype specificities, mechanisms of action, and binding sites (Table 1, Figure 3B, and Supplementary Figure 2). Under current assay conditions, the non-selective Nav inhibitors amitriptyline, tetracaine, and vixotrigine can inhibit all the three Nav subtypes with similar potency (Figure 3B). The Nav subtype selective compounds JNJ63955918, PF-05089771, and tetrodotoxin demonstrated the expected subtype selectivity consistent with literature reports (Alexandrou et al., 2016; Flinspach et al., 2017; Tsukamoto et al., 2017). Only JNJ63955918 showed more than 50-fold Nav1.7 selectivity against both Nav1.2 and Nav1.5. While both tetrodotoxin and PF-05089771 potently blocked Nav1.7, they lacked or only had modest subtype specificity against Nav1.2 (Figure 3B). Also, a highly subtype selective Nav1.8 compound VX-150 (Hijma et al., 2021) has no effects on Nav1.2, Nav1.5 and Nav1.7 (Table 1 and Supplementary Figure 2). In addition to assessing subtype selectivity profiles, Nav1.x spiking HEK assays on Swarm can be used to determine compound mechanism of action. The compound state dependence (Kr/Ki) was defined as the ratio Nav1.7 IC50 value at TP1 under 4 mM potassium (Figure 3A) over the IC50 value at TP10 under 8 mM potassium (Figure 2B). As expected, compounds that act on the voltage sensor domain IV (e.g., PF-05089771), as local anesthetics (e.g., lidocaine, tetracaine), and as prototypical anticonvulsants (e.g., carbamazepine, lamotrigine) show stronger state-dependent block than pore blockers (e.g., TTX) and peptide blockers (e.g., JNJ63955918). For example, both PF-05089771 and TTX have similar Ki (~30 nM), but the ratio of Kr/Ki for a strong state-dependent blocker, PF-05089771 (43-fold) is at least 10 times greater than that of a weak state-dependent blocker TTX (four-fold), under our current assay conditions (Supplementary Figure 3).
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FIGURE 3. Tool compound concentration-response curves on different Nav channel subtypes. (A) Representative fluorescence traces from DMSO, 1 μM TTX, or 10 μM tetracaine treated Nav1.2 spiking HEK cells (8 mM bath [K+]), Nav1.5 spiking HEK cells (6 mM bath [K+]), and Nav1.7 spiking HEK cells (4 mM bath [K+]). For Nav1.2 and Nav1.5 spiking HEK assays, the cells were stimulated at 2 Hz. Eight test pulses were applied before the 500 ms long pulse and only action potentials triggered by the third to the eighth pulses were plotted for these two Nav channel subtypes; for Nav1.7 spiking HEK cells, the cells were stimulated at 4 Hz and all 10 triggered action potentials are plotted. (B) Concentration-response curves of 3 non-selective Nav channel blockers (Amitriptyline, Tetracaine, Vixotrigine) and 3 subtype-selective Nav channel blockers (JNJ63955918, PF-05089771, Tetrodotoxin) on Nav1.2 (8 mM bath [K+]), Nav1.5 (6 mM bath [K+]), and Nav1.7 (8 mM bath [K+]). Error bars indicate SD based on measurements from 2 wells.



Table 1. Tool compound results.
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Demonstration of Swarm Screening for Nav1.7 Small Molecule Inhibitors

To assess the platform readiness to support high-throughput screening, we first conducted a pilot screen using the Prestwick Chemical Library, which is a unique collection of 1,520 small molecules, many of which are approved drugs (approved by the FDA, EMA, JAN, and other agencies). Before imaging, Nav1.7 spiking HEK cells were loaded with BeRST1 dye and then incubated with the compounds at 1 μM for 30 min. Next, the cells were stimulated with a 10 test-pulse protocol and the resulting voltage waveforms were collected for compound pharmacology evaluation. The mean spike amplitude was used to calculate the Z′ factor for each plate. All four plates displayed Z′ values higher than 0.7 and the tetracaine in-plate control wells yielded consistent IC50 values across all four plates, which were 0.16, 0.18, 0.24, 0.20 μM, respectively (Figure 4). The hit rate was 9.3% when 0.5 mean spike amplitude was used as the cutoff for hit selection, which is consistent with the reported frequent occurrence of Nav channel inhibition for marketed approved drugs (Zhang et al., 2014). Since many Nav channel inhibitors are not subtype-selective, we chose a set of 75 reference compounds in the Prestwick Chemical Library also with reported IC50 values for Nav1.5 based on automated patch clamp recordings (Harmer et al., 2011). Fifteen out of sixteen compounds with Nav1.5 IC50 values < 3 μM also inhibited Nav1.7 spiking HEK signals by more than 50% indicating a lack of subtype selectivity (Supplementary Table 1). Many anti-depressant drugs are also Nav channel inhibitors (Huang et al., 2006) and the Prestwick Chemical Library identified hits which have been characterized as anti-depressant drugs, including nefazodone, doxepin, amitriptyline, nortriptyline, clomipramine, imipramine, trimipramine, and desipramine.


[image: Figure 4]
FIGURE 4. Prestwick library pilot screen. Four 384-well plates from the Prestwick library were tested using Nav1.7 spiking HEK assay under 8 mM bath potassium. The mean spike amplitude of individual wells is shown in scatter plots for each individual plate. DMSO vehicle was used as the negative control and 1 μM TTX was used as the positive control. DMSO treated wells and TTX treated wells were used to calculate the Z′ factor. On each plate, a four-dose tetracaine titration series was also included to monitor assay variability across different plates.


Following the pilot screen, we next searched for Nav1.7 inhibitors with novel chemical scaffolds and desired molecular profiles by conducting a 200,000 small molecule library screen using the Nav1.7 spiking HEK assay on the newly engineered Swarm instrument. Five hundred and sixty 384-well plates were imaged with a throughput of ~8,000 compounds/day (Figure 5A), though 10,000 compounds/day was readily achievable. The average Z′ for the entire screen was ~0.8 (representative screening plate shown in Figure 5B) and the tetracaine in-plate control IC50 fluctuation was less than four-fold (Figure 5C) demonstrating assay robustness. Using 0.45 mean spike amplitude as the cutoff for hit selection, the hit rate was ~1.4% (Figure 5D). 2,766 identified hit compounds were cherry-picked to advance into hit confirmation at 1 and 3 μM (n = 2). When tested at 3 μM, the hit confirmation rate was 60% when 0.5 mean spike amplitude was applied as the cutoff (Supplementary Figure 4) if we defined the confirmed hits as any compounds with IC50 values less than 3 μM. The hit confirmation rate was 54% when 0.45 mean spike amplitude cutoff was applied. The exact same cutoff threshold was used for hit cherry-picking and for hit confirmation. Among the hits confirmed at 3 μM, 352 compounds with confirmed activity at 1 μM were selected for 8-point concentration-response curve (CRC) analysis in Nav1.7 and Nav1.5 spiking HEK assays.


[image: Figure 5]
FIGURE 5. Quality control metrics analysis for 200 K Nav1.7 spiking HEK Swarm screen. (A) The Z′ factor analysis for Nav1.7 Swarm screen. All 560 plates had Z′ factors at or above 0.5. (B) The heat map of one representative screening plate. Column 1 through Column 22 contained library compounds. Columns 23 and 24 contained control compounds, including 8 wells of TTX and 8 wells of DMSO for Z′ factor calculation and two 4-point titration series of tetracaine. (C) IC50 values derived from the 4-point tetracaine titration for each screening plate. The IC50 fluctuation was less than four-fold during the entire screen, indicating a high degree of assay consistency. (D) The histogram of library compounds and the control compounds. The normalized score of 0.45 was chosen for hit selection threshold, and based on this criterion, around 2,800 compounds were identified as hits from the 200 K Nav1.7 Swarm screen.


Validation studies were performed for 32 compounds using reordered powder samples and for activity confirmation in 10-point CRC analysis in spiking HEK assays. Reordered hit compounds were tested in Nav1.7, Nav1.5, and Nav1.2 assays for selectivity profiling and state-dependence determination (Figure 6). We benchmarked the properties of the newly identified hits against the 15 tool compounds selected in Figure 3. To mimic the genetic loss-of-function mechanism in congenital insensitivity to pain (CIP) patients, an ideal Nav1.7 inhibitor should have sufficient selectivity against both Nav1.2 and Nav1.5 and should display greater state-independent inhibition. Among the tested tool compounds, only JNJ63955918 demonstrated more than 10-fold subtype selectivity against both Nav1.2 (Figure 6A) and Nav1.5 (Figure 6B) and exhibited a state-dependence metric less than 10-fold (Figure 6C). However, JNJ63955918 is a small peptide that would require intrathecal delivery, which limits therapeutic applications. PF-05089771, a compound previously tested in Phase 2 clinical trials with limited success, lacked sufficient selectivity against Nav1.2 (Figure 6A) and it also displayed the strongest state-dependent block of the tested compounds (Figure 6C). Compound 1 was a promising internally identified hit from the Q-State screening library with ~10-fold subtype selectivity against Nav1.2 (Figure 6A) and more than 10-fold subtype selectivity against Nav1.5 (Figure 6B) with improved state dependent properties compared to PF-05089771. Additional structure activity relationship and exploratory medicinal chemistry efforts may lead to further improvements in subtype selectivity and reduce the level of state-dependent inhibition to achieve the desired profile for a safe and effective Nav1.7 inhibitor therapeutic for chronic pain.


[image: Figure 6]
FIGURE 6. Potency, selectivity, and state dependence of tool compounds and identified hits. (A) For each Nav1.7 inhibitor, its subtype selectivity against Nav1.2, defined as the ratio of Nav1.2 IC50 value over Nav1.7 IC50 value, was plotted against its Nav1.7 IC50 value. (B) For each Nav1.7 inhibitor, its subtype selectivity against Nav1.5, defined as the ratio of Nav1.5 IC50 value over Nav1.7 IC50 value, was plotted against its Nav1.7 IC50 value. (C) For each Nav1.7 inhibitor, its reciprocal of state dependence was plotted against its potency on Nav1.7. In all three panels, the compounds with desired properties (potent, subtype selective and less state-dependence) distribute to the upper left quadrant.




Simultaneous Voltage and Calcium Imaging of Human iPS Cell-Derived Cardiomyocytes Under Optogenetic Pacing Using the Swarm

We have previously demonstrated Optopatch compatibility with human iPS cell (hiPSC)-derived cardiomyocytes (Dempsey et al., 2016; Dempsey and Werley, 2017). Here we extended this approach by developing a Swarm-compatible counter screening assay in hiPSC-derived cardiomyocytes to assess cardiotoxicity of HTS hit compounds and validated the assay with pharmacological tool compounds. HiPSC-derived cardiomyocytes (CDI Cardiomyoctes2) were plated on 96-well Greiner cyclic olefin copolymer (COC) plates and transfected with blue-light activated CheRiff channelrhodopsin and calcium reporter jRGECO1a (Dana et al., 2016). jRGECO1a has the largest SNR compared to other reported red-shifted genetically encoded calcium sensors, but is also prone to photoactivation, which may add confounding factors to interpret pharmacological results. To overcome this issue, we implemented two major strategies. (1) Minimize the blue light stimulation intensity and duration. (2) Perform the pre- and post-measurement on the same group of cells to assure that the magnitude of photophysical artifact is the same and any observed signal change is due to compound modulation. For voltage imaging, cardiomyocytes were also loaded with BeRST1 prior to imaging to record cell membrane potential. Cardiomyocytes were paced at 0.5 Hz with a ten-pulse 20 ms blue light stimulation protocol (125 mW/cm2). Red light (2 W/cm2) and lime light (980 mW/cm2) were used to excite the sensors and BeRST membrane potential fluorescence and jRGECO1a calcium fluorescence were recorded. Optical stimulation via blue light activation of CheRiff enables controlled pacing which reduces variation in action potential frequency that occurs across wells with spontaneous action potentials, leads to more uniform action potential properties, and more closely replicates conditions in ventricular myocytes. In some examples shown in Figure 7, spontaneous action potentials are seen at the left edge of each trace, prior to initiation of pacing. For the cardiomyocyte experiments, two recordings per well were made. One recording was made prior to compound treatment and a second recording was performed following compound addition with a 10-min compound incubation period. The post-compound treatment voltage traces were normalized to their corresponding pre-compound addition traces. Voltage traces from cardiomyocytes treated with sodium channel blockers vixotrigine, PF-05089771, and the HTS screening hit Q-State Compound 1 (QS Compound 1) are shown in Figure 7A. As a positive control, we tested the non-selective Nav channel blocker vixotrigine which showed dose-dependent reduction of the AP peak amplitude, with the AP waveform significantly distorted at the highest dose (30 μM, <25-fold above its Nav1.7 IC50). In comparison, the Nav channel subtype-selective PF-05089771 and QS Compound 1 caused minimal effects at the highest doses tested (3 and 30 μM, respectively, >40-fold above their Nav1.7 IC50). As additional control pharmacology, voltage traces for the calcium channel blocker nifedipine and hERG channel blockers dofetilide and E4031 were recorded (Figure 7B). Nifedipine shortened the AP width with increasing concentrations until the cardiac AP was completely extinguished at the highest 0.3 μM dose, consistent with previous reports (Dempsey et al., 2016). HERG channel blockers dofetilide and E4031 elongated APD70 with increasing concentrations, as expected (Dempsey et al., 2016; Millard et al., 2018). At the highest doses, the hERG blockers altered the AP waveforms to such a degree that the cardiomyocytes failed to fire APs at the 0.5 Hz pacing frequency. Addition of dofetilide increased the APD70 from 1 to 1.75 s at 0.3 μM. Similarly, E4031 addition prolonged the AP waveform from 1 to 2.4 s at the intermediate dose of 0.03 μM.


[image: Figure 7]
FIGURE 7. Validation of hiPSC-derived cardiomyocyte counter-screening assay on Swarm instrument with pharmacological tool compounds and an identified screening hit. Representative BeRST1 voltage fluorescence traces are shown for 0.5 Hz paced cardiomyocytes treated with increasing concentrations of compound (yellow to dark blue). Cardiomyocytes were treated with (A) sodium channel blockers (Vixotrigine, PF-05089771, QS Compound 1) and (B) calcium channel and hERG channel blockers (Nifedipine, Dofetilide, E4031). Quantification of (A) action potential (AP) peak amplitude for sodium channel blockers and (B) AP70 width for calcium channel and hERG channel blockers are shown as mean ± SEM from triplicate wells. *p < 0.05 compared to DMSO control.


The Swarm instrument is capable of recording from up to three emission wavelengths simultaneously. This makes the instrument ideally suited for recording both the far-red BeRST1 voltage fluorescence and red jRGECO1a Ca2+ transients on hiPSC-derived cardiomyocytes. Figure 8A shows representative fluorescence traces overlaid with the ten-pulse blue light stimulation protocol used to optically pace the cardiomyocytes. The cardiomyocytes were treated with the calcium channel blocker nifedipine, and voltage fluorescence and calcium transients were measured simultaneously (Figure 8B). At low and intermediate doses of 0.03 μM and 0.1 μM nifedipine, respectively, the voltage peak amplitude decreased by 33 ± 2.7% and 40 ± 7.0%, respectively, until the cardiomyocytes failed to fire APs at the highest 0.3 μM dose. Similarly, the calcium transients were quantified by taking the integrated area of the calcium signal. Addition of 0.03 μM nifedipine decreased the integrated calcium area by 28 ± 4.5% and 0.1 μM nifedipine decreased the integrated area by 31 ± 13% until it was completely extinguished at the highest 0.3 μM dose (Figure 8C). The results show that nifedipine altered both the AP waveform and calcium transients of iPS cell-derived cardiomyocytes, as expected (Dempsey and Werley, 2017; Millard et al., 2018). The Swarm instrument was able to capture the pharmacological effects of compounds with known activities in cardiomyocytes using both voltage and calcium readouts and can provide a platform for detailed pharmacological characterization using human cardiomyocytes.


[image: Figure 8]
FIGURE 8. Simultaneous voltage and calcium imaging with the Swarm instrument on hiPSC-derived cardiomyocytes. (A) Representative fluorescence traces from hiPSC-derived cardiomyocytes expressing jRGECO1a reporter and loaded with BeRST1 voltage sensitive dye. Cardiomyocytes were paced with ten 0.5 Hz, 20 ms blue pulses. (B) Average fluorescence waveforms for voltage and Ca2+ in hiPSC-derived cardiomyocytes treated with increasing concentrations of calcium channel blocker Nifedipine (yellow to dark blue). (C) Quantification of voltage AP peak amplitude and integrated Ca2+ waveform area. Data shown as mean from triplicate wells with ±SEM as error bars. *p < 0.05 compared to DMSO control.





DISCUSSION

Here we describe the design and validation of a novel optically-based instrument, the Swarm, for evaluating pharmacological effects of compounds on ion channels and excitable cells. Swarm enabled optical stimulation and simultaneous optical readout of multiple parameters including membrane voltage and intracellular calcium levels in cell-based assays. Optical stimulation via blue light stimulation of heterologously expressed channelrhodopsins allowed for precise and rapid stimulation with flexible control of stimulation protocols. Multiwavelength readouts of membrane voltage and calcium at red-shifted wavelengths enabled simultaneous stimulation and multiparameter readout with rapid response kinetics that are currently only limited by response times of the fluorescent voltage sensors. Swarm incorporated these capabilities in an instrument containing 24 individual objectives each having four optical input channels and three optical readout channels along with electronics for detection of the optical signals and control of LED-based stimulation. Swarm is designed for high throughput compound evaluation in 96- and 384-well plate formats and provides a new scalable technology for high-throughput screening of compounds targeting ion channels and excitable cells.

The Swarm instrument addresses key limitations in the current high-throughput instrument landscape. Current fluorescence plate readers such as FLIPR (Molecular Devices, San Jose, CA), FDSS6000, and FDSS/μCell (Hamamatsu, Hamamatsu, Japan) are high-throughput and cost-effective, but use non-physiological stimuli and have low temporal resolution. The Opto-plate96 (Bugaj and Lim, 2019) has 96 LED positions that can illuminate every well of a 96-well plate or 384-well plate simultaneously with 3 different wavelengths but has no built-in recording capability and needs to be coupled with a separate instrument or microscope to measure assay readouts. The ML8500 (Modulight Corporation, Tampere, Finland) is compatible with multiple well plates (24, 96, 384, and 1,536 well formats) and can use 6 different excitation colors but can only sequentially illuminate one well at a time, and has no recording capabilities. The Kinetic Imaging Cytometer (Vala Sciences, San Diego, CA) uses a sCMOS camera to acquire high-speed videos of fluorescent indicators and has multiple color excitation options but can only record from a single well at a time. The Bolt (Photoswitch Biosciences, Cleveland, OH) has fast simultaneous 96-channel stimulation and recording capabilities but has limited sensor options that are restricted to the far-red spectrum. Our Swarm platform is specifically designed to deliver highly parallelized optogenetic stimulation with 3 colors (red, lime, blue), and simultaneous recording in 3 distinct wavelengths (far-red, red, green) in order to fully leverage the Optopatch technology in a high throughput format.

Optical assays provide an advantageous path to develop scalable high throughput assays. Specialized and expensive consumable items are not typically required, and the screening format can be readily changed to match assay specific needs and throughput. Previous assays methods used for sodium channel screening have relied on flux of permeant ions (Trivedi et al., 2008; Du et al., 2015), fluorescence measurements of membrane potential (Dyes et al., 2004), and automated electrophysiology (Chambers et al., 2016; Li et al., 2017; Zhang et al., 2020). Flux assays and fluorescent membrane potential assays can provide a robust measure of cumulative sodium channel activity and can be tuned to detect specific pharmacological profiles, but they lack temporal resolution and generally require use of non-physiological triggering agents, such as veratridine, which can alter the pharmacological sensitivity of the assay. Binding assays typically use radiolabeled ligands which are less amenable to HTS and the readouts are not directly coupled to sodium channel function. Automated electrophysiology instruments provide a high-resolution linear readout of sodium channel function, but consumable costs and available assay formats currently limit use in HTS campaigns and position this technology as best used in conjunction with HTS fluorescent assays for medium throughput assays and downstream secondary confirmation of compound activity.

The optogenetic assays implemented on Swarm provide the throughput and scalability of conventional fluorescent sodium channel assays such as FLIPR coupled with the information content, temporal resolution, activation by a physiological stimulus, and flexible control of channel activation obtained with automated E-Phys. In this work, we demonstrate the capabilities of Swarm to execute a Nav1.7 spiking HEK HTS campaign and to perform selectivity assays using Nav1.2 and Nav1.5 spiking HEK assays and hiPSC-derived cardiomyocyte counter screens along with a mechanistic classification of hit compounds. The subtype selectivity, state dependence, and cardiomyocyte toxicity information obtained from Swarm assays provide pharmacological profiles that can be readily generated and contain key information to drive chemical optimization efforts and to prioritize compound selection. The profiles generated for compounds listed in Figure 3 and shown in Figure 6 provide potential explanations for why some clinical stage compounds (e.g., vixotrigine and PF-05089771) demonstrated limited clinical success due to a lack of subtype selectivity (vixotrigine) or highly state-dependent inhibition (PF-05089771). The Swarm instrument provided a stable and reliable platform to execute a large-scale screen and downstream activities. We have also demonstrated that spiking HEK assays on Swarm provided reliable compound potency estimates of well-known reference compounds that matched values from previously published literature and from a similar assay performed using a single objective single well serial epifluorescence microscope (Zhang et al., 2020). Future developments of the instrument will implement laser-based illumination to enable the required intensities to fully leverage optogenetic voltage reporters coupled with novel sensing devices to enable extension to 1,536-well plate formats for yet higher throughput screening along with new multiplexing capabilities.

In this study, we focused on Nav channels to demonstrate the applicability to use the Swarm for ion channel drug discovery. However, other types of ion channels may be also compatible with the instrument and the optogenetic assay paradigm. For example, an optogenetic assay for a voltage-gated potassium channel has been previously reported (Zhang et al., 2016). Using optogenetic assays to screen for state-dependent modulators of Cav channels has also been reported and its assay format is compatible with the Swarm (Agus et al., 2015). In addition to channelrhodopsin, other types of light sensitive actuators may also be used to trigger channel activity. For example, a photo-activated adenylyl cyclase, bPAC (Stierl et al., 2011), can be used to induce cAMP concentration changes and trigger the opening of cyclic nucleotide gated (CNG) channels, which could be used for CNG channel modulator screening on the Swarm (Boddum et al., 2021).

Drug discovery projects require integrated use of a wide array of biophysical, biochemical, cell-based, and in vivo measurement modalities. Advances in drug discovery are often enabled by technological advances, and technology development can be motivated by drug discovery progress in a virtuous cycle. This relationship was highlighted more generally by Sidney Brenner, “Progress in science depends on new techniques, new discoveries and new ideas, probably in that order” (Brenner, 2002). More specifically, drug discovery for ion channels and excitable cells such as neurons and cardiomyocytes has been propelled by technical developments including patch clamp recordings (Hamill et al., 1981), fluorescence plate readers (Schroeder, 1996; Huang et al., 2006), and automated patch clamp (Fertig et al., 2002; Schroeder et al., 2003). In general, choice of assay methods aims to optimize information content, throughput, and relevance to disease pharmacology (McManus, 2014). Optogenetic assays implemented using the Swarm instrument enable a novel system that combines high information content, high throughput, and deep pharmacological characterization which can be leveraged to drive diverse therapeutic discovery programs for nervous system disorders and other disease areas involving excitable cells.
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Channelrhodopsins (ChRs) are proteins that guide phototaxis in protists and exhibit light-gated channel conductance when their genes are heterologously expressed in mammalian cells. ChRs are widely used as molecular tools to control neurons and cardiomyocytes with light (optogenetics). Cation- and anion-selective ChRs (CCRs and ACRs, respectively) enable stimulation and inhibition of neuronal activity by depolarization and hyperpolarization of the membrane, respectively. More than 400 natural ChR variants have been identified so far, and high-throughput polynucleotide sequencing projects add many more each year. However, electrophysiological characterization of new ChRs lags behind because it is mostly done by time-consuming manual patch clamp (MPC). Here we report using a high-throughput automated patch clamp (APC) platform, SyncroPatch 384i from Nanion Technologies, for ChR research. We find that this instrument can be used for determination of the light intensity dependence and current-voltage relationships in ChRs and discuss its advantages and limitations.
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Introduction

For control of neural circuitry, light provides a much higher spatial and temporal resolution than conventional pharmacological interventions. Microbial rhodopsins are photoactive proteins, in which photon absorption triggers diverse molecular functions, from protein-protein interaction to ion transport (Govorunova et al., 2017; Rozenberg et al., 2021). Expression of microbial rhodopsin genes in animal and human cells enables photocontrol of their biochemical and physiological properties, which is now referred to as optogenetics (Deisseroth, 2015). So far, the most impactful optogenetic application has been manipulation of the electrical activity of neurons and cardiomyocytes using channelrhodopsins (ChRs), photoactivation of which results in passive transmembrane conductance. ChRs are widely used in neuroscience and cardiology research, and their potential to treat Alzheimer’s disease (Cui et al., 2020), Parkinson’s disease (Yu et al., 2020), epilepsy (Paschen et al., 2020), cardiac arrythmias (Cheng et al., 2020), and many other neurological, psychiatric and cardiological disorders has been demonstrated in animal models. A report of successful partial vision restoration in a blind human patient using a ChR was published last year (Sahel et al., 2021).

Different optogenetic applications require ChR variants with different properties, most important of which is ion selectivity. ChRs that generate H+ and Na+ influx in mammalian cells (cation-conducting ChRs, or CCRs) have been found as phototaxis receptors in chlorophyte algae (Nagel et al., 2002, 2003; Sineshchekov et al., 2002) and are used to stimulate neuronal spiking with light (Boyden et al., 2005; Deisseroth, 2011). ChR2 from the green alga Chlamydomonas reinhardtii (CrChR2) and its mutants are the most frequently used tools for this purpose (Wietek and Prigge, 2016). Anion-conducting ChRs (ACRs), found in cryptophyte algae and some other marine protists (Govorunova et al., 2015, 2020; Oppermann et al., 2019; Rozenberg et al., 2020), are used to inhibit neuronal activity. Very recently, KCRs, a new family of ChRs with a high selectivity for K+ over Na+ has been discovered and used to silence neurons with light (Govorunova et al., 2022). ChRs with red-shifted absorption spectra are generally preferable for optogenetics (Klapoetke et al., 2014; Govorunova et al., 2020), because red light more deeply penetrates biological tissue. However, use of ChRs in combination with fluorescent voltage sensors for all-optical electrophysiology creates a demand also for blue light-absorbing ChRs (Fan et al., 2020). Finally, precise optical control of neurons firing at high frequencies (Keppeler et al., 2018) and prolonged inhibition of neuronal activity (Stahlberg et al., 2019) need ChRs with fast or slow photocurrent kinetics, respectively. These requirements call for novel ChRs variants with the desired properties either identified in nature or engineered in the laboratory.

Several hundred natural ChRs variants have been identified (Rozenberg et al., 2020; Govorunova et al., 2021), and many more are reported each year in ongoing genome/transcriptome sequencing projects (Bork et al., 2015). Conventional manual patch clamp (MPC), generally used for electrophysiological characterization of ChRs, requires considerable expertise and is time-consuming. Recently, high-throughput, automated patch clamp (APC) platforms have become increasingly popular in ion channel research and drug discovery (Bell and Fermini, 2021; Obergrussberger et al., 2021). The SyncroPatch 384i platform from Nanion Technologies uses a “bottom-up” planar configuration to allow compatibility with a multiwell plate format to enable simultaneous recording from 384 wells (in a one-module configuration) or 768 wells (in a two-module configuration). Each well of a multiwell plate has one or several small apertures (holes) in the bottom surface made of borosilicate glass. A suspension of target cells is introduced into the wells, after which a negative pressure is applied to capture the cells in the apertures and form Gigaohm (GΩ) seals. Integrated robotic operation for handling of cells, solutions, and compounds provides standardization of all procedures. The SyncroPatch 384i offers unprecedented high throughput close to that of non-electrophysiological screening techniques such as ion-flux measurements and fluorescence assays, with the added benefit of real-time monitoring of channel activity. This instrument and its earlier modifications have already been used to probe voltage- and ligand-gated ion channels in a variety of cell types (Brinkwirth et al., 2020; Potet et al., 2020; Obergrussberger et al., 2022).

We were granted access by Nanion to a SyncroPatch 384 for a 9-months pilot program to evaluate its utility for ChR research. We used this APC platform to characterize photocurrents from three ChR variants. HcKCR1 from Hyphochytrium catenoides is a member of a recently discovered class of ChRs that exhibit higher relative permeability to K+ than to Na+ detected by MPC (Govorunova et al., 2022). HcCCR is a previously uncharacterized paralog from the same organism, and CrChR2, the most-studied CCR, was included for comparison. Here we report the results obtained with these three ChRs and discuss the advantages and disadvantages of the SyncroPatch system for ChR research.



Materials and methods

The genes encoding the three H. catenoides rhodopsins were identified by Leonard et al. (2018), and refinement of the sequences of HcKCR1 and HcKCR2 has been described by us recently (Govorunova et al., 2022). Initially, we obtained the predicted protein sequence for HcCCR from the database provided by Leonard and Richards,1 the file hyphochytrium_catenoides_predicted_proteins_renamed _modified. Upon close inspection of an alignment of the predicted transmembrane (TM) domains of these rhodopsins it became clear that the HcCCR sequence is missing part of helix 5. This prompted us to reconfirm the sequence of its TM domain by performing a TBLASTN search of the whole-genome sequencing (WGS) data for H. catenoides (Accession FLMG00000000.1 and CAFC00000000.2) at the National Center for Biotechnology Information (NCBI), using the HcCCR sequence provided by Leonard et al. (2018) as the query. The resultant alignments allowed us to build the full sequence for the TM regions of HcCCR with high confidence.

Mammalian codon-adapted polynucleotides encoding the TM domains of HcKCR1, HcCCR and CrChR2 were synthesized and cloned by Genscript Biotech Corporation into the mammalian expression vector pcDNA3.1 (Invitrogen, Cat. #V790-20) in frame with a C-terminal mCherry (HcKCR1 and HcCCR) or EYFP (enhanced yellow fluorescent protein, CrChR2) tag. The expression construct encoding the TM domain of HcCCR has been deposited in Genbank (accession # OL692497). HEK293 (human embryonic kidney) cells (ATCC, Cat. #CRL-1573; RRID: CVCL_0045) were transfected using the ScreenFect A plus transfection reagent (Fujifilm Waco Chemicals, Cat. #297-77104). All-trans-retinal (Sigma-Aldrich, Cat. # R2500) was added from a stock solution in ethanol at the final concentration of 5 μM. Measurements were performed 48–72 h after transfection at room temperature.

Automated whole-cell patch clamp recording was conducted with a SyncroPatch 384i (Nanion Technologies) using planar borosilicate glass medium-resistance chips in a 384-microtiter plate format with one hole per well and Nanion Standard solutions (for their compositions see Supplementary Table 1). Transfected cells were dissociated using TrypLE™ Express, diluted with CHO-S-SFM-II medium (both from ThermoFisher, Cat.# 12604013 and 31033020, respectively) and resuspended in External Physiological solution (Nanion Technologies) at 105-4 × 105 cells ml–1. Each well was filled with 30 μl Chip Fill solution, to which 20 μl of the cell suspension was added. Seal formation was enhanced by the addition of 40 μl of the External Physiological solution supplemented with 10 mM CaCl2 (final concentration). After formation of GΩ seals, 50 μl of the external solution mixture was replaced with 40 μl of External Physiological solution to reduce the Ca2+ concentration. For measurements of the pH dependence, the pH of all solutions except that used for resuspension of the cells was adjusted prior to the experiment to 5.4 or 9.4. The final pH during recording was 5.8 or 8.6, as measured in a solution mixture that mimicked that produced by the SyncroPatch. The internal solution in all experiments was KF 110 Internal (Nanion Technologies). All measurements were carried out at room temperature (25°C). Calculation of the series resistance (Rs) was automatically performed during all recordings, and the recordings with Rs > 10 MΩ were not included in the analysis.

Photostimulation was provided with LUXEON Z Color Line light-emitting diodes (LEDs) (Lumileds), Cat.# LXZ1-PB01 (470 ± 20 nm, 38 lm at 500 mA, 25°C) or Cat.# LXZ1-PM01 (530 ± 30 nm, 118 lm at 500 mA, 25°C) arranged in a 6 × 16 matrix that covered a quarter of the 384-well chip. The 10–90% rise time for both LED types was < 100 ns. Other technical characteristics of the LEDs, such as spectral power distribution, radiation patterns, color bin structure and mechanical dimensions are provided on the manufacturer’s website.2 For green LEDs (LXZ1-PM01), two prototype modifications of the photostimulation hardware were tested. In the first modification (Supplementary Figure 1A), the LED matrix was simply placed on top of the amplifier grid. In the second modification (Supplementary Figure 1B), the matrix was encapsulated in an adaptor that could be fixed on top of the grid in a precise position. Furthermore, a thin class IP68 light guide with a counterbore round head (Mentor, Cat. #1292.1601; length 11.5 mm, diameter 2.2 mm) was attached to each LED to bring the light closer to the cells. In the first modification, the maximal available forward current was 475 mA, in the second, 900 mA. The blue LEDs (LXZ1-PB01) were available only in the first modification of hardware. With both modifications, the matrix had to be repositioned four times during each experiment to cover the entire chip. According to the manufacturer’s data, the dependence of luminosity on the forward LED current was close to linear (Supplementary Figure 1C). The LEDs were driven by a derivative of the CardioExcyte 96 SOL (Nanion, Cat. #191003) and controlled by Biomek commands in combination with a custom stand-alone software provided by Nanion. Variation of the time delay between the programmed and actual light onset is shown in Supplementary Figure 1D.

For data acquisition, PatchControl384 v. 1.9.0 (Nanion Technologies) software was used. The acquisition rate was 200 μs per point (5 kHz sampling rate). The SyncroPatch output was filtered with an analog Bessel filter at 3 kHz and a digital low-pass Lanzcos filter at 3 kHz. The data were analyzed by DataControl384 software v. 1.9.0 (Nanion Technologies). The current traces were also exported in the text format and analyzed by ClampFit, a subroutine of pClamp 10.7 software (Molecular Devices). The kinetics of the current rise and decay was evaluated, respectively, by single and double exponential approximation in ClampFit. Further analysis was performed by Origin Pro 2016 software (OriginLab Corporation). Desensitization was calculated as the difference between the peak and desensitized current divided by the peak current (in %).

Control MPC measurements were performed with an Axopatch 200B amplifier (Molecular Devices) using the same solutions as in the SyncroPatch experiments. The low-pass filter of the amplifier output was set to 2 kHz. The signals were digitized with a Digidata 1440A (Molecular Devices) at 5 kHz sampling rate (200 μs per point) using pClamp 10. Patch pipettes with resistances of 2–4 MΩ were fabricated from borosilicate glass. Continuous light pulses were provided by a Polychrome IV light source (T.I.L.L. Photonics GmbH) in combination with a mechanical shutter (Uniblitz Model LS6, Vincent Associates; half-opening time 0.5 ms). Maximal irradiance at the focal plane of the 40 × objective lens was ∼6.4 mW mm–2 at 530 nm and was attenuated using neutral density filters.

Descriptive statistics was calculated by Origin software. The data are presented as mean ± sem values, as indicated in the figure legends; the data from individual replicates are also shown when appropriate. The sample size was estimated from previous experience and published work on similar subjects, as recommended by NIH guidelines. No normal distribution of the data was assumed; when a specific statistics hypothesis was tested, the non-parametric Mann-Whitney test (implemented in Origin software) was used.



Results


Seal quality and stability

To test the quality and stability of the seals obtained using the SyncroPatch, we expressed HcKCR1 in HEK293 cells using chemical transfection (for more detail see section “Materials and methods”). The H. catenoides genome encodes three ChR paralogs (Leonard et al., 2018). HcKCR1 and HcKCR2 exhibit higher relative permeability for K+ over Na+, as determined by MPC (Govorunova et al., 2022). To the best of our knowledge, the third paralog had not yet been tested by heterologous expression and patch clamp electrophysiology. The SyncroPatch allows monitoring the resistance at predetermined time points during the entire experiment. Supplementary Figure 2A shows changes in the seal resistance of four representative wells during the execution of the CellCatch command that applies 10-ms voltage steps (from –20 to –30 mV) to test the seal resistance. As evident from the increase in the resistance starting ∼15 s after the addition of the cells, wells 1–3 had successfully captured the cells, whereas well 4 captured no cell. The success rate of the cell capture (>10 MΩ resistance after the addition of the cells to the wells) was ∼85% in our experiments. Supplementary Figure 2B shows the percentage of captured cells that showed a membrane resistance (Rm) > 500 MΩ after the addition of the seal enhancer (10 mM CaCl2), wash with the external solution, formation of the whole-cell configuration, and each of the four applications of the voltage step protocol (from –100 to 20 mV in 20-mV steps) in six independent experiments. The seals demonstrated excellent stability during all these manipulations. The dependence of the Rm on the holding voltage is shown in Supplementary Figure 2C. The duration of a typical experiment was ∼20 min from the time of the cell capture, including the time needed to relocate the LED board.



Optimization of photostimulation

The tested version of the SyncroPatch does not have integrated photostimulation capacity, so one of the aims of our study was side-by-side comparison of the two prototypes of the add-on photostimulation unit (Supplementary Figures 1A,B; for more detail see section “Materials and methods”). Representative photocurrent traces generated by HcKCR1 in response to light pulses produced by the two modifications of the photostimulation unit are shown in Supplementary Figures 3A, B, top traces. The first version of the photostimulation unit, in which the LED array was directly placed on top of the Faraday cage enclosing the chip, produced rapid (one data point, i.e., < 200 μs) light artifacts of variable amplitude accompanying switching the light on and off (Supplementary Figure 3A, middle and bottom traces), which could be removed digitally (Supplementary Figure 3A, top trace). The second version of the photostimulation unit, with the lightguides attached, produced no such artifacts. Non-transfected cells generated no photoresponses except the abovementioned artifacts with the first version of the photostimulation unit (Supplementary Figures 3A,B, bottom traces). Comparison of the current kinetics clearly showed that the second version produced stronger light, as only in this case the current traces exhibited a peak followed by a decrease to a lower steady-state level (a phenomenon known as “desensitization”). In Supplementary Figures 3C,D we show the current amplitude at the end of a 200-ms light pulse recorded from all 384 individual wells, and Supplementary Figures 3E,F, the corresponding histograms. The cell-to-cell variation of the current amplitude was consistent with variation of the fluorescence and photocurrents measured from similar cultures in MPC experiments. The current amplitude averaged over all 384 wells (including those that captured no cells or non-fluorescent cells) was 28 ± 5 and 81 ± 5 pA with the first and second version, respectively, which confirmed that the second modification of the hardware produced stronger light. Next, we carried out a detailed analysis of the dependence of HcKCR1 photocurrents on the light intensity using the optimized photostimulation unit.



Light intensity dependence

Figure 1A shows a representative series of photocurrent traces recorded from a single cell expressing HcKCR1 at 20 mV holding voltage in response to light pulses at incrementally increased LED forward current and thus light intensity. According to the manufacturer’s data, the LED luminosity almost linearly increased upon an increase in the forward current (Supplementary Figure 1C). Comparison of the current kinetics recorded with the SyncroPatch with that recorded at the same voltage and ionic conditions by MPC using a calibrated light source (Figure 1B) showed that the LED output at 40 mA forward current roughly corresponded to 0.2 mW mm–2. Figure 1C shows the dependence of the peak current on the LED forward current for 20 individual cells that generated the largest response. The mean dependence measured when the intensity was increased from low to high closely matched that measured when the intensity was changed in the reversed order (Figure 1D), which indicated that the 30-s interval between subsequent light pulses was sufficient for the full recovery of HcKCR1, and that only minimal bleaching/rundown was observed. The amplitude of the photocurrent measured at the end of 200-ms illumination saturated earlier than the peak (Figure 1E), as in other ChRs studied earlier by MPC (Ishizuka et al., 2006; Ernst et al., 2008). The dependence of desensitization on the LED forward current is shown as the red symbols and line in Figure 1E. Figure 1F shows the dependence of the time constants (τ) of the photocurrent rise (red) and decay (blue) on the LED current.
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FIGURE 1
(A) A series of photocurrent traces generated by HcKCR1 at 20 mV in response to 200-ms light pulses of incremental intensity. The bar on top shows the duration of illumination. (B) Comparison of the normalized photocurrent traces recorded by automated patch clamp (APC, black) at 40 mA forward LED current and by manual patch clamp at 0.2 mW mm–2 (MPC, red). (C) The dependence of the peak current amplitude on the light intensity (LED current) for 20 individual cells. (D) The mean curves for the responses measured upon variation of the LED current from low to high and from high to low values. (E) The mean curves for the peak current and desensitized current at the end of the 200-ms light pulse (black symbols and lines, left axis). The red symbols and line (right axis) show the degree of desensitization calculated as the difference between the peak current and the current at the end of 200-ms illumination divided by the peak current and multiplied by 100%. The data points in (C,E) are connected with spline lines. (F) The dependence of photocurrent rise τ (red) and the main (fast) decay τ (blue) on the light intensity. The data points for the rise τ are connected with a B-spline line; the data for the decay τ are approximated with a logistic function.




Current-voltage relationships of three channelrhodopsin variants and their dependence on external pH

Our previous MPC study showed that HcKCR1 exhibits > 100 times less permeability for protons than CrChR2 (Govorunova et al., 2022). This is very unusual among known CCRs, so we sought to verify this result with the SyncroPatch. Representative series of photocurrent traces generated by HcKCR1 at incrementally increased holding voltages at pH 5.8, 7.4, and 8.6 are shown in Figures 2A–C. Our analysis of HcKCR1 photocurrents by MPC showed that its PK/PNa permeability ratio decreases during continuous illumination (Govorunova et al., 2022). This decrease explains the biphasic (first positive, then negative) photocurrent trace recorded at –60 mV in Figure 2A. The current-voltage relationships (IE curves) for individual cells that generated the largest response are shown in Figures 2D–F. We used well-characterized CrChR2 as a positive control for proton permeability. Representative series of photocurrent traces generated by CrChR2 under the same ionic conditions as used for HcKCR1 are shown in Figures 3A–C, and the corresponding IE curves, in Figures 3D–F. In contrast to HcKCR1, alkalization strongly suppressed CrChR2 photocurrents (in fact, at pH 8.6 only a few cells generated currents that could be resolved from the noise). Figure 4 shows the results of characterization of the third ChR paralog from H. catenoides using the SyncroPatch. Despite its 74.4% primary structure identity and 87% similarity with HcKCR1 (Supplementary Figure 4), the Erev of photocurrents generated by this ChR was positive under our conditions (Figure 4), which indicated that it was more permeable for Na+ than K+. Therefore, we named this protein HcCCR for “H. catenoides cation channelrhodopsin.”
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FIGURE 2
(A–C) Photocurrent traces recorded from HcKCR1 at the indicated external pH in response to a 200-ms light pulse (530 nm, 900 mA), the duration of which is shown as a colored bar on top. The holding voltage was varied from –100 to 20 mV in 20-mV steps. (D–F) Current-voltage relationships of HcKCR1 measured in individual cells. The current amplitude was measured at the end of a 200-ms light pulse.
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FIGURE 3
(A–C) Photocurrent traces recorded from CrChR2 at the indicated external pH in response to a 200-ms light pulse (470 nm, 475 mA), the duration of which is shown as a colored bar on top. The holding voltage was varied from –100 to 20 mV in 20-mV steps. (D–F) Current-voltage relationships of CrChR2 measured in individual cells. The current amplitude was measured at the end of a 200-ms light pulse.
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FIGURE 4
(A–C) Photocurrent traces recorded from HcCCR at the indicated external pH in response to a 200-ms light pulse (470 nm, 475 mA), the duration of which is shown as a colored bar on top. The holding voltage was varied from –100 to 20 mV in 20-mV steps. (D–F) Current-voltage relationships of HcCCR measured in individual cells. The current amplitude was measured at the end of a 200-ms light pulse.


Comparison of the Erev values for all three tested ChRs are shown in Figure 5A. The Erev of HcKCR1 photocurrents was strongly negative and showed no dependence on pH in the tested range, which was consistent with the results of our previous MPC study (Govorunova et al., 2022). In contrast, the Erev of CrChR2 shifted upon variation of pH, which matched previous observations by MPC (Nagel et al., 2003; Tsunoda and Hegemann, 2009). The Erev of HcCCR at pH 7.4 was more positive than that of CrChR2, indicating that HcCCR exhibits a higher Na+/K+ permeability ratio than CrChR2. The Erev of HcCCR exhibited only a small Erev shift upon alkalization, indicating its lower relative permeability for protons than that of CrChR2.
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FIGURE 5
The reversal potential of photocurrents (A) and the time constant (τ) of the main (fast) component of photocurrent decay (B) in HcKCR1, CrChR2 and HcCCR measured at the indicated external pH. The bars are mean ± sem, the circles are the data from individual cells. Numerical data and full statistical analysis are provided in Supplementary Datasheet 2.


As shown previously by MPC, the decay kinetics of CrChR2 photocurrents accelerates upon alkalization (Tsunoda and Hegemann, 2009). The SyncroPatch (Figure 5B) recordings reproduced this effect. In contrast to CrChR2, the decay of HcKCR1 photocurrents was independent of pH, whereas the decay of HcCCR photocurrents slightly slowed at alkaline pH.




Discussion

As of this writing, APC platforms have been used mostly for characterization of mammalian voltage- and ligand-gated ion channels and drug discovery (Brinkwirth et al., 2020; Potet et al., 2020; Bell and Fermini, 2021; Obergrussberger et al., 2021, 2022). Here we tested the SyncroPatch 384i for characterization of ChRs, light-gated ion channels from eukaryotic microbes, expressed in model human cells as C-terminal EYFP or mCherry fusions. Planar APC using the SyncroPatch offers an important advantage over MPC or even pipette-based APC (Kolb et al., 2019), as it completely eliminates the bias introduced by the investigator’s selection of fluorescent cells for patching. However, this advantage is relevant only if all cells express the transgene. Stably transfected cell lines have been created for CrChR2 (Zimmermann et al., 2006), but not for HcKCR1 and HcCCR. Therefore, we used transient chemical transfection to avoid time-consuming generation of stable lines, as we had access to the SyncroPatch 384i for only a limited time. The efficiency of chemical transfection in our experiments, estimated by microscopic observation of tag fluorescence, was 50-70%, which explained the absence of photocurrents in some cells captured in a multiwell plate. Therefore, using chemical transfection saved time, but reduced the throughput. Viral delivery of transgenes yielding higher transfection efficiency may provide a reasonable compromise between time and throughput.

Variability of the time delay between the programmed and actual onset of illumination (Supplementary Figure 1D) needs to be taken into account to avoid introducing errors during automatic measurements of photocurrent amplitudes by DataControl384 software. This variability can easily be accounted for if the recorded traces are exported and analyzed individually by ClampFit or other relevant software. According to Nanion engineers, this variability is due to the Biomek command used to trigger the LEDs, not to the LEDs themselves. The SyncroPatch 384i platform that we used was based on the Biomek i5 robot, recently replaced with the Biomek 4000 robot. It remains to be seen whether this variability is eliminated in the new SyncroPatch 384 model based on the upgraded robot. We found that the improved photostimulation unit for the SyncroPatch (Supplementary Figure 1B) that was available only for 530-nm LEDs produced sufficiently intense light to cause desensitization (attenuation of photocurrent during continuous illumination) of the tested ChRs. Desensitization is observed in all known ChRs and needs to be minimized for optogenetic purposes. Desensitization is caused by accumulation of long-lived non- or less-conductive intermediate(s) of the photocycle, but its molecular mechanisms are poorly understood and appear to be different in different ChRs (Saita et al., 2018; Kuhne et al., 2019; Oppermann et al., 2019; Sineshchekov et al., 2020). The SyncroPatch is expected to be invaluable for high-throughput screening of random ChR mutants for decreased desensitization.

Measurements of the IE curves require high seal quality and stability to avoid “seal leakage currents” that develop in response to applied voltage gradients (Wilson et al., 2011). The SyncroPatch provides an excellent seal stability upon application of repetitive voltage steps (Supplementary Figure 2). Our results obtained with HcKCR1 and CrChR2 using this instrument are consistent with those of previous MPC studies (Nagel et al., 2003; Govorunova et al., 2022), which validates using the SyncroPatch for measurements of the IE curves and determination of the ionic selectivity of ChRs. In our analysis of the pH dependence of ChR photocurrents and current-voltage relationships, we used external solutions with preadjusted pH. The SyncroPatch also allows rapid exchange of the external and internal solutions without disturbing the gigaohm seals, as shown in experiments with voltage- and ligand-gated channels (Toh et al., 2020; Rotordam et al., 2021; Obergrussberger et al., 2022).

Using the SyncroPatch we found that the third ChR from H. catenoides, named here HcCCR, showed no preferred selectivity for K+ over Na+, in contrast to its close relatives HcKCR1 and HcKCR2 from the same organism. In fact, the Na+/K+ permeability ratio of HcCCR is even higher than that of CrChR2, as is evident from the comparison of the corresponding Erev values at pH 7.4 (Figure 5A). The close sequence homology of HcKCR1 and HcCCR (Supplementary Figure 4) will potentially benefit identification of residue motifs responsible for the high K+/Na+ permeability ratio of HcKCR1.

Our conclusion is that the SyncroPatch 384i from Nanion accelerates determination of the basic biophysical characteristics of ChRs, such as their light intensity dependence and current-voltage relationships, and facilitates screening of ChR homologs identified in global polynucleotide sequencing projects. An upgrade of the photostimulation hardware for simultaneous illumination of the entire 384-well chip is expected to further increase its efficiency.
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Fluoride has been used in the internal recording solution for manual and automated patch clamp experiments for decades because it helps to improve the seal resistance and promotes longer lasting recordings. In manual patch clamp, fluoride has been used to record voltage-gated Na (NaV) channels where seal resistance and access resistance are critical for good voltage control. In automated patch clamp, suction is applied from underneath the patch clamp chip to attract a cell to the hole and obtain a good seal. Since the patch clamp aperture cannot be moved to improve the seal like the patch clamp pipette in manual patch clamp, automated patch clamp manufacturers use internal fluoride to improve the success rate for obtaining GΩ seals. However, internal fluoride can affect voltage-dependence of activation and inactivation, as well as affecting internal second messenger systems and therefore, it is desirable to have the option to perform experiments using physiological, fluoride-free internal solution. We have developed an approach for high throughput fluoride-free recordings on a 384-well based automated patch clamp system with success rates >40% for GΩ seals. We demonstrate this method using hERG expressed in HEK cells, as well as NaV1.5, NaV1.7, and KCa3.1 expressed in CHO cells. We describe the advantages and disadvantages of using fluoride and provide examples of where fluoride can be used, where caution should be exerted and where fluoride-free solutions provide an advantage over fluoride-containing solutions.
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automated patch clamp, ion channels, hERG, NaV1.5, physiological solutions, KCa3.1, NaV1.7, fluoride


Introduction

Automated patch clamp (APC) instruments are used for a wide variety of applications ranging from basic research into channelopathies and biophysical characteristics of ion channels, through to routine cardiac safety testing (Obergrussberger et al., 2021, 2022). Their use in cardiac safety screening has increased over the years and APC is now an established and accepted technique in most, if not all, safety testing laboratories. It is well-known that fluoride is often used in the internal solution in APC experiments to improve the seal resistance (Zeng et al., 2008) when external calcium (or other divalent cation) are present (Milligan et al., 2009; Obergrussberger et al., 2014, 2018). The mechanism is thought to involve the formation of CaF2 crystals at the interface between the pipette or micro-pore and the cell as described in a recent patent application (Lojkner et al., 2019). Even in manual patch clamp experiments, fluoride has been used to record NaV channels for over 20 years (Cummins et al., 1999; Renganathan et al., 2000; Rugiero et al., 2003), despite known shifts in activation and steady-state inactivation curves of NaV1.9 (Rugiero et al., 2003; Coste et al., 2004), effects on the voltage dependence of conductance and steady-state inactivation of NaV1.7 (Jarecki et al., 2008), shifts in activation and inactivation of NaV1.3 (Meadows et al., 2002), and effects on persistent current of NaV1.3 (Chen et al., 2000). These effects on biophysical properties are not limited to NaV channels, high concentrations of fluoride have been shown to increase mean open duration, and thereby open probability of L-type calcium channels (Ono and Arita, 1999), and influences current amplitude and inactivation of KV1.3 and K2P channels (Herrmann et al., 2020). In addition to effects on biophysical properties of ion channels, fluoride binds to calcium making its use in experiments involving activation of ion channels by internal free calcium somewhat limited, and itself activates certain ion channels such as CFTR (Berger et al., 1998). It is also well-known that fluoride activates G-proteins when complexed with Al3+ present in trace amounts (Li, 2003) and inhibits protein phosphatase (Khatra and Soderling, 1978). Fluoride is used because it improves the seal and allows stable measurements to be performed over long periods of time (Zeng et al., 2008; Föhr et al., 2021). Alternative internal solutions which do not contain fluoride for recording CFTR (Billet et al., 2017; Froux et al., 2020; Becq et al., 2021) or TMEM16A (Obergrussberger et al., 2018) have been used successfully on automated patch clamp devices, but the solutions were not always physiological.

In most experiments run on automated patch clamp instruments, the use of fluoride in the internal solution is no problem, particularly when like is compared with like, i.e., activation and inactivation plots of NaV channels are always run using internal fluoride. However, there may be some cases where fluoride-free, physiological solutions are required, for example, when comparing data with historical data which was recorded in fluoride-free solutions. Alternatively, it may be the case that fluoride cannot be used because of activation of ion channels, inhibition of phosphatase or binding of calcium ions. For these reasons, we have developed a method for high throughput APC experiments using the SyncroPatch 384 which allow fluoride-free, physiological solutions to be used with good success rates for GΩ and sub-GΩ seals. We demonstrate this using the ion channels NaV1.5 and NaV1.7 expressed in CHO (Charles River), hERG expressed in HEK293 (SB Drug Discovery), and KCa3.1 (SK4) also expressed in CHO cells (Charles River). Additionally, preliminary experiments using human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) were also performed.



Materials and methods


Cell culture and harvesting

The cell lines used here (hERG stably expressed in HEK 293 cells from SB Drug Discovery, Glasgow, United Kingdom, hNaV1.5; hNaV1.7, and KCa3.1 stably expressed in CHO cells all from Charles River, United States) were cultured as previously described (Brueggemann et al., 2004; Brüggemann et al., 2008; Becker et al., 2013; Obergrussberger et al., 2014). In brief, these cells were cultured in T175 culture flasks in the media recommended by the supplier and passaged every 2–3 days when they were 50–80% confluent. The cells were passaged regularly to ensure that the cells were single when passaged and harvested. The cells were prohibited from reaching 100% confluency so that they remained healthy, single, and expressed the ion channel of interest when they were harvested into a cell suspension for recordings. hiPSC-derived cardiomyocytes were generated and cultured as previously described (Seibertz et al., 2022). Briefly, hiPSC cell line UMGi014-C.14 was derived from dermal fibroblasts of healthy male donor and the reprogramming to iPSCs was achieved using integration-free CytoTune iPS 2.0 Sendai Reprogramming Kit (Thermo Fisher Scientific) with the reprogramming factors OCT4, KLF4, SOX2, c-MYC. Directed differentiation into ventricular iPSC-CMs was performed via WNT signaling modulation and subsequent metabolic selection, as previously described (Kleinsorge and Cyganek, 2020). hiPSC-CMs were cultured at 37°C in 5% CO2 in a RPMI Medium 1640 (1X) + GlutaMax™ –I [+] 25 mM HEPES (Thermo Fisher Scientific) supplemented with B-27 (Thermo Fisher Scientific). Experiments were performed on hiPSC-CMs at day 41 post differentiation. All protocols were approved by the Ethics Committee of the University Medical Center Göttingen (No. 10/9/15 and 15/2/20). For experiments on the SyncroPatch 384, cells were harvested into suspension and suction was used to attract a cell to the patch clamp aperture of each well. Since it was a blind method for capture, cells had to be single with few clusters and the cell suspension was free from cell debris, as the presence of cell clusters and debris can decrease the success rate. Cell harvesting was performed as described previously (Brueggemann et al., 2004; Brüggemann et al., 2008; Becker et al., 2013; Obergrussberger et al., 2014) using TrypLE, other suitable enzymes, or even enzyme-free detachment protocols. Cells were then resuspended in extracellular recording solution at a density of ∼500,000 cells/ml.



Automated patch clamp electrophysiology

All cells were recorded in the whole cell mode of the patch clamp technique using the SyncroPatch 384 (Nanion Technologies, Munich, Germany). Electrophysiological protocols were constructed, and data digitized using PatchControl 384 (Nanion Technologies, Munich, Germany). Cells were recorded on both single-hole NPC-384 or NPC-384FF chips with medium or high resistance (4–5.5 or 5–7 MΩ, respectively). In a subset of experiments involving KCa3.1 multi-hole chips with 4 holes (NPC-384/NPC-384FF) 4X high resistance (2.2–3.2 MΩ) per well were used. Cells were harvested into suspension and added to the CellHotel of the SyncroPatch 384 where they were kept at 10°C, shaking at 200 rpm, until used for the experiment. The NPC-384 or NPC-384FF chips were filled with internal solution as indicated in Table 1 and ChipFill external solution. After cells were captured (indicated by an increase in RSeal > 10 MΩ), a brief, transient addition of external solution containing 6 mM Ca2+ was made when standard internal solution and NPC-384 chips were used which was then exchanged to external recording solution before commencement of recordings. When fluoride-free internal solution and NPC-384FF chips were used, the ChipFill external solution was replaced by external recording solution (Table 1) after cells were captured.


TABLE 1    Composition of recording solutions for fluoride-containing (referred to as standard internal) and fluoride-free (referred to as FF internal) experiments.

[image: Table 1]

hERG currents were recorded using a double step voltage protocol from a holding potential of −80 mV to +60 mV for 500 ms followed by a step to −40 mV for 500 ms repeated every 15 s. Peak amplitude was measured at the start of the second voltage step (ITail). Current-voltage relationships were recorded using the same voltage-step to +60 mV, but then followed by voltage steps from −120 to 60 mV with 10 mV increments.

NaV1.5 currents were measured using a 3-step protocol, the first step from −120 to 0 mV, the second step from −100 to 0 mV and the 3rd step from −80 to 0 mV, repeated every 10 s. Current-voltage (IV) relationships were recorded using the voltage-step protocol: For the activation IV, a step pulse of 30 ms was applied, starting from −70 mV and increasing in 10 mV increments up to 40 mV with every sweep, at a sweep interval of 2 s. For analysis, the current response to each step was normalized to the cell’s peak current before averaging across all cells. Holding potential was −120 mV.

The inactivation IV pulse protocol consisted of a 500 ms pre-pulse, starting from −100 mV and increasing in 5 mV increments with every sweep up to 20 mV, followed by a 50 ms depolarizing step to 0 mV, at a sweep interval of 5 s. For analysis, each of the current responses to the 50 ms step to 0 mV was normalized to the current response to the 0 mV step following the 500 ms pre-pulse at −120 mV before averaging across all cells. Holding potential was −120 mV.

KCa3.1 was recorded using a voltage ramp protocol from −120 to +60 mV over 198 ms, intersweep holding potential was −80 mV and sweep interval was 5 s. KCa3.1 was activated by internal perfusion of free calcium at 0.3, 1, or 3 μM calculated using Cabuf (freeware from KU Leuven, Belgium).

CaV currents from hiPSC-CMs were recorded using a voltage ramp-step protocol, with a ramp from −80 to −40 mV over 300 ms followed by a step from −40 to 0 mV for 100 ms, holding potential was −80 mV. The ramp section of the protocol was used to inactivate NaV currents. Only the current response to the step to 0 mV is shown in the figure for hiPSC-CMs.

Each well of the SyncroPatch 384 has an individual headstage of the amplifier and, therefore, each well is denoted as n = 1. For success rate and IC50 values across plates, n represents results from 1 NPC-384 chip. With PatchControl 384, parameters such as seal resistance, capacitance and series resistance were determined from each well after application of a test pulse. All parameters are monitored over time and can be recorded for individual experiments.


Method of using fluoride-free physiological solutions on the SyncroPatch 384

To allow for fluoride-free recordings, a combinatory approach is adopted on the SyncroPatch 384 consisting of the usage of a specialized, fluoride-free consumable called NPC-384FF in combination with a proprietary, fully automated method for preparing the NPC-384FF prior to execution of the fluoride-free recording. The automated method of NPC-384FF preparation is available on all SyncroPatch 384 devices.



Quality control parameters

Cells had to pass quality control (QC) parameters to be included in the analysis. For some experiments RSeal > 1 GΩ whereas for other experiments RSeal > 0.25 GΩ was used for single- or equivalent in multi-hole chips. In addition to this, IPeak > 150 pA for hERG; IPeak < −100 pA for NaV1.5 or NaV1.7 and IPeak > 350 pA for single-hole chips and IPeak > 1000 pA for multi-hole chips (4X) for KCa3.1 was also used. In order to guarantee appropriate voltage clamp in our comparisons, the analysis of IV-relationships for NaV1.5 and NaV1.7 recordings included additional quality control parameters on capacitance > 2 pF, current size as well as Rseries that was constrained to −3.0 nA and 20 MΩ, respectively.



Automated patch clamp solutions

See Table 1.




Data analysis

The SyncroPatch 384 platforms have a software package consisting of PatchControl 384 (for data acquisition) and DataControl 384 (for data analysis; both Nanion Technologies, Munich, Germany). Current-voltage plots were calculated using DataControl 384 and fit with Boltzmann equations: [image: image] for a sigmoidal fit for hERG IV and inactivation NaV1.5 and NaV1.7 IVs. In addition, an extended Boltzmann equation was used: [image: image] to obtain Vhalf values for activation protocols for NaV1.5 and NaV1.7 where I(V) is the amplitude of the current and G(V) the conductance at voltage V, Erev is the reversal potential. Vhalf is the membrane potential at half-maximal activation or inactivation and Slope is the slope factor.

Concentration response curves were calculated using either cumulative additions or a single point addition approach. When cumulative additions were done, all concentrations of compound were added to each well, in increasing concentrations, and concentration response curves were calculated individually for each well. When single point additions were done, a single concentration of compound was added to each well and the IC50 was calculated across multiple wells. IC50 analysis was done with DataControl 384, concentration response curves were fit with a Hill equation:

[image: image]



Statistics

Data are presented as means ± S.D or means ± S.E.M. Differences between groups were tested using the Student’s t-test for normally distributed data. P-values are reported in the figures. N represents the number of wells examined or the number of chips as indicated in the figures and/or figure legends.




Results


High throughput automated patch clamp to assess effects of internal fluoride on success rate and seal resistance

In APC experiments, high success rates have been reported using internal solutions without fluoride for several targets, such as CFTR, with success rates for completed experiments > 80% (Billet et al., 2017; Brüggemann et al., 2017; Froux et al., 2020; Becq et al., 2021). However, when switching to more physiological solutions, such as K-chloride or K-gluconate-based internal solutions, success rates very rarely reach acceptable ranges for high throughput APC. In fact, under these conditions we observed 9.3 ± 6.1% (RSeal > 1 GΩ + ITail > 150 pA) and 18.6 ± 6.3% (RSeal > 0.25 GΩ + ITail > 150 pA) using hERG expressed in HEK cells (n = 16 NPC-384 chips), in agreement with success rates reported by Zeng et al. (2008). This has posed a limitation in the use of fluoride-free, physiological internal solutions for high throughput APC and was the basis for the development of a special type of consumable, the NPC-384FF, which we have used throughout this study to allow the usage of K-gluconate (or K-chloride) or fluoride-based internal solutions under the same experimental conditions.

First, we evaluated the success rates for seal formation for fluoride-free internal solution compared with standard, fluoride-containing, internal solution using two standard cell culture cell lines. HEK cells expressing hERG as wells as CHO cells expressing NaV1.5 channels were used on the SyncroPatch 384 using either NPC-384 chips and standard internal solution containing fluoride, or NPC-384FF chips with fluoride-free internal solution. For hERG, a classical double voltage-step protocol was used to record hERG tail currents and we determined the number of wells available for recording under both conditions. Using single-hole chips, HEK cells expressing hERG were recorded with a success rate of 77.9 ± 6.1% (n = 10 NPC-384 chips) for RSeal > 1 GΩ + ITail > 150 pA (at the start of the experiment) when standard K-fluoride was used in the internal solution and 35.9 ± 7.9% (n = 32 NPC-384FF chips) when K-gluconate was used in the internal solution (Figure 1A). The success rate increased to 87.2 ± 5.4% (n = 10 NPC-384 chips) in K-fluoride and 59.0 ± 8.5% (n = 32 NPC-384FF chips) in K-gluconate when a QC cutoff for RSeal > 0.25 GΩ + ITail > 150 pA was used. Despite the reduced number of available wells when fluoride-free solution was used, the sealing properties of the recorded cells only slightly differed in their RSeal distribution pattern as illustrated in the histograms (Figure 1C), however, a small, but significant reduction for mean RSeal values was observed (Table 2). Importantly, this did not have a large impact on the stability of the recording over time as only few cells were lost during the experiments and the success rate was similar at the end of the experiment (t = 15 min) as at the start of the experiment (Figure 1A). The differences in mean RSeal might be due to the fact that for the fluoride-free approach, the formation of CaF2 crystals is absent and no elevated external Ca2+ levels are used throughout the entire recording resulting in a reduced success rate. Similar results were observed using CHO cells expressing NaV1.5 channels where a 1-step voltage protocol was used to elicit NaV1.5 peak currents. Again, we first determined the number of available wells in single-hole chips (i.e., the number that passed the QC parameters for RSeal and IPeak) and for NaV1.5-CHO we observed a success rate of 78.0 ± 4.9% (n = 15 NPC-384 chips) for RSeal > 1 GΩ + IPeak < −100 pA (at the start of the experiment) when K-fluoride was used in the internal solution and 41.9 ± 8.6% (n = 17 NPC-384FF chips) when K-gluconate was used in the internal solution (Figure 1B). The success rate increased to 86.1 ± 6.4% (n = 15 NPC-384 chips) in K-fluoride and 55.0 ± 11.7% (n = 17 NPC-384FF chips) in K-gluconate when a QC cutoff RSeal > 0.25 GΩ + IPeak < −100 pA was used. In line with our results with hERG-HEK cells, we observed a similar RSeal distribution pattern for both conditions as illustrated in the histogram (Figure 1D) and a significant difference in mean RSeal values for CHO cells in standard and fluoride-free conditions (Table 3). Similar to hERG-HEK, success rates remained stable over the time course of the experiment, any differences can probably be also attributed to the absence of CaF2 crystal formation as described above. Taken together, the results from both standard cell culture cell lines (HEK293 or CHO) expressing either NaV1.5 or hERG channels suggest that the fluoride-free approach can be used as an alternative to fluoride-containing internal solution in automated patch clamp experiments with reduced, but acceptable success rates. Therefore, our aim was to minimize experimental variability (such as recording solutions, voltage protocols, recording temperature, expression system, and culturing conditions) and provide a systematic comparison of biophysical and pharmacological parameters for four different targets depending on the internal solutions used.
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FIGURE 1
HEK and CHO cells recorded in standard and fluoride-free internal solution. (A) HEK cells expressing hERG were captured with almost 80% success rate for RSeal ≥ 1 GΩ + ITail > 150 pA and almost 40% success rate for RSeal ≥ 1 GΩ in fluoride-free internal solution (left). If a QC cutoff of RSeal ≥ 0.25 GΩ + ITail > 150 pA was used, the success rate was increased in both conditions (right). (B) CHO cells expressing NaV1.5 were captured with almost 80% success rate for RSeal ≥ 1 GΩ + IPeak < –100 pA and over 40% success rate for RSeal ≥ 1 GΩ in fluoride-free internal solution (left). If a QC cutoff of RSeal ≥ 0.25 GΩ + IPeak < –100 pA was used, the success rate was increased in both conditions (right). (C) Histogram plot of the RSeal values for HEK-hERG cells in standard and fluoride-free internal solution. For RSeal > 4 GΩ, although they are high giga-seals, the seal resistance is not accurately calculated and is therefore shown as an extra bar and these RSeal values were not included in the calculation for RSeal (Table 2). (D) Histogram plot of the RSeal values for CHO-NaV1.5 cells in standard and fluoride-free internal. For RSeal > 4 GΩ, although they are high giga-seals, the seal resistance is not accurately calculated and is therefore shown as an extra bar and these RSeal values were not included in the calculation for RSeal (Table 3).



TABLE 2    Parameters for RSeal, ITail, cell capacitance, RSeries, Rundown, Vhalf, and IC50 values for HEK cells expressing hERG for standard internal and fluoride-free internal solution.
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TABLE 3    Parameters for RSeal, IPeak, rundown, Vhalf Activation, Vhalf Inactivation, and tetracaine IC50 for CHO cells expressing NaV1.5 for standard internal and fluoride-free internal solution.

[image: Table 3]



Effect of internal fluoride on currents, biophysical properties, and pharmacology of hERG expressed in HEK cells

From the hERG-HEK recordings shown in Figures 1A,C we also extracted peak current levels from available wells as displayed in the histogram (Figure 2A). Interestingly, the data showed a difference in the distribution pattern in line with a significantly higher mean peak current level when using fluoride-free solution (Table 2) and single-hole chips. To further understand this difference, we examined the IV relationship using a classical double step inactivation protocol with increasing voltages after initial depolarization to +60 mV using standard and fluoride-free internal solution (Figure 2B) and found a similar IV-relationship that started to deviate for voltages more positive to −40 mV (Figure 2C). The currents were therefore normalized to −40 mV and fitted with a standard Boltzmann equation and resulted in Vhalf values of −93.0 ± 0.5 mV (n = 190 cells) for standard and −92.1 ± 2.3 mV (n = 201 cells) for fluoride-free internal solution with the data pools found to be not significantly different (Figures 2C,D and Table 2). The results imply that voltage dependence per se does not account for the difference in peak current level observed when fluoride-free solution was used. We can also rule out differences in cell size or access resistance as capacitance values were the same in both conditions and Rseries values were only slightly (but significantly) different (Table 2). Furthermore, the recordings were always performed in a comparable way on the same day using the same cells, recording temperature, external solution, and voltage protocol, with the only difference being the internal solution (standard or fluoride-free). This excludes any errors that may have arisen due to different recording conditions. Therefore, the reasons for the differences in increased currents in fluoride-free solution is unclear and further studies, such as detailed IV properties and a kinetic analysis, are required to elucidate the underlying reasons.
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FIGURE 2
hERG currents in standard internal and fluoride-free internal solution. (A) Histogram plot of IPeak values for standard internal and fluoride-free internal. There was a tendency to higher peak amplitudes in fluoride-free internal solution vs. standard internal. (B) Current-voltage traces of hERG using standard internal (left) and fluoride-free internal (right). The voltage protocol is shown underneath. (C) IV curves for an average of 146 cells in standard internal and 319 cells in fluoride-free solution are shown overlaid. A standard Boltzmann equation (see Section “Data analysis”) was used to fit the curve from –120 to –20 mV. (D) Vhalf values for hERG recorded in standard internal and fluoride-free internal. The Vhalf values of 190 cells in standard internal and 261 cells in fluoride-free internal were not significantly different using a Student’s t-test (P > 0.05).


To investigate the influence of internal fluoride on the pharmacology of hERG channels we compared the IC50s of verapamil and terfenadine in the presence and absence of internal fluoride. Figures 3A,B show traces from an example cell in the presence of increasing concentrations of verapamil in standard and fluoride-free internal solution, respectively. Figures 3C,D show the time course of the experiment for ITail current (at −40 mV) plotted over time using either standard (Figure 3C) or fluoride-free internal solution (Figure 3D) for an average of 54 and 11 cells, respectively. Also shown in Figures 3C,D is the vehicle control (0.3% DMSO, n = 58 cells for standard internal solution and 12 cells for fluoride-free internal) where rundown was low for both groups, <2% over 18 min (Table 2) indicating ITail current amplitude was stable regardless of internal solution used (P = 0.7, Student’s t-test). hERG was blocked by verapamil in a concentration-dependent manner with similar IC50s and the concentration-response curves overlaid almost exactly (Figure 3E, for terfenadine, see Supplementary Figure 1). The spread of IC50s for terfenadine and verapamil was higher when fluoride-free internal solution was used (Figure 3F) but the IC50s were not different to those recorded in standard internal solution (Figure 3F and Table 2). Taken together, despite differences in tail current amplitude, hERG channel voltage dependence of inactivation, recording stability (rundown) as well as pharmacology for the compounds tested seem independent of whether fluoride-free or standard internal solution was used, which has also been suggested by other studies (Zeng et al., 2008) implying that the effect of internal fluoride might not be generalized per se and rather depends on subtype specific modulation of ion channel activity.
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FIGURE 3
Pharmacology of hERG recorded in standard and fluoride-free internal solution. (A,B) Raw current traces from an example HEK cell expressing hERG recorded in standard internal (A) and fluoride-free internal (B) solution was blocked by increasing concentrations of verapamil [voltage protocol is shown at the top of panel (A)]. (C) Corresponding time course of block by verapamil in standard internal (C) and fluoride-free internal (D), 54 or 11 cells, respectively. Time course of 58/12 cells in DMSO control is also shown within panels (C,D). (E) Concentration response curve for verapamil in standard internal solution or fluoride-free solution are shown overlaid. (F) IC50s for terfenadine and verapamil recorded using standard internal or fluoride-free internal solution are shown as a box plot. The IC50s for verapamil and terfenadine recorded in standard internal or fluoride-free internal solution were not significantly different using a Student’s t-test (P > 0.05).




Effect of internal fluoride on seal resistance, stability, biophysics, and pharmacology of NaV1.5 expressed in CHO cells

From the experiments shown in Figures 1B,D, the peak current levels from available wells are displayed in Figure 4A as a histogram. In contrast to experiments involving hERG, the data showed a very similar distribution pattern consistent with a mean peak current amplitude that was not significantly different between the two groups (P = 0.2, Student’s t-test; Table 3). Furthermore, currents were stable during the time course of the experiment for both groups, with current rundown < 2% over ∼12 min (Table 3). Next, we investigated the effect of internal fluoride on the voltage dependence of activation and fast inactivation. Looking at the literature, there is a relatively large variability in Vhalf values reported for NaV1.5 due to different experimental parameters including voltage protocol, recording solutions, co-expression with β-subunits, recording temperature, holding potential, or cell expression system, the values range from −25 mV (Liu et al., 2003) to −50 mV (McNulty and Hanck, 2004). For this reason, we kept all experimental parameters the same, and only changed the internal solution in order to examine only the effect of fluoride on the Vhalf of activation and inactivation of NaV1.5. Figure 4B shows the voltage protocols used for activation and inactivation of NaV1.5 channels with example traces for both conditions. The results of these experiments are illustrated in Figures 4C,D where the Vhalf of activation was −25.2 ± 0.5 mV (n = 241) for fluoride-free and -37.5 ± 0.4 mV (n = 484) for standard internal solution. A similar difference was observed for the Vhalf of inactivation with −53.6 ± 0.6 mV (n = 165) in fluoride-free and −68.4 ± 0.4 mV (n = 728) using standard internal solution. There is a clear hyperpolarizing effect of fluoride on the voltage sensitivity of NaV1.5 channels which is highlighted in the boxplots shown in Figure 4D with ∼12 mV difference for Vhalf of activation and ∼15 mV for Vhalf of inactivation. Using the same voltage protocols as highlighted in Figure 4B we observed a similar hyperpolarizing shift for voltage activation/inactivation of NaV1.7 expressed in CHO cells when standard K-fluoride internal solution was used. This suggests a common phenotype for the shift of voltage activation/inactivation in NaV1.5 and NaV1.7 channels, however, further studies would be required to confirm whether other members of the NaV family are affected in a same manner. In fact, a previous report indicates sub-type specific differences associated with the use of internal fluoride solutions (Coste et al., 2004).
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FIGURE 4
NaV1.5 recorded in standard and fluoride-free internal solution. (A) Histogram plot of IPeak values recorded using standard internal and fluoride-free internal solution. (B) Current-voltage traces of NaV1.5 expressed in CHO cells using an activation protocol (top) and inactivation protocol (bottom) for both conditions. (C) Activation (fit with an extended Boltzmann equation, see Section “Data analysis”) and inactivation IV curves (fit with a Boltzmann equation, see Section “Data analysis”) for NaV1.5 in standard internal and fluoride-free solution are shown overlaid. (D) The Vhalf values of activation of 484 cells in standard internal were significantly more negative compared with 241 cells in fluoride-free internal. The same shift to more negative Vhalf of inactivation was also found for 728 in standard internal fluoride compared with 165 cells in fluoride-free internal (Student’s t-test, ***P < 0.001). (E) A shift in the Vhalf values of activation and inactivation was also observed for NaV1.7 where Vhalf values for activation of 433 cells in standard internal were significantly more negative compared with 29 cells in fluoride-free internal and the Vhalf of inactivation for 493 in standard internal fluoride were significantly more negative compared with 14 cells recorded in fluoride-free internal solution (Student’s t-test, ***P < 0.001).


To test whether fluoride influences pharmacology of NaV1.5 we used the known NaV channel blocker, tetracaine. This was applied as a single concentration of compound to each well, followed by a full block concentration (333 μM). Using a 3-Pulse protocol we were able to compare the block of NaV1.5-mediated currents by tetracaine at three different holding potentials as shown in Figures 5A,B (example traces are shown for the first two pulses only, corresponding to a holding potential of −120 and −100 mV). Figures 5C,D shows the peak current at 0 mV over time using two different holding potentials and tetracaine concentrations as well as vehicle only (0.3% DMSO) applied from the extracellular side. As expected, the potency of inhibition increased with a more depolarized holding potential for both conditions consistent with local anesthetics preferably binding to the inactivated states (Hille, 1977; Hondeghem and Katzung, 1977; Bean et al., 1983; Li et al., 1999). Importantly, the concentration response curves for tetracaine overlaid almost exactly for individual voltages and were not statistically significantly different (Student’s t-test, P > 0.05) for 4 NPC-384 chips in standard internal and 3 NPC-384FF chips in fluoride-free internal solution. However, the IC50s for tetracaine under both conditions decreased ∼4–7 fold from holding potentials of −120 mV compared with −100 and −80 mV (Figures 5E,F and Supplementary Table 1) comparable with values reported for lidocaine in the literature (Bean et al., 1983; Rapedius et al., 2019). In this way, the IC50 of tetracaine on NaV1.5 seems independent of whether fluoride is present or not, which is somewhat surprising given the clear hyperpolarizing effect of internal fluoride on voltage activation/inactivation of NaV1.5 (and NaV1.7) and the dependence of tetracaine IC50 on holding potential. Further studies are needed to elucidate the molecular mechanisms of these differences and how they apply to other compounds.
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FIGURE 5
Pharmacology of NaV1.5 recorded in standard and fluoride-free internal solution. (A) Raw current traces from an example CHO cell expressing NaV1.5 recorded in standard internal solution were blocked by tetracaine using a 3-step protocol (voltage protocol shown at the top). Traces elicited by the first (holding potential –120 mV) and second (holding potential –100 mV) step are shown. (B) Raw current traces from an example CHO cell expressing NaV1.5 recorded in fluoride-free internal solution were blocked by tetracaine. (C) Corresponding time course of block by tetracaine in standard internal solution for an average of 23 wells (at different holding potentials), time course in DMSO for an average of 41 wells is also shown. (D) Corresponding time course of block by tetracaine in fluoride-free internal solution for an average of 10 wells (at different holding potentials), time course in DMSO for an average of 35 wells is also shown. (E) Concentration response curves for tetracaine in standard internal solution or fluoride-free solution at a holding potential of –120 mV are shown overlaid. (F) Concentration response curves for tetracaine in standard internal solution or fluoride-free solution at a holding potential of –100 mV are shown overlaid.




Using fluoride-free solution to record KCa3.1 (SK4) channels in the presence of internal Ca2+

We also tested the effect of internal fluoride for an ion channel activated by internal Ca2+ and used the internal perfusion of free Ca2+ to activate KCa3.1 (SK4) channels. CHO cells expressing KCa3.1 were captured with almost 50% success rate for RSeal ≥ 1 GΩ with standard and fluoride-free internal solution (Figure 6A), if a QC cutoff of RSeal ≥ 0.25 GΩ was used, the success rate was increased in both conditions (Figure 6A). As automated patch clamp recordings are sometimes performed using multi-hole chips to improve success of experiments, we also used multi-hole NPC-384 and NPC-384FF chips with 4 holes per well (4X). The success rates for cell capture and sealing were similar using 4X chips compared with single hole (1X) chips for both standard internal and fluoride-free internal solution (Figure 6A). Note that when 4X chips were used, RSeal > 0.25 GΩ is equivalent to RSeal > 1 GΩ with 1X chips and RSeal > 0.05 GΩ is equivalent to RSeal > 0.25 GΩ with 1X chips. A ramp voltage protocol from −120 to 60 mV was applied from a holding potential of −80 mV (Figure 6B). After exchange of the intracellular solution from 0 to 1 μM free intracellular Ca2+ an outwardly rectifying current was observed that was inhibited by external application of 1 mM Ba2+ (Figures 6B,D) when standard internal or fluoride-free internal solution was used. In fact, we observed a slightly higher success rate for available wells that passed the quality control criteria for current (I > 350 pA at 60 mV) after internal free Ca2+ application and RSeal > 0.25 GΩ before internal free Ca2+ application when fluoride-free solution was used (Figure 6C), 70.3 ± 6.9% (n = 9 chips) vs. 60.6 ± 9.4 (n = 8 chips) when standard internal solution was used. Interestingly, when we repeated the same experiment using 4X NPC-384FF chips (quality check criteria for current I > 1 nA at 60 mV) the success rate increased to 94.5 ± 3.5% (n = 2 chips) and 91.2 ± 6.6 (n = 2 chips) when standard internal solution was used. This confirms the benefit of multi-hole chips for assay development in general, and as additional tool for experiments using fluoride-free internal solution.
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FIGURE 6
Activation by internal free Ca2+ of KCa3.1 recorded in standard and fluoride-free internal solution. (A) CHO cells expressing KCa3.1 were captured with almost 50% success rate for RSeal ≥ 1 GΩ with standard and in fluoride-free internal solution (left). If a QC cutoff of RSeal ≥ 0.25 GΩ was used, the success rate was increased in both conditions (right). Similar success rates were also achieved with multi-hole (4X) chips (gray). (B) Raw current traces from example CHO cell expressing KCa3.1 recorded in both standard and fluoride-free internal solution, activated by 1 μM free internal Ca2+ and blocked by 1 mM Ba2+ (external). (C) Success rates after applying initial RSeal (>0.25 GΩ) and current QC plot of IPeak values at –120/60 mV for standard and fluoride-free solutions after internal application of 1 μM free Ca2+. (D) IT plot during application of internal free Ca2+ with 0.3, 1, and 3 μM free internal Ca2+ and subsequent block by external Ba2+ (1 mM) at –120/60 mV. (E) Current values at –120 or 60 mV in increasing concentrations of internal free Ca2+ were normalized to maximum peak amplitude and fit using a Hill equation which shows a slightly increased EC50 in standard internal solutions for both voltages. Shown are mean ± S.E.M. (F) Current values at –120 or 60 mV in increasing concentrations of external Ba2+ were normalized to maximum peak amplitude and fit using a Hill equation which showed no difference in the IC50 at –120 mV between standard internal (170 ± 8 μM, n = 2 chips) and fluoride-free internal (158 ± 15 μM, n = 2 chips) or 60 mV, although the IC50 was higher at 60 vs. –120 mV for both groups (540 ± 105 μM, n = 2 chips in standard external and 728 ± 161 μM, n = 2 chips in fluoride-free internal solution). IC50 values are given as mean of 2 chips ± S.D.


Using increasing concentrations of internal free Ca2+, we could estimate the apparent affinity for internal free Ca2+ to elicit KCa3.1 currents (Figure 6E). Both inward (measured at −120 mV) and outward currents (measured at 60 mV) were analyzed, and concentration response curves constructed for standard and fluoride-free solution at the different potentials. The concentration response curves for internal Ca2+ are shown overlaid in Figure 6E. The corresponding current analysis shows that when standard or fluoride-free solution was used, significantly larger peak currents were elicited at 0.3, 1, and 3 μM free internal Ca2+ compared with control (0 μM free internal Ca2+) recorded at 60 mV (P < 0.001), whereas only 1 and 3 μM free internal Ca2+ elicited a significantly larger peak amplitude compared with control (0 μM free internal Ca2+) recorded at −120 mV (P < 0.001), regardless of the internal solution used (Supplementary Figure 2). The data was normalized to the maximum response and fitted using a standard Hill equation (Figure 6E). The EC50 for internal Ca2+ was significantly lower when fluoride-free internal solution was used compared with standard internal solution at both 60 mV (635 ± 20 nM (n = 121) vs. 808 ± 50 nM (n = 66; P < 0.01)) and −120 mV (676 ± 22 nM (n = 121) in fluoride-free solution vs. 773 ± 44 nM (n = 66) in standard internal (P < 0.05)).

We also determined the IC50 for external Ba2+ using either standard internal or fluoride-free internal at −120 and 60 mV using 4X NPC-384 and 4X NPC-384FF chips, with the same ramp protocol shown in Figure 6B. Figure 6F shows the concentration response curves for Ba2+ at −120 and 60 mV in standard and fluoride-free solution. Ba2+ was added as a single concentration to each well and the concentration response curves were constructed across the whole plate where it blocked the current at −120 mV with a higher potency than at 60 mV. Figure 6F shows the average concentration response curves for 2 NPC-384 or 2 NPC-384FF chips. The IC50 for Ba2+ (mean ± S.D.) was 170 ± 8 μM when standard and 158 ± 15 μM when fluoride-free internal solution was used at a voltage of −120 mV. The IC50 increased ∼3-fold to 540 ± 105 μM when standard and 728 ± 161 μM at 60 mV when fluoride-free internal solution was used.

From these results we conclude that the recording of Ca2+-activated K-channels is possible under standard as well as fluoride-free conditions with similar success rates, and even higher success rates for available wells after Ca2+ activation with 4X chips than with 1X chips, making multi-hole chips a useful tool for recording Ca2+-activated K-channels. Given that the EC50 for Ca2+ was lower with fluoride-free internal solution, and peak currents were larger, we suggest that fluoride-free internal solution may provide an advantage over standard fluoride-containing internal solutions for recording Ca2+ activated channels.




Discussion

There is no doubt that automated patch clamp has become an integral part of many electrophysiological assays involving ion channels, including safety pharmacology, lead optimization, target validation, and channelopathy research (Obergrussberger et al., 2021, 2022). Unlike manual patch clamp, the cell cannot be chosen, nor can the patch clamp aperture be moved to improve the seal. In APC, the patch clamp aperture is stationary and solely suction is used to attract the cell to the hole. In both manual and automated patch clamp, suction is then used to further improve the seal and to break into the whole cell configuration. Fluoride has been used in the internal solution in manual and automated patch clamp for years to assist with seal formation (Zeng et al., 2008; Föhr et al., 2021), in particular to record voltage-gated sodium channels where seal resistance and access parameters are critical for good voltage control. The mechanism is thought to involve CaF2 crystals forming at the aperture (Lojkner et al., 2019). However, it is well-documented that fluoride causes shifts in the activation and inactivation kinetics of NaV channels (Meadows et al., 2002; Rugiero et al., 2003; Coste et al., 2004; Jarecki et al., 2008), as well as affecting persistent calcium current in neurons (Kay et al., 1986), activating G-proteins through interaction with Al3+ (Yatani and Brown, 1991; Li, 2003), and inhibits phosphatase activity (Khatra and Soderling, 1978).


Fluoride has little effect on hERG currents

As expected, our data show that success rate as measured by % available wells using strict quality control parameters including RSeal > 1 GΩ or 0.25 GΩ and IPeak > 150 pA was higher when fluoride was used in the internal solution compared with fluoride-free internal solution when HEK cells stably expressing the hERG channel were used. However, with a success rate of around 60% for usable wells (RSeal > 0.25 GΩ) when K-gluconate was used, this results in over 200 usable wells in each experiment lasting approximately 20 min and thus, a vast increase in throughput compared with manual patch clamp. Importantly, there was little change in the number of usable wells at the end of the experiment compared with at the start, indicating that fluoride is not absolutely necessary for long-lasting recordings and 60% for completed experiments is an acceptable success rate for screening.

When fluoride was replaced by gluconate in the internal solution, hERG-mediated currents were slightly, but statistically significantly, larger than when fluoride was present (P < 0.05, unpaired Student’s t-test). This has not been previously reported and the reasons for the difference are not clear, additional studies are required to elucidate the underlying root cause. In our experiments, we can exclude differences in cell size since the cell capacitance values were unchanged in fluoride and fluoride-free solution, and we have also shown that fluoride does not shift the Vhalf of the hERG tail current. This is in agreement with Zeng et al. (2008, 2013) who also reported no effect on tail current activation parameters by fluoride compared with chloride when using the automated patch clamp system, the PatchXpress, and manual patch clamp, although the fluoride vastly increased success rate on the PatchXpress from 10% in K-chloride to 75% in K-fluoride (Zeng et al., 2008). Indeed, we also found no difference in success rate for K-chloride-containing internal solution compared with K-gluconate-containing internal solution (Supplementary Table 3) and can conclude that both gluconate and chloride are suitable alternatives to fluoride for recordings of hERG-HEK on the SyncroPatch 384.

We also compared the IC50 values for two compounds, terfenadine and verapamil, obtained using K-fluoride or K-gluconate and found that the IC50s were not different and agreed well with the range found in the literature (Zeng et al., 2008; Kramer et al., 2013; Crumb et al., 2016; Brinkwirth et al., 2020). From our results and those of Zeng et al. (2008, 2013) we can conclude that fluoride does improve the success rate based on RSeal and completed experiments and does not affect Vhalf of hERG tail current nor pharmacology, at least for the two compounds tested. Therefore, we can further conclude that the use of fluoride in the internal solution for hERG screening can be an advantage due to improved success rate, but fluoride-free internal solution can be used on the SyncroPatch 384 with success rates compatible with high throughput screening.



Fluoride shifts Vhalf of activation and inactivation of NaV1.5 and NaV1.7

CHO cells expressing NaV1.5 were also used on the SyncroPatch 384 in fluoride-free internal solution with similar success rates to HEK expressing hERG indicating that this method can be applied to different cell types and different ion channels. Average RSeal values were >1 GΩ regardless of internal solution used, and no difference in IPeak in fluoride-free internal solution compared with standard fluoride internal solution was observed which contrasts to the results observed with hERG.

Our results show that fluoride in the internal solution causes a negative shift in the Vhalf of activation and inactivation of both NaV1.5 (Figures 4C,D) and NaV1.7 (Figure 4E) which agrees with previous reports that fluoride shifts the Vhalf of activation and inactivation to more negative values of NaV1.3 (Meadows et al., 2002), NaV1.7 (Jarecki et al., 2008), and NaV1.9 (Rugiero et al., 2003; Coste et al., 2004). The values for Vhalf of activation and inactivation for NaV1.5 and NaV1.7 were in good agreement with the literature for fluoride internal (Sheets and Hanck, 1999; Li et al., 2017). Importantly, despite shifts in the Vhalf of activation and inactivation, the IC50 of tetracaine block of NaV1.5 was not statistically different in fluoride-free internal solution compared with standard fluoride (Table 3 and Figures 5E,F). Changing the holding potential from −120 to −100 mV or −80 mV resulted in a more potent IC50 of tetracaine, regardless of fluoride or fluoride-free internal solution was used (see Supplementary Table 1) as expected, as tetracaine and other local anesthetics are state dependent blockers of sodium channels (Hille, 1977; Hondeghem and Katzung, 1977; Bean et al., 1983; Li et al., 1999). The result is somewhat surprising given the fact that internal fluoride acts in a hyperpolarizing fashion and tetracaine is dependent on the holding potential used and may point towards related but independent mechanisms of modulation during transitions between closed, open and inactivated states of NaV1.5 channels as suggested for NaV1.8 and NaV1.9 channels (Coste et al., 2004).

A shift in the activation and inactivation kinetics for cardiac NaV1.5 channels over time has been reported for canine cardiac Purkinje cells (Hanck and Sheets, 1992), rat ventricular cardiac myocytes (Maltsev and Undrovinas, 1997), and rabbit atrial myocytes (Wendt et al., 1992) using manual whole cell patch clamp. In a small study using NaV1.5 expressed in CHO cells, our results also indicate a negative shift in the Vhalf of activation and inactivation over time (data not shown) as previously reported (Hanck and Sheets, 1992; Wendt et al., 1992; Maltsev and Undrovinas, 1997) when activation and inactivation IVs were measured after 10 min compared with immediately after achieving the whole cell configuration. The Vhalf of activation shifted by −0.78 mV/min in fluoride internal and −0.43 mV/min in fluoride-free internal solution. The Vhalf of inactivation shifted by −1.22 mV/min in fluoride and −0.38 mV/min in fluoride-free. In this respect, although the shift in parameters appeared to be more pronounced when fluoride was present, the absence of fluoride did not completely abolish this shift in agreement with Wendt et al. (1992) who also reported a shift in the activation and inactivation parameters regardless of whether fluoride, chloride, aspartate, or glutamate were present in the internal solution. It has been proposed that the shift in activation is dependent on the cytoskeleton (Maltsev and Undrovinas, 1997) and is prevented using the perforated patch technique (Wendt et al., 1992). All our experiments were performed in the whole cell mode of the patch clamp technique, but the use of a perforator in the internal solution would allow perforated patch experiments to be performed.

Temperature has also been shown to affect activation and inactivation of NaV channels where cooled temperatures cause a depolarizing shift in the Vhalf of activation of NaV1.3, 1.5, 1.6, and 1.7 (Kriegeskorte et al., 2022). Increasing the temperature to physiological temperature (36 ± 1°C) can also mildly shift the Vhalf of inactivation to more hyperpolarized potentials (Rotordam et al., 2021). Increased temperatures have also been shown to affect IC50s on hERG current, e.g., erythromycin (Kirsch et al., 2004; Stoelzle et al., 2011) and NaV1.5, e.g., mexiletine (Rotordam et al., 2021). For these reasons, it may be desirable to perform automated patch clamp experiments at physiological temperature. Recording at physiological temperature is more challenging and can result in a lower success rate and shorter recordings. In preliminary experiments at physiological temperature, we found that there was little change in the success rate when fluoride was used in the internal solution (see Supplementary Table 2) but the success rate in fluoride-free solution was slightly lower compared with room temperature [30.0 ± 7.1 (6 chips) for RSeal > 1 GΩ at physiological temperature vs. 41.9 ± 8.6% (17 chips) at room temperature see Supplementary Table 2 and Section “High throughput APC to assess effects of internal fluoride on success rate and seal resistance”], nevertheless, and average RSeal was > 1 GΩ in both conditions (Supplementary Table 2) and recordings lasted approximately 20 min (data not shown).

In conclusion for NaV channels, we could confirm that fluoride shifts the Vhalf of activation and inactivation of NaV1.5 and NaV1.7 as has been reported for other NaV channels (Meadows et al., 2002; Rugiero et al., 2003; Coste et al., 2004; Jarecki et al., 2008) but does not alter the IC50 of tetracaine on Nav1.5 channels. Success rates are higher when using fluoride in the internal solution, as expected, and many labs using both conventional and automated patch clamp use internal fluoride when recording NaV channels and this must be taken into consideration when comparing kinetic parameters with the literature.



Experiments involving Ca2+-activated ion channels

Intracellular Ca2+ activated ion channels pose a challenge to APC devices given the use of internal fluoride solutions and the very low solubility of CaF2 (Ksp = 3.5 × 10–11) resulting in unstable amounts of free internal Ca2+ concentrations. Nevertheless, the use of appropriate buffer solutions and chelating agents do allow for the development of high throughput drug discovery on Ca2+-activated K-Channels [please see Section “Materials and methods” (see Table 1) or Srinivasan et al. (2022)]. Our aim was to compare this approach to our recently developed fluoride-free method using a Ca2+-activated K-channel.

When single hole chips were used, the success rate based on seal resistance did not differ much between standard and fluoride-free solutions, which contrasts to the success rate for cells expressing hERG or NaV1.5, however, the success rate based on current amplitude after activation with 1 μM internal free-Ca2+ was increased in experiments where fluoride-free solution was used (Figures 6A,C). Additionally, current amplitudes were larger in fluoride-free internal solution (Supplementary Figure 2) and the EC50 for Ca2+ slightly lower (Figure 6E). Taken together, it would appear, for Ca2+-activated ion channels at least, fluoride-free internal solution should be recommended. When fluoride is present, there is most probably an unknown amount of precipitation of CaF2, even if this is not visible, and this can affect the apparent Ca2+ affinity, not to mention fluoride interfering with intracellular signaling process involving, for example, phosphorylation (Khatra and Soderling, 1978; Li, 2003). Activation of Ca2+-activated K-channels using fluoride is possible on high throughput APC devices, as shown recently for the BK channel by Srinivasan et al. (2022), however, the free internal Ca2+ may be more stable in fluoride-free conditions, especially over time/during the course of the day where precipitation cannot be completely prevented. The use of multi-hole chips with four holes per well (4X) is also possible thus improving the success rate based on current amplitude for both standard and fluoride-free internal solution to over 90%.




Conclusion

In keeping with the topic of this special issue: “Targeting Ion Channels for Drug Discovery: Emerging Challenges for High Throughput Screening Technologies,” we have overcome the challenge of low success rates and low seal resistances on high throughput automated patch clamp devices when using fluoride-free physiological internal solution. Implementation of specialized consumables (NPC-384FF) enables us to report success rates for fluoride-free recordings of approximately 60–80% for RSeal ≥ 0.25 GΩ and 40–50% for RSeal ≥ 1 GΩ. We mainly used a K-gluconate-based internal solution, but we observed similar success rates using K-chloride-based internal solution (Supplementary Table 3). Recordings were also stable, typically lasting around 20 min where cumulative additions of compound or single additions of compound and incubation times of 5 min in compound were used, as per best practice considerations recommended previously for hERG and NaV1.5 (Brinkwirth et al., 2020; Rotordam et al., 2021). In the case of hERG, since fluoride does not appear to exert an obvious influence over inactivation parameters or IC50 values, the user is free to choose whether to use fluoride or fluoride-free internal solution and may prefer fluoride-containing solutions to maximize success rates and minimize cost per data point. For experiments involving NaV channels, the user should be aware that fluoride causes shifts in activation and inactivation parameters and caution should be used when comparing data generated in different solutions. For recording Ca2+-activated channels, success rates for completed experiments are similar under both conditions, however, the response to internal free Ca2+ and estimation of its apparent affinity may be more favorable to pursue when fluoride-free internal solution is used due to complete absence of CaF2 precipitation and, therefore, there is an advantage for the user to be able to utilize fluoride-free solution with success rates exceeding 50% for completed experiments. Coupling fluoride-free internal solution with multi-hole chips increases the success rate for available wells to >90% and is, therefore, also a consideration when designing the experiment in ion channel drug screening.

Additionally, in preliminary recordings we could successfully use the fluoride-free approach for experiments involving stem cell-derived cardiomyocytes (Figure 7). Therefore, the approach is not limited to standard cell lines but could be adopted for a wide range of cell types and experiments to bring conditions used to generate high throughput APC data closer and more comparable to recordings done using manual patch clamp and physiological solutions. Ultimately, this will enhance ion channel characterization and compound testing when using not only cell lines, but also induced pluripotent stem cells and primary cells.


[image: image]

FIGURE 7
hiPSC-CMs recorded in standard and fluoride-free internal solution. hiPSC-CMs were captured with almost 60% success rate for RSeal ≥ 0.25 GΩ when using standard internal solution and about 25% RSeal ≥ 0.25 GΩ in fluoride-free internal solution in preliminary experiments. The inset shows an example of a CaV current recorded from an example cell in standard (top, dark blue) and fluoride-free (bottom, light blue). The voltage protocol used is also shown and only response to voltage step to 0 mV is shown in the raw trace examples.
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Human acid-sensing ion channels (ASIC) are ligand-gated ionotropic receptors expressed widely in peripheral tissues as well as sensory and central neurons and implicated in detection of inflammation, tissue injury, and hypoxia-induced acidosis. This makes ASIC channels promising targets for drug discovery in oncology, pain and ischemia, and several modulators have progressed into clinical trials. We describe the use of hASIC1a as a case study for the development and validation of low, medium and high throughput automated patch clamp (APC) assays suitable for the screening and mechanistic profiling of new ligands for this important class of ligand-gated ion channel. Initial efforts to expand on previous manual patch work describing an endogenous hASIC1a response in HEK cells were thwarted by low current expression and unusual pharmacology, so subsequent work utilized stable hASIC1a CHO cell lines. Ligand-gated application protocols and screening assays on the Patchliner, QPatch 48, and SyncroPatch 384 were optimized and validated based on pH activation and nM-μM potency of reference antagonists (e.g., Amiloride, Benzamil, Memantine, Mambalgin-3, A-317567, PcTx1). By optimizing single and stacked pipette tip applications available on each APC platform, stable pH-evoked currents during multiple ligand applications enabled cumulative EC50 and IC50 determinations with minimized receptor desensitization. Finally, we successfully demonstrated for the first time on an APC platform the ability to use current clamp to implement the historical technique of input resistance tracking to measure ligand-gated changes in membrane conductance on the Patchliner platform.
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Introduction

Acid-sensing ion channels (ASICs) are proton-gated cation ion channels which are highly sensitive to extracellular acidosis and variably permeable to Na+, Ca2+ and other cations (Lingueglia and Lazdunski, 2013). To date six different ASIC subunits and splice variants have been described (ASIC1a, 1b, 2a, 2b, 3, and 4) encoded by four genes (Wemmie et al., 2013). ASIC subunits assemble to form homomeric or heteromeric trimers which exhibit different sensitivities to pH activation and modulation by toxins and small molecules, and differential expression across the central nervous system (CNS) and peripheral nervous system (reviewed in Gründer and Chen, 2010; Lingueglia and Lazdunski, 2013; Heusser and Pless, 2021).

ASIC1a is expressed in various regions of the brain, including the hippocampus, cerebral cortex, cerebellum, and amygdala (Wemmie et al., 2013). Elevated neural activity can lower extracellular pH that activates ASIC1a channels, leading to influx of Na+ and membrane depolarization which underlies their involvement in synaptic learning and memory and fear conditioning (Gründer and Chen, 2010). Homomeric ASIC1a channels are also permeable to Ca2+ so excessive activation can contribute to neurotoxicity (Bässler et al., 2001; Xiong et al., 2004; Chassagnon et al., 2017). Consequently, ASIC1a is implicated as a therapeutic target in neurological indications associated with pathophysiological extracellular acidification such as ischemia, stroke, inflammation, multiple sclerosis and seizures.

Peripheral ASIC1 ion channels are involved in nociception as they are expressed in dorsal root ganglia neurons and peripheral nerve terminals where they respond to inflammatory-mediated changes in extracellular pH (Gründer and Chen, 2010). Involvement of ASIC1 channels in pain is evidenced by effects of peptide toxins; the ASIC1 activator MitTx evokes intense, long-lasting pain in patients envenomated by the Texas coral snake (Bohlen et al., 2011), whilst the ASIC1a inhibitors PcTx1 (from tarantula venom) and Mambalgins (from mamba snake venom) reduce thermal and mechanical hyperalgesia (Mazzuca et al., 2007; Diochot et al., 2012). Clinical validation of ASIC-mediated nociception was obtained by PainCeptor, whose inhibitors PPC 5650 and PPC 5692 reduced heat threshold and mechanical sensitivity and pain biomarkers in Phase I clinical trials (Heusser and Pless, 2021 and references therein).

The interest in ASIC1a channels as CNS injury and pain targets creates demand for reliable assays to support drug discovery efforts. Ion channel drug discovery now relies on high throughput electrophysiology assays as automated patch clamp platforms (APC) have come to replace plate-based imaging assays (Obergrussberger et al., 2022), but the development of APC ligand-gated ion channel assays has lagged behind that of voltage-gated ion channels. Ligand-gated ion channels with rapid activation kinetics and desensitization present specific challenges on APC systems due to low channel expression, the need for rapid liquid addition and effective wash-off of ligands, and loss of responsiveness due to short- and long-term desensitization. We therefore used hASIC1a as an exemplar ionotropic receptor target to validate, optimize and compare fast ligand-gated receptor channel assays across multiple APC platforms, and assess their suitability for drug discovery screening.

The trigger for our project was work from GlaxoSmithKline describing endogenous pH-gated ASIC responses in HEK cells (Gunthorpe et al., 2001). RT-PCR analysis and manual patch clamp biophysics and pharmacology indicated that functional human ASIC1a channels were present in untransfected parental HEK cells. We sought to replicate this finding and try to extend it to use the innate HEK cell ASIC1a receptor channel in APC drug screening assays. This work highlights the advantages and disadvantages of exploiting the endogenous expression of ion channels in common cell expression systems (e.g., Rogers et al., 2016; Borg et al., 2020). For example, the use of HEK cell parentals to express mutated hASIC1a and other human and species ortholog ASIC channels (Kuduk et al., 2010; Wolkenberg et al., 2011; Goehring et al., 2014; Cullinan et al., 2019) may be compromised by contamination from background ASIC1a channels.

Historically, activity of ionotropic and metabotropic neurotransmitter receptors was studied in native systems and isolated cells using single microelectrode current clamp tracking of input resistance in response to presynaptic, bath or iontophoretic application of agonists (e.g., Hiruma and Bourque, 1995). Receptor stimulation triggers ion channel activity that produces a change in membrane conductance (e.g., opening of GABAA receptor Cl– channels or activation of GABAB G-protein coupled K+ channels), which can be monitored by applying small current injections to measure changes in input resistance and membrane conductance. Our interest in demonstrating this traditional technique on APC was triggered by a recent study with a low throughput single well electro-optical version of the input resistance tracking method (Menegon et al., 2017). A field electrode system applied current pulses to populations of heterologous cell lines and membrane potential responses were measured with fast voltage-sensing dyes. We reasoned that input resistance tracking with single cell resolution could be achieved at higher throughput using the current clamp features available on most APC platforms. We used the Patchliner for this proof-of-concept study, enabling comparison of automated input resistance current clamp alongside modern voltage clamp methods of ligand-gated ion channel screening.

Although we confirmed an endogenous HEK cell pH-gated response mediated by hASIC1 and transferred the assay to an APC platform, issues with current expression and reference pharmacology indicated it was not suitable for use in drug discovery screening. Subsequent experiments with human ASIC1a channels stably expressed in CHO cells allowed successful validation of reliable ligand-gated receptor ion channel screening assays on low (Patchliner), medium (QPatch 48) and high throughput (SyncroPatch 384) APC devices. ASIC1a current responses were reproducible and repetitively activated in the same cell using single pipette and stacked tip techniques which minimize agonist exposure time through rapid liquid application and effective wash-off. ASIC1a channels exhibited expected pH sensitivity and were inhibited by a selection of non-selective (Benzamil, Amiloride, Memantine) and selective antagonists (PcTx1, Mambalgin-3). Finally, we used the current clamp capability available on most APC platforms to successfully implement the traditional input resistance/conductance-tracking technique to measure ligand-gated ASIC1a current activation on the Patchliner.



Materials and methods


Cell lines and cell culture

The HEK parental cell line (ECACC) was grown at 37°C in 5% CO2 in MEM with addition of 10% foetal calf serum and 1% MEM non-essential amino acids and 2 mM L-Glutamine (all from Thermo Fisher Scientific). Cells were plated in Corning cell culture flasks and passaged after reaching 60–80% confluency using GIBCO TrypLE (Thermo Fisher Scientific). For QPatch experiments, aliquots of dissociated cell suspension were plated into T-175 flasks (Corning) and grown as above in a 5% CO2 incubator at 37°C for 1–2 days, and in some cases switched to a 30°C incubator for 12–24 h, with plating densities adjusted for the expected doubling time under each condition.

The B-SYS (GmbH) CHO cell line constitutively expressing human ASIC1a was grown by continuous passaging according to vendor instructions. Briefly, cells were grown at 37°C in 5% CO2 in Ham’s F12 media with addition of 10% foetal calf serum (both from Thermo Fisher Scientific) and 250 mg/ml of Geneticin selection antibiotic (Thermo Fisher Scientific). Cells were plated in Corning cell culture flasks and passaged after reaching 70–80% confluency using StemPro Accutase dissociation reagent (Thermo Fisher Scientific). For QPatch experiments, aliquots of dissociated cell suspension were plated into T-175 flasks (Corning) and grown in a 5% CO2 incubator at 37°C for 1–3 days, with plating densities adjusted for the expected doubling time to avoid excessive confluency.

The Charles River CHO cell line CT6012 was cultured at Nanion Technologies GmbH (Munich) according to vendor instructions. Expression was induced by application of 1 mg/ml tetracycline 3–6 h prior to each SyncroPatch 384i experiment. For harvesting, cells were rinsed twice in HBSS (room temperature) and incubated in TrypLE (Thermo Fisher Scientific) for 7 min at 37°C. Following this, cells were rinsed and triturated 4–6× in cooled HBSS. Cells were allowed to rest at 10°C for 20 min in external recording solution in the Cell Hotel. The cells were kept at 10°C in the Cell Hotel of the SyncroPatch 384i and shaken at 200 rpm prior to use in the experiments.



Automated patch clamp

Table 1 outlines the external and internal solutions used on each APC platform. External solutions were prepared from concentrated stocks kept at 4°C or room temperature, whereas internal solution stocks were aliquoted and stored at −20°C prior to thawing on the day of each experiment. All solutions were filtered and checked for final osmolality and pH before use.


TABLE 1    APC internal and external solutions.
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Patchliner methods

CHO cells were cultured according to vendor instructions (B-SYS GmbH) and harvested using optimized protocols before transfer of the cell suspension to the automated cell hotel on the Patchliner where cells are stored at RT (∼20°C) in a small Teflon vessel and repetitively aspirated every 30 s using a 1 ml plastic pipette tip to prevent aggregation. The cell hotel parameters can be adjusted (interval, speed and volume of aspiration) depending on the cell type to maintain viability for 2–3 h. Cell sealing was conducted in the presence of elevated divalent cations and lowered Na+, which were washed off after whole-cell access was achieved and replaced with external solution while cells were voltage clamped at a holding potential of −60 mV. For current clamp recordings, current was injected to achieve a notional membrane potential of 0 mV (using HEKA “gentleswitch” protocol) and a series of incrementally positive current injections (100 to 200 pA, 100 msec) were applied to measure input resistance under control and pH activating conditions.

ASIC1a currents were elicited under voltage clamp at a holding potential of −60 mV by rapid application (and wash-off) of external solution (with or without compounds) of varied pH (typically 7.0. 6.8, 6.5, 6.0, and 5.5 to enable full range of pH activation). Cells were washed three times with external solution between applications of activating external solution to establish a stable baseline. Cells were then stimulated with repeated applications of either pH 6.5 (screening mode) or varied pH (EC50), and concentrations of reference compounds were applied before and during each pH stimulus (IC50 mode). The timing, volume and application speed of these liquid applications were varied to obtain optimum ASIC1a current activation during repeated activation. A 2 min period of rest in pH 7.4 solution (and pre-incubation in test compound as appropriate) between each pH challenge was used to aid recovery from desensitization and allow pre-equilibration of modulatory compounds.

For the input resistance tracking experiments, cells were held at 0 mV under current clamp and a train of incrementing current injections (from 100 to 200 pA in 20 pA increments, 200 msec step duration) were applied to monitor membrane resistance (using Ohm’s Law V = I*R). This pulse protocol was repeated as cells were exposed to solutions of decreasing pH from 7.3 to 6.0, and changes in membrane resistance were converted into conductance and normalized to the maximum conductance change seen in each cell (G/Gmax) to enable construction of a pH EC50 curve.



QPatch 48 methods

CHO hASIC1a cells were cultured according to vendor instructions (B-SYS GmbH) and HEK cells using standard in-house methods. Both cell lines were harvested using optimized protocols and re-suspended in serum-free media (Gibco CHO-S-SFM from Thermo Fisher Scientific for CHO cells, and Ex-Cell 302 from Merck Sigma-Aldrich for HEK cells) to obtain a suspension of cells with smooth membranes and little debris, before transfer to the automated cell hotel consisting of a 60 ml plastic container (Sophion SB2050) and a magnetic stir bar to prevent cell clumping. An aliquot of cells is then aspirated into a 1 ml microcentrifuge tube and spun down (typically 150 g for 2.5 min) and the supernatant discarded before a user-defined volume of external solution is added by the robot and the cells re-suspended to achieve the desired final cell suspension density before application to primed QPlates. Cell capture, sealing and whole-cell access was achieved using optimized QPatch protocols before currents were recorded using a holding potential of −60 mV. ASIC1a currents were elicited by rapid application (and wash-off) of external solution of varied pH (typically 7.0. 6.8, 6.5, 6.0, and 5.5) to enable full measure of activation around the expected EC50 of ∼ 6.5. Cells were washed three times with external pH 7.3 solution (5 μl) between applications of activating acidic solution to establish a stable ASIC1a current baseline. Cells were then stimulated with repeated 3 s applications (5 μl) of either pH 6.5 (screening mode) or varied pH (EC50 mode); each ligand application cycle was repeated every 2 min. Each concentration of reference compound was applied to each cell before (i.e., during each pH 7.3 application period) and during each pH stimulus (IC50 mode). Thus, each concentration of test compound was pre-incubated with cells for at least 2 min before, and then during each acidic solution challenge, before wash-off in a neutral pH 7.3 solution that contained the next concentration of the same compound. Cells were allowed at least 2 min between applications of acidic solution to enable ASIC1a receptors to recover from desensitization.



SyncroPatch 384i methods

CHO cells expressing ASIC1a (Charles River) were induced using tetracycline 3–6 h prior to dissociation into a cell suspension. Cells were kept in the cell hotel of the SyncroPatch 384i with a set temperature of 10°C and shaking of the plastic reservoir at 200 rpm to prevent aggregation prior to addition to the NPC-384 chip for each experiment. NPC-384 chips were filled with internal and external solutions (see Table 1) followed by the cell suspension. Suction was used to capture and seal the cells on the NPC-384 chip using optimized protocols.

Two different liquid application protocols were utilized on the SyncroPatch 384i platform to assess optimum methods to study ligand-gated ASIC1a responses. For recordings of stability and pharmacology using a bolus or “puff” application of ligand, 5 μl of the agonist solution was aspirated and applied to the cell; liquid dispense speed can be set between 1 and 100 μl/s, and a setting of 40 μl/s was used in these experiments. Following agonist addition, 50 μl of the total 90 μl volume in each well is then taken up by the tip to remove most of the agonist solution from the cell. Final recovery of the ASIC1a receptor response is achieved by taking up wash solution into each tip from a reservoir and applying it to individual cells on the NPC-384 chip, washing the ligand away. For stability experiments, pH 6.5 was applied to each cell followed by a wash with pH 7.4 solution and a wait of 140 s to remove agonist and reverse any desensitization, before a second application of pH 6.5 was made. This sequence was repeated 6–7 times on each cell. For pharmacology experiments, ASIC1a responses were evoked 3 times by pH 6.5 application followed by pre-incubation in the inhibitor for 140 s, after which the inhibitor was co-applied with a pH 6.5 stimulus. Cumulative concentration responses were obtained for each well using 3–4 incrementing concentrations of inhibitor. Concentration response curves for each well were constructed and mean ± S.E.M values for IC50 are given.

In the second ligand-gated protocol, “stacked puff” recordings were made whereby a single [agonist_wash] experiment was sequentially aspirated into each tip prior to flowing the layered liquid array onto each cell across the NPC-384 chip. To assess the pH sensitivity of ASIC1a responses, pipette tips were loaded with 5 μl of pH 7.4 wash solution followed by 5 μl of activating extracellular solution (pH 7.2 to 4.8). For each sweep, the baseline current was recorded for 1 s in pH 7.4 control solution before the application of the 5-μl activating solution, and then the pH 7.4 wash solution was dispensed with a delay of 1 s to allow for recording of channel opening and desensitization in the presence of ligand before ligand wash-off. Application of the wash solution was followed by aspiration of liquid (50 μl of 90 μl total volume) from each well after a delay of 4 s, before a second wash step with pH 7.4 was performed prior to the application of the next activating pH (interval between stimuli 140 s). Each well received an addition of pH 6.5 solution followed by application of a test pH, and this sequence was repeated a second time to enable data from each cell to be normalized to the control pH 6.5 addition. The pH response curve was constructed across multiple wells with replicates of 48. Pharmacology experiments were performed as described above in “puff” application.




Chemicals and reagents

All chemicals were of analytical grade and sourced from Merck Sigma Aldrich. Amiloride and Benzamil were purchased from Merck (Sigma-Aldrich), Mambalgin-3 from Alomone Labs, and PcTx-1 from Tocris. A-317567, Amantadine and Memantine were kind gifts from Vernalis (UK), a Hitgen company (see Rogers et al., 2021b).



Data analysis

Concentration-response xC50 curves from Patchliner and QPatch 48 experiments were calculated by plotting %inhibition (antagonists) or activation (pH) data against concentration in Prism software (GraphPad), using the variable sigmoidal dose-response function to fit the Hill equation with theoretical minimum block of 0% and maximum block of 100% and a free constant for Hill slope. Inward current amplitudes were compared to the response to a control pH application (typically pH 6.5) prior to antagonist application or excitation by solutions of different pH to enable calculation of %inhibition or %activation for each cell.

Data was analyzed on the SyncroPatch 384 using DataControl 384 software (Nanion Technologies GmbH, Germany). Concentration response curves were fit using a Hill Equation. Statistical comparison of IC50 values for Benzamil was performed using a Student’s t test in Igor Pro 8 (Wavemetrics). For statistical analysis of SyncroPatch 384 plate and assay quality we used the Z’ value typical for HTS evaluation (Zhang et al., 1999; Iversen et al., 2006). Z-Factor (Z‘) is calculated using the equation:
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where AVG is the mean and SD the Standard Deviation. The indices Max and Min in the formula for Z’ refer to the control measurements with maximum current (i.e., response to negative control) and the minimum current (i.e., response to positive control), respectively. Z’ values > 0.5 are considered to correspond to an excellent assay for screening (Zhang et al., 1999; Iversen et al., 2006).




Results

We initially sought to determine if the reported endogenous ASIC1a currents in HEK cells would be amenable for development of ligand-gated ionotropic receptor screening assays on an APC platform. Further work to develop, validate and optimize ASIC1a screening assays suitable for drug discovery applications on low, medium and high throughput microfluidic chip and 384 well-based APC platforms was carried out using CHO cell lines stably expressing the human ASIC1a channel.


Characterizing endogenous acid-sensing ion channels in HEK cells

To quickly confirm a previous publication that HEK cells express endogenous ASIC1a receptor channels and assess the suitability of this cell system for drug discovery screening on APC platforms, we utilized the medium throughput QPatch 48 device. The QPatch uses 48 well microfluidic planar borosilicate chips and coated titanium pipette tips to make whole-cell recordings and sequentially apply small liquid volumes to enable rapid activation followed by slower deactivation (wash-off) of ligand-gated ionotropic responses. HEK cells were voltage-clamped at −60 mV and maintained in external solution at pH 7.4 to avoid steady-state desensitization of ASIC1 receptor channels. Cells were stimulated by external solutions with pH values ranging between 7.0 and 5.5 that evoked rapidly activating inward currents, followed by wash-off in pH 7.4 solution.

Consistent with previous manual patch clamp recordings (Gunthorpe et al., 2001), most HEK cells responded to proton challenge on the QPatch 48 with rapidly activating and slowly deactivating inward currents (Figure 1A). As there was a delay in application of the pH 7.4 wash-off solution to each cell, the decay in peak current toward baseline is likely a combination of receptor desensitization followed by ligand removal. Mean inward current amplitude was −567 ± 78 pA (mean ± S.E.M, n = 37; Figure 1B), compared to an average amplitude of −334 pA from 47/48 cells in the original manual patch clamp study. The proton sensitivity of endogenous HEK pH-gated currents yielded a pEC50 of 6.65 (Figures 1C,D), similar to the published manual patch clamp value of 6.45 (Gunthorpe et al., 2001). The Hill slope of pH activation was very steep (8.2), a common feature of ASIC1 receptor activation attributed to a complex gating mechanism involving proton-binding sites in the extracellular domains which interact with other residues in the acidic pocket and pore (Gründer and Chen, 2010). However, there was considerable variability in the magnitude of pH-evoked responses in HEK cells grown under standard cell culture conditions of 37°C, with a significant fraction (24%) of cells failing to exceed our standard minimum current threshold for APC recordings (dashed line in Figure 1B). APC users frequently assess the success rate (or “patchability”) of an assay by calculating the percentage of cells that pass through each stage of the cell capture and recording process and typical QC filters of seal quality, series resistance. For example, our optimized conditions for endogenous pH-activated responses in HEK cells revealed assay metrics of [100% priming/92% cell-attached/78% seals > 100 MΩ/67% whole-cells/63% completed xC50 experiment/48% QC success rate].
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FIGURE 1
Properties of endogenous proton-activated currents in HEK cells on QPatch 48 APC platform. (A) Ligand-gated current responses in cells grown at 37°C or 30°C, showing rapid activation by pH 6.5 solution application (solid bar) followed by slower desensitization and then more rapid wash-off. Scale bar 0.5 nA and 1 s. (B) Current amplitude distribution in HEK cells grown at 37°C (n = 37) and 30°C (n = 53). Mean ± S.D shown by black line and error bars, and minimum current amplitude of –200 pA as dashed line. (C) pH-dependency of endogenous proton-activated currents demonstrated by a series of inward current traces in response to rapid application of solutions of increasing acidity. (D) Average pH EC50 curves from HEK cells grown at 37°C or 30°C (mean ± S.D, n = 18 and 26, respectively). (E) pH-activated currents in HEK cells grown at 37°C are relatively stable during repeated pH 6.5 stimulation (black bars) but exhibit rundown in cells grown at 30°C to boost current expression (gray bars). Mean ± S.D for n = 7 and 11 cells, respectively. (F) Stability of inward currents in a HEK cell grown at 37°C during repeated pH 6.5 stimulation, interspersed with application of control pH 7.4 solution.


In an effort to improve the signal window of endogenous HEK pH-gated responses, cells were incubated for 12 – 48 h at 30°C to induce heat shock and boost protein translocation to the cell membrane. This was moderately successful (Figure 1B), increasing the fraction of expressors to 98% and mean current amplitude to −841 ± 61 pA (mean ± S.E.M, n = 53). There was no change in the proton sensitivity of cells grown at 30°C, as the pEC50 value of 6.66 at 30°C was identical to that measured in HEK cells grown at 37°C (Figure 1D). Although 30°C treatment improved signal window and initial success rate, there was a corresponding decrease in the stability of pH-evoked inward currents compared to that seen in cells grown at 37°C (Figures 1E,F). We observed significant current rundown during repeated pH challenges in cells grown at 30°C (Figure 1F) leading to poor completion rates of experiments. Best practice in APC ion channel recordings suggests that a rundown rate < 2%/minute is desirable, but various methodological variations and cell biology and biochemical treatments we tested to reduce the rundown rate in cells grown at 30°C to boost current amplitude were unsuccessful (data not shown).

Nevertheless, we sought to confirm that HEK cells express endogenous ASIC1a responses and validate this APC assay using a small toolbox of reference antagonists.

The tarantula toxin PcTx1 is the most selective antagonist for ASIC1a, with an IC50 for the human ortholog of ∼ 3 nM (Cristofori-Armstrong et al., 2019). We observed inconsistent and variable effects of PcTx1 in HEK cells across multiple experimental runs (including in the presence of BSA to avoid protein adherence to glass and plastic surfaces). Many cells showed < 20% inhibition of proton-gated currents by concentrations of PcTx1 from 100 pM to 30 nM (Figure 2A), and mean data fell below 50% inhibition at the highest concentration tested of 30 nM so no IC50 value could be reliably extracted from this data. PcTx1 also potentiates ASIC1b and ASIC1a/2a channels under certain conditions (i.e., desensitizing acidic pH) with ∼10 fold lower potency than ASIC1a inhibition (Liu et al., 2018; Cristofori-Armstrong et al., 2019), but we saw no evidence for such modulation in our experiments on endogenous pH-evoked responses in HEK cells.
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FIGURE 2
Pharmacology of endogenous proton-activated currents in HEK cells. (A) Individual % inhibition values plotted against concentration of PcTx1 applied during QPatch 48 recordings, with mean shown by horizontal black lines. Data was obtained from cumulative IC50 assays where each cell was exposed to three concentrations of PcTx1, typically in half log unit increments. (B) Potency of Mambalgin-3 to inhibit pH-activated currents plotted as a cumulative concentration-response IC50 curve. Symbols are mean ± S.D (n = 2 or 3). (C) Exemplar current traces from a HEK cell in response to pH 6.5 activation before and after pre-incubation in increasing concentrations of Mambalgin-3. Scale bar is 500 pA and 1 s. (D) Inhibition of proton-activated currents in HEK cells by Amiloride. Data was obtained in a similar fashion to C, with each cell stimulated by pH 6.5 solution and then pre-incubated in increasing concentrations of Amiloride to construct a cumulative mini-IC50 curve. Symbols are mean ± S.D (n = 3). (E) Endogenous proton-activated currents are insensitive to Ruthenium Red (RR, 1 μM) but completely inhibited by a non-selective concentration of the ASIC/ENaC/Degenerin antagonist Amiloride (100 μM). The HEK cell was stimulated by pH 6.5 solution and then pre-incubated (at pH 7.4) in RR or Amiloride followed by consecutive stimulation with pH 6.5 solution containing RR or Amiloride.


The green mamba snake toxin Mambalgin-3 is a moderately selective inhibitor of ASIC1-containing receptor channels with an IC50 potency of 127 nM for human ASIC1a and 17 – 55 nM for the rat ortholog (Diochot et al., 2012), and its potency against other ASIC homomers and heteromers ranges between 50 and 250 nM (Baron et al., 2013). The endogenous proton-activated currents in HEK cells were effectively inhibited by Mambalgin-3, with ∼75% block at 300 nM and a cumulative IC50 value of 119 nM on the QPatch 48 (Figures 2B,C). Mambalgins can also potentiate ASIC1b channels under certain (i.e., acidic) conditions (Cristofori-Armstrong et al., 2021), but we saw no evidence for such modulation in our experiments in HEK cells.

Surprisingly, the benchmark non-selective ASIC1a antagonist Amiloride proved to be a relatively potent but variable inhibitor of pH-evoked responses in HEK cells, frequently exhibiting antagonism at sub-μM concentrations. For example, in some cells 300 nM Amiloride produced ∼25% inhibition of pH-evoked current, whereas in other cells there was no effect until Amiloride concentrations exceeded 10 μM. The mean IC50 value obtained for Amiloride in HEK cells was 2.82 μM (Figure 2D), and proton activated currents were completely abolished by 100 μM Amiloride (Figure 2E). Gunthorpe et al. (2001) also reported a relatively high affinity of 2.2 μM for Amiloride inhibition of endogenous pH-gated responses in HEK cells using manual patch clamp. Our and their values are higher than those typically reported for Amiloride inhibition of heterologously expressed hASIC1a, which range from 10 to 30 μM (Leng and Xiong, 2013, and see below). Together with the weak and variable PcTx1 efficacy, these observations suggest that an additional pH-gated ionic conductance may be functionally expressed in HEK cells which could contaminate responses attributed to ASIC1 receptor activation.

TRP channels represent another prominent pH-gated ligand-gated ionotropic receptor family, some of which are expressed endogenously in HEK cells (Wu et al., 2000). Application of 1 μM Ruthenium Red, a non-specific inhibitor of a wide range of TRP channels, failed to significantly reduce the amplitude (12 ± 7% inhibition) of currents activated by pH 6.5 in HEK cells (Figure 2E), suggesting little or no endogenous TRP receptor function under our experimental conditions.

We conclude from these pharmacology experiments using both broad spectrum and more selective ASIC1 antagonists that the endogenous pH-gated response in HEK cells cannot be clearly and unequivocally attributed to ASIC1a (or TRPx) channels, even though ASIC1a is the only member of the ASIC family detected by PCR (Gunthorpe et al., 2001). Along with issues of low current expression and assay stability of the endogenous pH response in HEK cells, all further ASIC1a APC assay development and validation was carried out using CHO cell lines stably expressing sequence-verified hASIC1a, as there is no endogenous pH-gated response in CHO cells and they also lack Amiloride-sensitive EnaC currents (Meltzer et al., 2007; Hoagland et al., 2010).



Ligand-gated ASIC1a assays on Patchliner automated patch clamp platform

We started development and validation of an APC ligand-gated ASIC1a ion channel assay on the 4 channel Patchliner device as it enables flexible user interaction and cost-effective scale-up from manual patch systems. The Patchliner is a low throughput multi-well APC platform utilizing microfluidic planar borosilicate chips to record whole-cell currents and coated metal pipette tips for solution and compound application. A large range of liquid volumes (10 – 250 μl) can be added to the inflow channels at various speeds (from 1 to 857 μl/sec, typically 4 – 171 μl/sec) to optimize ligand-gated ionotropic receptor activation and wash-off under whole-cell voltage or current clamp. The Patchliner also offers the opportunity to compare and optimize ligand-gated assays using conventional, sequential pipette tip liquid applications or stacked-tip applications.

Initial experiments using sequential single pipette additions of external solution followed by acidic pH solutions elicited rapidly activating ASIC1a currents (−1.0 to −10 nA amplitude, single hole/cell recordings) followed by slower mono-exponential decay back to baseline due, suggestive of receptor desensitization rather than agonist wash-off (data not shown), consistent with previous ligand-gated receptor ion channel experiments on the Patchliner (Nanion, 2013). Such desensitizing ligand-gated ionotropic receptors can make it difficult to distinguish if true peak current (activation) is achieved and resolvable by measurements of maximum amplitude, or if rapid desensitization has begun to erode the peak and affect estimates of agonist EC50 and inhibitor IC50 values.

To obtain more reliable estimates of ASIC1a activation and modulation we switched to using stacked tip applications. Each pipette took up a set volume of external solution (wash), agonist (pH solution) and external solution (baseline) and then applied these sequentially in reverse order in a continuous manner to each cell under voltage clamp to rapidly evoke inward currents with minimal desensitization. Starting with the recommended settings from the manufacturer (agonist and wash volumes of 50–200 μl applied at speeds of 12–20 μl/sec), we adjusted the volume and speed of each liquid component application to obtain rapidly activating ASIC1a inward currents which exhibited a clear peak before a slower phase of desensitization occurred, followed by a rapid wash-off back to baseline (Figure 3A). These pH-evoked responses were stable over multiple applications, allowing the construction of cumulative EC50 and IC50 concentration-response curves. The pH EC50 for proton activation was 6.65 with a Hill slope of 7.3 (Figure 3B), and the IC50 for Benzamil inhibition was 3.65 μM (Figure 3C), in accordance with literature values for human ASIC1a (Leng et al., 2016).
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FIGURE 3
Pharmacology of CHO ASIC1a currents using stacked tip application on Patchliner. (A) Rapid activation of inward current during pH 6.5 application, followed by desensitization and then rapid wash-off. (B) pH activation reveals an EC50 of 6.6 ± 0.01 (mean ± S.D, n = 3) with a Hill slope of 7.3. (C) ASIC1a current inhibition by Benzamil. Cumulative application of increasing concentrations of Benzamil before and during repeated stimulus with pH 6.5 solution reveal an IC50 of 3.65 ± 1.18 μM (mean ± S.D, n = 3).




Input resistance measurements of ASIC1a activation on the Patchliner

Most marketed APC platforms now offer the option to carry out current clamp recordings, but this capability has not been widely used for drug discovery screening apart from experiments to record action potentials from iPSC cardiomyocytes and neurons (Stoelzle et al., 2011a,b; Haythornthwaite et al., 2012; Goversen et al., 2018; Li et al., 2019, 2021; Becker et al., 2020). We therefore sought to apply a historical current clamp method used to study ligand-gated ionotropic receptor responses to a modern APC platform, utilizing the same CHO ASIC1a cell line employed in our voltage clamp experiments.

Traditional sharp microelectrode and whole-cell manual patch clamp recordings would apply activating ligand by iontophoresis or bath perfusion, and measure changes in passive membrane resistance during agonist exposure by applying a train of small current injections under current clamp. The size of the membrane voltage excursions in response to a set current injection should decrease as channels open and membrane conductance increases and resistance decreases, in accordance with Ohm’s Law (V = I*R). We successfully transferred this ligand-gated current clamp assay paradigm to the Patchliner by holding CHO cells at a membrane potential positive to the net reversal potential for cation flux through the pore, and applied a series of small, incrementing current injections to measure input resistance (Figure 4A). Under control conditions (pH 7.3) this protocol elicited large depolarizing membrane potential responses, which were reduced in amplitude when solutions of increasingly acidic pH were applied to individual cells under current clamp. Using this technique, we could then simply convert membrane resistance to conductance and plot these values against pH to obtain a pH EC50 value of 6.68 for ASIC1a receptor channel activation (Figure 4B), identical to the value obtained using voltage clamp (Figure 3B).
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FIGURE 4
Current clamp input resistance tracking of ASIC1a activation on the Patchliner. (A) Under control conditions (pH 7.3), positive current injections of 100 to 200 pA (in 20 pA increments, schematic at bottom) from a holding potential of 0 mV elicit membrane depolarizations. Input resistance in response to the same current injection protocol is gradually decreased after application of increasing pH solutions indicated in each panel. (B) Converting membrane resistance to conductance and normalizing the change in conductance for each pH concentration by the maximum conductance change (G/Gmax) in each cell allowed plotting of the pH activation curve obtained under current clamp to yield an EC50 value of 6.68 ± 0.01 (mean ± S.D, n = 3).




Medium throughput ASIC1a automated patch clamp assay on QPatch 48

Like the Patchliner, the QPatch 48 is a microfluidic planar chip-based APC platform that utilizes metal pipette tips to rapidly add and remove solution from individual wells containing single or multiple cells under whole-cell patch clamp. The QPatch 48 used in this study does not offer the ability to stack solutions in the tips (this has subsequently been introduced to newer QPatch systems), so our challenge in implementing a ligand-gated ASIC1a ion channel assay was the coordination of the scheduling of pipette movements and liquid additions so that agonist solutions are applied quickly and consistently for each cell, and acidic solutions were then washed off effectively to avoid desensitization and current rundown. We therefore limited our ASIC1a experiments to a single “insert” of 16 QPlate wells, and designed the experimental timings to optimize the speed and consistency of liquid additions for each cell or well.

Using similar voltage clamp and liquid handling protocols to the initial HEK cell QPatch 48 experiments (except for a small change to pH 7.3 control solution), we established a stable CHO hASIC1a cell response by implementing three pH 6.5 application cycles to obtain a stable current response before applying a four-point cumulative xC50 screening paradigm (Figure 5A). Peak current amplitude decreased slightly between the 1st and 2nd pH 6.5 application and then maintained a stable level (and current kinetics) as a steady-state was achieved during subsequent pH activation (Figure 5B). We surmise that steady state current reflects equilibrium between ASIC1a receptor activation, desensitization, and recovery back to the resting closed state after agonist wash-off during each pH challenge cycle, the latter achieved using three washes in pH 7.3 solution and a 2 min recovery period at pH 7.3 between each agonist application.
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FIGURE 5
Establishing a stable and robust CHO hASIC1a assay format on QPatch 48. (A) Schematic of liquid applications and pre-incubations for a cumulative xC50 assay format (upper panel) and exemplar current traces with color-coded application bars (lower panel). Scale bar is 500 pA and 1 s. Minimum and maximum period between applications was 2–3 min. (B) Normalized current amplitude during repeated pH 6.5 stimulations in 0.1% DMSO vehicle (circles) or interspersed with a 30 μM Benzamil pre-incubation (squares). Mean ± S.D from n = 7 and 2 cells, respectively. (C) Comparison of ASIC1a current expression in stable CHO and parental HEK cell lines. CHO cells grown at 37°C for 1–3 days, and HEK cells grown at 30°C. Mean ± S.E.M whole-cell current values shown by whisker graph. Red line is minimum QC current (–200 pA).


In contrast to untransfected HEK cells, the stable hASIC1a CHO cell line exhibited robust current expression when cells were grown at 37°C and did not require low temperature treatment to achieve the desired 1–2 nA peak current amplitude or > 50% expressor level that is optimal for APC recordings (Figure 5C). Mean current amplitude was −1.8 ± 0.2 nA (mean ± S.E.M, n = 56) after 1 day at 37°C, increasing slightly to −1.84 ± 0.36 nA (n = 52) after 2 days in culture and decreasing to −1.34 ± 0.49 nA (n = 14) after 3 days at 37°C. Optimal % expressor levels (> −200 pA minimum current) were seen after 1 day in vitro.

Inward currents evoked by application of solutions with pH ranging from 7.0 to 5.5 activated with increasingly rapid kinetics and amplitude followed by a slow phase of desensitization during the 3 s agonist epoch (Figure 6A) and recovery back to baseline after ligand wash-off. Mean data indicate a pH EC50 of 6.62 (equivalent to 219 nM H+) with a steep Hill slope of 6.9 typical of the co-operative activation of ASIC1 receptor channels (Figure 6B); these values are in good agreement with the literature and results obtained by others on manual and APC platforms (Gunthorpe et al., 2001; Borg et al., 2020; B’Sys, 2022).
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FIGURE 6
Pharmacology of hASIC1a responses in CHO cell line on QPatch 48. (A) Current traces in response to application of solutions (solid gray bar) with indicated acidity. (B) pH activation curve indicates an EC50 of 6.62 (mean ± S.D, n = 5). (C) Concentration-response curves for indicated reference antagonists spanning 5 log orders of magnitude. (D) Concentration-response data for PcTx1 inhibition indicates an IC50 of 2.96 nM. Mean ± S.D, n = 3–6 for each compound in (C,D).


The remaining QPatch 48 pharmacology experiments were conducted using pH 6.5 extracellular solution as the agonist to moderately activate ASIC1a currents, as it is close to the calculated EC50 value. In addition, this protocol is designed to avoid tachyphylaxis associated with a more acidic pH stimulus, and it allows the development of a ligand-gated ASIC1a channel assay that can distinguish between agonists, partial agonists and antagonists. We used a diverse toolbox of ASIC1 inhibitors to pharmacologically validate the QPatch 48 CHO hASIC1a assay. Reference compounds included the small molecule inhibitors Amiloride, Benzamil, Memantine, Amantadine and A-317567, and the selective peptide toxins Mambalgin-3 and PcTx1 (Dubé et al., 2005; Leng et al., 2016; Nagaeva et al., 2016). Compounds were tested using the cumulative concentration-response assay format shown in Figure 5A, which includes a 2 min pre-incubation period for each concentration to allow test samples to reach and equilibrate with their binding site(s) in the pore or large extracellular binding domain of ASIC1 receptor trimers. Agonist effects can also be detected during this period as membrane current data is recorded after every liquid addition. Figure 6C summarizes the potency of reference compounds against hASIC1a responses on the QPatch 48, covering 5 orders of concentration. Mean inhibition data for each test sample is plotted against Log[compound] and fit with a concentration-response function. The half-maximal inhibitory (IC50) values and Hill slopes derived from the fits are listed in Table 2, which are consistent with values obtained from the literature.


TABLE 2    ASIC1a pharmacology on QPatch 48.
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The non-selective degenerin family antagonists Amiloride and Benzamil inhibit hASIC1a responses on the QPatch 48 with expected potencies between 5 and 10 μM (Table 2), in contrast to the higher potency of Amiloride against the endogenous proton-activated response in HEK cells (∼2 – 3 μM). A-317567 is a small molecule originally developed by Abbott and found to be a more potent antagonist of ASIC3 and ASIC1a channels (Dubé et al., 2005; Kuduk et al., 2010). We found that this compound worked well on the QPatch 48 and therefore it was used as the positive control as it routinely produced potent and complete inhibition, with an IC50 of 660 nM; a close analogue of A-317567 developed by Merck and Co., Inc., (Kuduk et al., 2010) was found to inhibit ASIC1a currents with an IC50 of 450 nM. Various low molecular weight hydrophobic amines have been found to modulate ASIC receptor channels, including the clinical drugs Amantadine and Memantine (Nagaeva et al., 2016; Shteinikov et al., 2018). We confirmed their low potency inhibition of ASIC1a with IC50 values of 510 and 315 μM, respectively (Table 2).

Finally, the QPatch 48 ASIC1a APC assay successfully replicated the published species-specific potency of the hASIC1a-preferring spider venom peptide PcTx1 and the pan-ASIC1 snake toxin Mambalgin-3. The PcTx1 IC50 of 2.96 nM we report here (Figure 6D) exactly matches that obtained against hASIC1a in Xenopus oocytes by Cristofori-Armstrong et al. (2019), and the Hill slope of 2.2 (Table 2) is consistent with cryo-EM binding and modeling studies that indicate multiple interactions with distinct residues in the acidic pocket and “thumb” regions of the extracellular ligand-binding domain (Cristofori-Armstrong and Rash, 2017). Similarly, the IC50 of 160 nM found for Mambalgin-3 inhibition of hASIC1a on the QPatch 48 is very close to the value of 127 nM reported for human ASIC1a in the original publication on this family of snake toxins (Diochot et al., 2012). Importantly, the Hill slopes of the IC50 fits for all the reference compounds tested on the QPatch 48 match expected results, with all but PcTx1 exhibiting a non-cooperative binding mode (Table 2) in accordance with previously published data. Overall, this pharmacology data confirms that the QPatch 48 APC ASIC1a assay is capable of accurately identifying antagonists across a wide range of potencies and modalities.

Most APC platforms have the option of using multi-hole plates or chips, where 4–10 apertures are present in each well to allow recordings from multiple cells in parallel. This technique is usually used when target ion channel expression is low (as it sums individual cell current levels), or the assay quality is compromised by issues such as current rundown or other variable parameters. However, multi-hole recordings can also be used to produce a high success rate assay which is very useful when carrying out a HTS with n = 1 or n = 2 samples, as we did recently for an ASIC1a fragment library screen on the QPatch 48 (Rogers et al., 2021b).

Although the single hole/single cell ASIC1a assay on QPatch 48 exceeded our 50% minimum cut-off level in terms of completed recordings (Figure 7A), the final QC pass rate fell below this level due to cells failing our strict QC criteria (−200 pA minimum current, Rseal > 200 MΩ and Rseries < 15 MΩ and stable during the 12–20 min whole-cell recording). In multi-hole mode there was a noticeable increase in the success rate for all parameters to > 90% during the different stages of the experiment, and a significant improvement in the final QC rate to 65%.
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FIGURE 7
Validation of a multi-hole ASIC1a assay on QPatch 48. (A) Comparison of efficiency and success rate of single vs. multi-hole QPlate assay format. Mean (± S.D) data for the percentage of wells that passed various quality control (QC) criteria during and after whole-cell recordings in single hole (n = 4 plates, black squares) or multi-hole mode (n = 5 plates, filled circles). (B) ASIC1a assay pharmacology in multi-hole mode. Mean (± S.D) concentration-response data for inhibition of ASIC1a currents by Mambalgin-3 (n = 12), Amiloride (n = 8) and Benzamil (n = 4) in multi-hole recordings, with indicated IC50 and Hill slope values.


Before employing a more efficient multi-hole assay it is important to establish that this variant of the APC whole-cell recording format returns the same biophysics and pharmacology as single cell recordings. To this end we ran some of the reference compounds detailed above in 10 hole “X-plate” mode on the QPatch 48. The potency of the small molecule antagonists Amiloride and Benzamil and the peptide toxin Mambalgin-3 obtained in multi-hole recordings were in very good alignment with values obtained in single hole/single cell mode (Figure 7B and Table 2), confirming the equivalence of each APC recording format.



High throughput ASIC1a assay on SyncroPatch 384i

The SyncroPatch 384i (SP384i) employs a different design format to the Patchliner and QPatch 48, with plastic tips dispensing liquid straight into individual wells rather than through microfluidic flow channels. While this well-hole layout may not affect drug screening against voltage-gated targets, it may influence ligand-gated recordings in experiments with rapidly activating ionotropic channels prone to desensitization, and in multi-hole recordings receiving liquid applications from a single tip onto multiple cells in the same well, so we also validated the hASIC1a assay on the SP384i.

Initial SP384i experiments applied a series of single bolus applications (5 μl “puff”) of pH 6.5 solution with intervening periods in pH 7.4 solution to enable agonist wash-off and ASIC1a receptor recovery from desensitization. This was repeated several times in the same cell to ensure reproducible activation which is critical for subsequent pharmacology experiments. In single hole recordings from a stable CHO hASIC1a cell line grown for several days at 37°C, we observed robust inward current responses in most cells across the 384 well plate after 3–6 h of tetracycline induction, with an average current amplitude of −5 nA (Figure 8A and Table 3). Currents activated rapidly after liquid exchange and then exhibited a mono-exponential decay to baseline, likely due to a mixture of initial ligand removal and receptor desensitization in the single “puff” application format, as subsequent full wash-off occurred several seconds after pH stimulus due to the delay in moving the 384 tip assembly between liquid reservoirs and the recording site. Nevertheless, acid-induced responses were stable, as shown by a sequence of seven pH 6.5 applications followed by washout and recovery at pH 7.4 (for 2 min), evidence of the complete recovery from ASIC1a receptor desensitization in this assay paradigm (Figure 8A). Across two 384 single hole plates tested with single bolus “puff” pH applications we observed a QC success rate of 80.2 and 85.4% based on filters of > −500 pA peak current and > 100 MΩ whole-cell seal resistance at the end of the experiment. It is important to note that actual seal quality was far higher than the minimum cut-off value, with average values of 1.29 ± 0.62 GΩ and 1.12 ± 0.06 GΩ calculated at the end of each experiment from 308 to 328 cells on each test NPC-384 chip, respectively.
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FIGURE 8
Stable ASIC1a responses in single and multi-hole recordings on SP384i enable pharmacological screening. (A) Stable responses in a single hole well to repeated “puff” applications of pH 6.5 solution (top), and average current stability data from n = 50 wells (bottom; mean ± S.E.M). (B) Stable responses in a multi-hole well (4X) to repeated “puff” applications of pH 6.5 solution (top), and average current stability data from n = 60 wells (bottom; mean ± S.E.M). (C,D) Inhibition of ASIC1a responses on SP384i by Amiloride and Benzamil. Raw current traces (insets) in response to pH 6.5 “puff” activation after pre-incubation in indicated concentrations of drug enable construction of cumulative IC50 curves for Amiloride (C) and Benzamil (D), with indicated mean, S.E.M and n values and Hill slopes of 1.19 and 1.18, respectively. Multi-hole chips (4X) were used. (E) There is a wider spread of IC50 values for Benzamil on 1X chips compared with 4X chips using the “puff” ligand application method, although the mean values were not statistically different (P > 0.05, unpaired Student’s t test).



TABLE 3    Cell parameters, pH 6.5-evoked current expression and success rates for single and multi-hole chips using different liquid addition regimes.
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TABLE 4    IC50 values for Amiloride and Benzamil using different pipetting regimes and chip types (1X single hole and 4X multi-hole).
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Very similar ASIC1a biophysics, current characteristics and pharmacology were obtained with single “puff” pH responses on multi-hole NPC-384 chips with four holes (cells) per well. Current amplitude was obviously increased due to summation of current from multiple cells (Table 3), but ASIC1a current kinetics and assay stability were unchanged using a series of single bolus application of pH 6.5 (Figure 8B). The potencies of Amiloride and Benzamil (6.01 and 1.47 μM, respectively; Figures 8C,D) were similar to those obtained for Amiloride and Benzamil using single hole chips (Table 4).

Assay performance was consistently high across three multi-hole NPC chips, with a QC pass rate of 93.8, 92.2, and 82.6% based on a minimum current amplitude of −500 pA and seal resistance > 25 MΩ at the end of each experiment. As the average seal resistance value is divided across all 4 sites in each well, this QC parameter is similar to the 100 MΩ cut-off used for single hole recordings. Actual seal resistances were significantly higher in the majority of cells and averaged 0.38 GΩ (Table 3), which as explained previously is equivalent to a mean single cell seal four times this value. As expected, the QC pass rate is improved when using multi-hole chips, mainly due to fewer sites falling below the minimum current amplitude. In addition, more consistent pharmacological data can be obtained across multiple recording sites (Figure 8E). Assay performance as measured by Z’ analysis is equally good, and both APC recording formats deliver excellent plate-based screening assay statistics above the industry standard z’ cut-off of 0.5 (Table 5).


TABLE 5    Comparison of SP384i ASIC1a assay performance in single vs. multi-hole chips.
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We next wanted to validate the stacked tip ligand-gated application format on the SP384i using the same CHO ASIC1a cell line and experimental conditions as above, to find the optimal protocol for studying this class of ion channel. Previous stacked tip ligand-gated receptor ion channel experiments on the Patchliner and SP384i typically use a small volume of agonist (5–10 μl) aspirated below a relatively large volume of extracellular buffer (200 or 35–45 μl, respectively) to wash-off the ligand (Milligan and Jiang, 2020; Braun et al., 2021; Obergrussberger et al., 2022). However, more recent work by us and others on the SP384 family of platforms has revealed that a counter-intuitive approach can be more effective, whereby a smaller wash-off volume (i.e., 5 μl) used to reduce bulk mixing in the well achieves faster and more complete wash-off above the recording site and reduces slow desensitization of ligand-gated ionotropic receptor responses (Figure 9A).
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FIGURE 9
Validation of ASIC1a stacked tip assay format on SP384i. (A) Comparison of “puff” ligand application versus “stacked puff” format. Top left shows a schematic of the “puff” solution in the pipette tip and corresponding example of ASIC1a-mediated current with slow desensitizing phase. Bottom left shows the schematic of the “stacked puff” solutions in the pipette and an exemplar ASIC1a-mediated current with slow desensitization followed by rapid wash-off. (B) Stable responses in a single hole well to repeated “stacked puff” applications of pH 6.5 (top), and average current stability data from n = 48 wells (bottom; mean ± S.E.M). (C,D) Inhibition of ASIC1a responses using “stacked puff” approach by Amiloride and Benzamil with single hole chips. Raw current traces (insets) in response to pH 6.5 “stacked puff” activation after pre-incubation in indicated concentrations of drug enable construction of cumulative IC50 curves for Amiloride (C) and Benzamil (D), with indicated mean, S.E.M and n values, and Hill slopes of 1.49 and 1.48, respectively. (E) There is a wider spread of IC50 values for Benzamil for 1X chips compared with 4X chips using the “stacked puff” application of ligand, although the mean values were not statistically different (P > 0.05, unpaired Student’s t test).


Using this optimized small volume “stacked” puff configuration on single hole chips revealed different current decay kinetics but identical pharmacology when compared with the “puff” addition. pH-activated currents rapidly reached a peak and then desensitized slowly, before rapidly returning to baseline upon washout and removal of the ligand (Figure 9A). Thus, it is possible to more reliably estimate peak amplitude and assess receptor desensitization rates with the stacked puff technique compared to a single puff application (e.g., Figures 8, 9A). Using the stacked puff method, ASIC1a currents were repetitively activated with pH 6.5 solution 7 times in the same cell, revealing reproducible and stable results suitable for pharmacological and drug screening (Figure 9B). The peak amplitude of ASIC1a-mediated currents evoked with the stacked puff approach was similar to that obtained with the puff approach using the same chip type (Table 3). Additionally, the reference inhibitors Amiloride and Benzamil blocked ASIC1a-mediated responses in a concentration-dependent manner (Figures 9C,D) with similar potency to that seen using single puff applications of pH on single hole and 4X multi-hole chips (Table 4), and were in excellent agreement with the literature (Leng et al., 2016). As seen with the puff addition (Figure 8E) the spread of IC50 values for Benzamil using 1X chips and the stacked puff application was higher than when 4X chips were used (Figure 9E).

Using the optimal stacked puff format and 4X chips, application of increasingly acidic pH evoked rapidly activating and deactivating inward currents (Figure 10A), enabling a pH activation plot to be constructed (Figure 10B). To obtain the composite pH EC50 data, a stable current response was obtained with three applications of pH 6.5 to each well. Following this the test pH for each well was then applied, and this cycle was repeated twice with a washout at pH 7.4 between each pH stimulus to acquire a reliable pH response. For each well the test pH response was normalized to the current elicited by pH 6.5, and the pH concentration-response curve calculated from all QC-passed wells across the whole plate. In these experiments the pH which elicited half-maximal current (pH0.5) was 6.44 ± 0.08 (mean ± S.D., n = 378), in excellent agreement with literature values from manual patch clamp (Gunthorpe et al., 2001), other SP384 studies (Braun et al., 2021) and other APC platforms (data above and references herein).
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FIGURE 10
pH sensitivity of ASIC1a responses on SP384i using stacked puff format. (A) pH was used to activate ASIC1a responses, and decreasing pH led to increased peak amplitude (exemplar traces from different cells shown on the same scale). The pH concentration-response curve was calculated across multiple wells (each well received 1 × pH 6.5 followed by the test pH so the data was normalized to the pH 6.5 response in each well). (B) The pH50 was calculated to be 6.44. Mean ± S.E.M for each pH is shown by symbols from a maximum of 48 wells per pH concentration. 4X chips were used.





Discussion

The results from this collaborative project demonstrate the successful implementation of technically challenging ligand-gated ion channel assays on a range of low, medium and high throughput APC platforms using human ASIC1a channels as a representative target of current interest for drug discovery screening. These data offer examples of how to overcome common problems in making such recordings, such as improving current amplitude with cell culture protocols and the use of multi-hole chips and plates. We also offer a comparison of different ligand application techniques such as stacked tips that are available on different pipette and tip-based APC platforms. Importantly, the agonist (pH EC50) and antagonist sensitivity of ASIC1a responses are very similar across multiple APC platforms using different ligand-gated application protocols. We also utilize the current clamp capabilities available on most APC platforms to validate a traditional input resistance tracking method on the Patchliner. Finally, our data demonstrate the advantages and risks of using endogenous responses in parental cell lines as the basis for screening assays. Although we successfully replicated a manual patch clamp study of endogenous pH-gated responses in HEK cells attributed to human ASIC1a channels on APC, our extensive validation of this assay indicated an atypical pharmacological profile and low current expression which precluded its use for drug discovery screening.


Endogenous proton-activated currents in HEK cells

It is relatively common in ion channel drug discovery to use native and immortalized cell lines, either for their endogenous human or mammalian ion channel proteins (e.g., Vetter et al., 2012) or as a system for heterologous expression of human orthologs (Rogers et al., 2016). However, the endogenous voltage- and ligand-gated ion channels in the chosen cell line are not always determined before drug discovery screening or mechanistic studies take place, raising questions over the accuracy of subsequent work. It is therefore wise to test for functional responses of the ion channel target family of interest (Gunthorpe et al., 2001; Rogers et al., 2016), profile the cell line system using molecular biology techniques (Gunthorpe et al., 2001), and if necessary knockdown the endogenous target before expressing the functional protein or mutant of interest (Vanoye et al., 2016; Borg et al., 2020; Braun et al., 2021). In the case of ASIC drug screening, the use of parental HEK cells to express mutated hASIC1a (Cullinan et al., 2019) and other human and species orthologs (Kuduk et al., 2010; Wolkenberg et al., 2011; Goehring et al., 2014) may be compromised by contamination from the innate ASIC1a channels we and others have characterized in HEK cells.

Although we were able to confirm the original manual patch clamp publication that native HEK cells express an endogenous ASIC1-like response (Gunthorpe et al., 2001), there are several features of these pH-activated currents that do not make them sufficient for a drug discovery screening assay, especially on APC platforms. Firstly, we found that pH-activated current amplitude was relatively low and that treatments to increase it led to unstable responses unsuitable for pharmacological screening. With HEK cells grown under standard 37°C conditions the mean peak inward current amplitude ranged between −334 and −567 pA for single cell manual and automated patch clamp recordings, respectively (Gunthorpe et al., 2001; Figure 1), leaving a small assay window once a minimum current threshold is applied. The lower current amplitude (and % expressors) in APC experiments may be due to loss of neuronal-like processes of adherent HEK cells that express functional ASIC1a receptor channels when cells are dissociated and suspended for use on APC platforms. In order to induce current amplitudes of sufficient size for single hole QPatch 48 experiments cells must be incubated for at least 24 h at 30°C, but this mild heat shock treatment affects ASIC1 current stability and may also trigger surface translocation of other ion channels, thereby reducing assay success rates and specificity. Thus, the trade-off between a treatment to increase current expression and maintain overall assay stability and quality failed to yield a set of experimental conditions in HEK cells that met our goal of achieving a ≥ 50% final QC success rate at the end of every single cell cumulative xC50 ASIC1a screening experiment. Multi-hole recordings from untransfected HEK cells proved problematic, removing an alternate approach to overcome low current amplitudes and expression rates. Although many APC users now adopt multi-hole recordings as standard, this may mask underlying issues with poorly expressing transient transfections or stable cell lines and sub-optimal cell culture, and also precludes the application of some useful QC filters such as seal resistance and Rseries monitoring. We treated single-hole and multi-hole recordings of hASIC1a currents as separate experiments to enable comparison of recording modes on the APC platforms used in this study, so that an appropriate choice of assay and chip format can be made by other users.

Secondly, we found that the pharmacological profile of the endogenous pH-gated response in HEK cells was not typical for hASIC1a receptors. Amiloride was surprisingly potent, and the moderately selective toxin Mambalgin-3 was more effective than the selective ASIC1 antagonist PcTx-1. Although we were able to replicate the low μM potency of Amiloride seen in the original manual patch clamp study (Gunthorpe et al., 2001) in our QPatch 48 recordings (2.2 vs. 2.8 μM, respectively), both values are more potent than the 10–20 μM values typically obtained in other electrophysiological studies of human and rodent ASIC1a receptors (Baron and Lingueglia, 2015; Leng et al., 2016). In contrast, the potency of 119 nM for Mambalgin-3 inhibition of endogenous pH-gated responses was close to values for human ASIC1a in previous studies (Diochot et al., 2012; Sun et al., 2018), although mambalgins are only moderately selective for ASIC1a channels, exhibiting 1.2 – 5 fold selectivity for rat ASIC1a over other ASIC1 and ASIC2 homomers, heteromers and splice variants. Also, the highly ASIC1a-selective toxin PcTx1 was only moderately effective against pH-activated currents in HEK cells, exhibiting weak, variable and inconsistent inhibition. Mean inhibition by PcTx1 at the highest tested concentration of 30 nM was < 50%, whereas the published potency against human ASIC1a is ∼3 – 13 nM (Baron et al., 2013; Cristofori-Armstrong et al., 2019). Despite the fact it can be difficult to replicate manual patch data for sticky compounds, peptides and other biological ligands on APC platforms, we followed best practice and employ protocols to minimize compound absorption or loss (e.g., glass-lined consumables throughout, BSA in final experimental solutions). As our pharmacology data faithfully replicates the known potency of Mambalgin-3 and PcTx1 against human ASIC1a responses in CHO cells on the same APC platform (Table 2), this suggests that the relative potency and efficacy of non-selective vs. selective ASIC1a ligands in HEK cells is evidence for functional expression of an atypical pH-gated receptor complex in this parental cell line.

Whilst TRP channels are present in HEK cells (Wu et al., 2000), our data rules out their contribution to endogenous pH-gated responses in HEK cells; there was no effect of the pan-TRP antagonist Ruthenium Red (Figure 2E), and Mambalgin-3 produced over 75% inhibition of whole-cell current (Figure 2B) but does not inhibit TRPV1 receptor channels (Diochot et al., 2012). Interestingly, co-assembly of ASIC1 and ENaC subunits in Xenopus oocytes increases the potency of Amiloride (Meltzer et al., 2007), and ENaC channels are more sensitive to inhibition by Amiloride (100 nM, Canessa et al., 1994) than ASIC1 channels, perhaps explaining the relatively high sensitivity of endogenous proton-gated responses in HEK cells to Amiloride inhibition found in this study (2.8 μM) and the 2.2 μM value reported by Gunthorpe et al. (2001). As all of the pharmacology testing was done in HEK cells grown at 30°C it is important to note that heat shock induction of intracellular chaperones may facilitate the expression of various endogenous pH-gated conductances in HEK cells, potentially leading to alterations in agonist and antagonist pharmacology. However, we observed no change in the pH EC50 values in HEK cells (Figure 1D) or CHO cells (data not shown) after 30°C treatment, suggesting that low temperature treatment of HEK cells predominantly upregulated ASIC1-containing receptor channel complexes, or alternatively that ASIC and other degenerin family ion channels such as ENaC may have been increased but all share a similar pH sensitivity (Meltzer et al., 2007).



Application of conductance-tracking in a ligand-gated ion channel automated patch clamp assay

Prior to the development and widespread utilization of whole-cell patch clamp techniques in ion channel research, neurotransmitter-gated receptor responses were often studied using sharp microelectrodes and current clamp monitoring of cell input resistance to track changes in conductance in response to agonist application by iontophoresis or bath application (e.g., Hiruma and Bourque, 1995). This technique has now been supplanted but a recent study from an industry group detailed a low throughput electro-optical version of the input resistance tracking method using field electrodes to apply current pulses and fast voltage-sensing dyes to measure membrane potential changes in populations of heterologous cell lines (Menegon et al., 2017). In theory this optical approach could be scaled up to 96 and 384 well plate-based imaging systems used in ion channel drug discovery, but we wanted to demonstrate that the current clamp features available on most APC platforms could be used to design a higher throughput conductance-tracking assay to study ligand-gated ionotropic receptor targets relevant to ion channel drug discovery.

Using the Patchliner as our proof-of-concept platform, we successfully developed and validated an APC input resistance tracking assay for the fast ligand-gated ASIC1a receptor channel (Figure 4). After careful optimization of current clamp protocols and choice of a holding potential that allowed for reliable detection of changes in input resistance in response to a series of current injections, it was possible to accurately track changes in membrane conductance after the application of pH agonist. Our current clamp data reveal pH EC50 and Benzamil IC50 values in close agreement with those obtained using fast ligand application under voltage clamp on the Patchliner and other APC platforms. This is the first demonstration to our knowledge for implementation of the traditional current clamp conductance tracking technique to study a ligand-gated receptor channel on a multi-well APC platform, demonstrating the untapped utility of these devices.



ASIC1a ligand-gated screening assay validation on automated patch clamp platforms

While voltage-gated ion channel screening is well served by the gigaseal recording qualities and sophisticated biophysical features of current APC platforms, successful implementation of robust pharmacological assays for ligand-gated receptor channels has been more challenging. Early protocols on low and medium throughput platforms and initial models of 384 devices utilized slow and sequential additions of agonist and wash-off solutions due to the need for the tip or pipette to return to a reservoir of external solution and then back to the recording site to wash-off the agonist, which can lead to profound receptor desensitization. Such assays run the risk of screening against a non-physiological state of the ligand-gated ionotropic receptor of interest, and can also flatter users by revealing an agonist EC50 for the desensitized state which is more potent than the activated state. Numerous ligand-gated receptor channels of therapeutic interest exhibit such desensitization, including ASIC channels, α7 and other nAChRs, as well as GABAA receptors, NMDA, kainate and AMPA GluRs, and P2X receptors. APC vendors have now developed new ligand-gated assay features with faster application speeds and the ability to stack different solutions within each tip, so we sought to compare the same ligand-gated hASIC1a receptor channel assay across multiple APC platforms and test the efficacy of various optimization strategies.

A key parameter for the accuracy and reliability of a ligand-gated ionotropic receptor assay is the agonist EC50, as this value can be compromised by compound absorption, slow or partial access to the ligand-binding pocket, and receptor desensitization. In the case of ASIC1a the pH dependence is steep (Hill slope > 5) so even small deficits in the assay format and liquid application and wash-off protocols can significantly affect this value. It was therefore reassuring to see very similar pH EC50 values obtained using the same CHO ASIC1a cell line on the Patchliner with stacked pipette tips (6.68) and on the QPatch 48 using a bolus pipette application (6.62). These values are comparable to pH EC50 potencies published for hASIC1a on the QPatch and SP384 family of APC platforms (Braun et al., 2021; B’Sys, 2022). A slightly more acidic pH EC50 of 6.44 was obtained on the SP384i with a stacked puff application from plastic tips, but it should be noted that multi-hole chips and a different CHO cell line were used in these experiments. It was clear that ASIC1a receptor desensitization occurred over a second or so after current activation and prior to ligand wash-off with the bolus applications on the SP384i, and that this could be minimized using the various stacked tip protocols now available on most APC platforms. All of these APC pH EC50 values are significantly different from the much more acidic EC50 value of 5.6 obtained for hASIC1a in Xenopus oocytes where fast perfusion and complete solution washout is problematic (Borg et al., 2020).

Although there is significant desensitization of hASIC1a responses during more prolonged and acidic pH applications, seen in both bolus or “puff” applications (e.g., Figures 1A, 3A, 6A, 9), ASIC1a receptor ion channels recover quickly from desensitization upon return to neutral pH. Thus, we saw no obvious differences in pH EC50 values across the Patchliner, QPatch 48 and SP384 APC platforms as care was taken to effectively remove acidic solution during wash-off and allow the receptors to recover from desensitization with repeated periods in pH 7.4. The same rapid recovery from desensitization may not be true for other types of ligand-gated ion channels (e.g., α7 nAChR, neuronal P2X receptors, GluRs), in which case it becomes useful and perhaps essential to employ APC assays with stacked ligand and wash solutions to achieve effective ligand-gated assays with reduced desensitization, current rundown and altered pharmacology.

Once we had established the correct pH EC50 value for each APC platform and ASIC1a cell line it was possible to pharmacologically validate the assay using a toolbox of reference compounds, including both small molecules and peptide toxins that are common ligand modalities in ion channel drug discovery. Benzamil was tested across all APC platforms and exhibited very consistent potencies when tested using a bolus pipette application (QPatch 48) or stacked tip application (Patchliner, SP384i). Focusing on data from single hole recordings, we obtained an IC50 for Benzamil of 3.65 μM on Patchliner (Figure 3C), 4.66 μM on QPatch 48 (Figure 6C and Table 2), and 1.37 and 2.48 μM on SP384i using puff or stacked puff applications (Table 4), respectively. Amiloride was used as a positive control for the medium throughput QPatch 48 and high throughput SP384i platforms, exhibiting an IC50 of 7.62 μM on the former (Figure 6C and Table 2) and values of 5.90 and 10.9 μM on the latter with puff or stacked puff applications (Table 4), respectively. The potencies of Amiloride and Benzamil across these APC platforms (Tables 2, 4) align well with published values of 3.5 and 13.5 μM, respectively (Leng et al., 2016).

A comprehensive ASIC compound toolbox was tested on the QPatch 48 as we wanted to validate the CHO ASIC1a cell line on this platform prior to a fragment screen (Rogers et al., 2021b). We found excellent agreement between the nM potencies of the selective ASIC1a toxins PcTx1 and Mambalgin-3 on the QPatch 48 compared to literature values (Table 2), confirming the ability to reliably detect the activity of biological ligands in APC assays if suitable steps are taken to minimize peptide absorption. PcTx1 binds within the “acidic pocket” in the extracellular domain of ASIC channels, and as such is a state-dependent modulator as its affinity can be strongly affected by local pH (Baron et al., 2013). Pre-incubating CHO cells in the presence of PcTx1 at pH 7.3 was sufficient to allow efficient binding, and the potency of 3 nM we obtained on the QPatch 48 (Figure 6D and Table 2) was nearly identical to published values of 0.9 – 3 nM for human ASIC1a channels (Escoubas et al., 2000; Cristofori-Armstrong et al., 2019; Braun et al., 2021). Whilst there is a paucity of data for Mambalgin-3 against human ASIC1a channels as most published data utilized mammalian orthologs (Diochot et al., 2012; Sun et al., 2018), this toxin only differs from Mambalgin-1 at one non-critical amino acid residue and it is assumed to exhibit similar potency. Indeed, the very similar potencies of Mambalgin-3 on QPatch 48 of 119 and 160 nM against endogenous pH-gated responses in HEK cells (Figure 2B) and human ASIC1a stably expressed in a CHO cell line (Table 2) align very closely with quoted values of 127 or 197 nM for Mambalgin-1 tested against human ASIC1a channels (Diochot et al., 2012; Sun et al., 2018). Unlike PcTx1, Mambalgins are no longer thought to bind within the “acidic pocket” of the ASIC1a receptor but nearby on the “thumb,” and thereby disrupt (reduce) proton sensitivity of activation (Baron et al., 2013; Cristofori-Armstrong and Rash, 2017). In this way Mambalgins may bind to both the closed and desensitized/inactivated states of ASIC1 receptor channels but don’t alter their desensitization pH sensitivity.

Several small molecule antagonists of ASIC receptor channels were also tested on the QPatch 48 in preparation for a drug discovery screen. The clinical drugs Amantadine and Memantine are low molecular weight hydrophobic amines that inhibit various ASIC receptor channels with low potency (Nagaeva et al., 2016; Shteinikov et al., 2018), and we found IC50 values of 510 and 315 μM against human ASIC1a, respectively (Table 2). Although A-317567 is not selective for ASIC1a as it was originally designed by Abbott as an ASIC3 modulator (Dubé et al., 2005) and used as a scaffold to develop further analogues against this target by Merck and Co., Inc., (Kuduk et al., 2010), A-317567 is a relatively potent drug discovery compound that can be used to benchmark screening assays designed to discover new selective and potent inhibitors of ASIC1a receptor channels. Compared to published data that A-317567 inhibits “ASIC1-like” pH-activated currents in rat dorsal root ganglion neurons with a potency of 2 μM (Dubé et al., 2005), we found that human ASIC1a channels exhibited an IC50 of 660 nM (Figure 6C and Table 2), with the small difference in activity likely attributable to differences in activating pH and cell type. Significantly, a close analogue of A-317567 developed by Merck and Co., Inc., was found to inhibit ASIC1a currents with an IC50 of 450 nM (Kuduk et al., 2010). In summary, our pharmacological validation data highlights the current lack of potent and selective small molecule inhibitors of hASIC1a, and demonstrate the need for further virtual and compound library screens to discover novel and effective ASIC1a receptor channel modulators to treat peripheral and CNS diseases.

All APC platforms offer the choice between single hole well/single cell recording chips, and multi-hole or population patch clamp recordings. Single hole chips and plates are preferred for rigorous biophysical recordings of voltage-gated ion channels as they allow for application of compensation circuits and tracking of single cell properties for QC purposes, and enable an accurate assessment of variation in cell line characteristics during assay optimization. Multi-hole recordings are favored as they increase assay success rate and reduce screening costs, and can compensate for sub-par cells or difficult-to-express ion channel targets. We were interested to assess what difference, if any, that single vs. multi-hole APC recordings would make for a ligand-gated receptor channel such as ASIC1a due to potential differences in liquid application and wash-off for a single cell compared to an array of cells across the bottom of a multi-hole recording well. Significantly, we did not find any obvious differences in the pharmacological potency of reference small molecule compounds and peptide toxins tested in single vs. multi-hole format on the QPatch 48 (Figure 7) and SP384i (Table 4). Also, multi-hole recordings can deliver ligand-gated receptor ion channel assays with a higher success rate (Figure 7) and thus improved screening efficiency and lower costs, as well as more consistent pharmacological results (Figures 8E, 9E).

In summary, we demonstrated that it is possible to implement robust and reliable medium and high throughput APC screening assays for a challenging ligand-gated receptor ion channel. This was achieved on three different APC instruments, Patchliner, QPatch 48 and SP384i, by careful design of an ASIC1a assay format that maximized current stability and minimized desensitization during repeated pH activations (Figures 5B, 8A,B, 9B), enabling accurate pharmacological sensitivity. The need for a more efficient and cost-effective ASIC1a drug screening assay is topical (Bordon et al., 2020), as previous efforts to bring ASIC modulators to the clinic for various therapeutic indications have failed for various reasons (Wolkenberg et al., 2011; Heusser and Pless, 2021). Previous screening efforts used manual patch techniques and low throughput 16 channel APC devices, and traditional 384 plate-based fluorescence imaging assays to detect cation flux through ASIC1a receptor channels has proven challenging due to the rapid activation and profound desensitization of these channels that is hard to overcome on systems with slow or limited liquid addition and washout capabilities. Thus, our demonstration of improved, robust and efficient ligand-gated ionotropic receptor screening assays on a range of APC platforms may foster renewed efforts to discover potent, selective and efficacious modulators of human ASIC1a channels.
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Migraine is one of the leading causes of disability worldwide, affecting work and social life. It has been estimated that sales of migraine medicines will reach 12.9 billion USD in 2027. To reduce social impact, migraine treatments must improve, and the ATP-sensitive potassium (KATP) channel is a promising target because of the growing evidence of its implications in the pathogenesis of migraine. Strong human data show that opening of the KATP channel using levcromakalim is the most potent headache and migraine trigger ever tested as it induces headache in almost all healthy subjects and migraine attacks in 100% of migraine sufferers. This review will address the basics of the KATP channel together with clinical and preclinical data on migraine implications. We argue that KATP channel blocking, especially the Kir6.1/SUR2B subtype, may be a target for migraine drug development, however translational issues remain. There are no human data on the closure of the KATP channel, although blocking the channel is effective in animal models of migraine. We believe there is a good likelihood that an antagonist of the Kir6.1/SUR2B subtype of the KATP channel will be effective in the treatment of migraine. The side effects of such a blocker may be an issue for clinical use, but the risk is likely only moderate. Future clinical trials of a selective Kir6.1/SUR2B blocker will answer these questions.
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1. Introduction

Migraine is by far the most prevalent neurological disease with a lifetime prevalence of 15–20% (Stovner et al., 2018). It is sexually dimorphic with a sex ratio of 2.5 women for each man and greater severity in women. Thus, approximately 80% of the total burden of migraine is on women (Steiner et al., 2020). According to WHO migraine is number two out of all diseases causing disability and the disease has huge socioeconomic costs to society in addition to the personal costs and suffering afflicted (Abbafati et al., 2020). It is obvious that a disease of these dimensions for which no cure exists requires effective drug therapy at each acute attack and as prophylaxis in those most affected. This was illustrated by the huge success of the triptans with a peak sale at several billion USD. They are still the dominant treatment for acute migraine attacks but now mostly off patent and inexpensive. The picture was further cemented by the advent of human monoclonal antibodies against CGRP or its receptor which in a very short time has obtained impressive sales. It has been estimated that total sales of migraine medicines will reach 15.6 billion USD in 2029 (IHealthcareAnalyst I, 2023).

Growing evidence suggests that ATP-sensitive potassium (KATP) channels are implicated in the pathogenesis of migraine as opening of the channel using levcromakalim is the most potent headache and migraine trigger ever tested. It has been suggested that the KATP channel may be the unifying mechanism for signaling pathways of established migraine triggers including calcitonin gene-related peptide (CGRP), pituitary adenylate cyclase-activating peptide-38 (PACAP38) and nitroglycerine (GTN) leading to migraine attacks (Figure 1). We have recently published a comprehensive review on the KATP channels (Clement et al., 2022), whereas this shorter review has a more general perspective on the basics of the KATP channel together with clinical and preclinical data on migraine implications. We argue that KATP channel blocking may be a novel promising target for migraine drug development.

[image: Figure 1]

FIGURE 1
 Common molecular pathways resulting in activation of the KATP channel. The migraine triggers CGRP, PACAP and nitroglycerine (GTN) are hypothesized to activate the KATP channel via cyclic adenosine monophosphate (cAMP) or cyclic guanosine monophosphate (cGMP) and downstream pathways. This is a simplified and hypothetical model describing the potential signaling pathways of migraine triggers and is based mainly on human experimental provocation studies (Ashina et al., 2013). More complex interactive processes and yet unknown mechanisms between signaling molecules are probably involved. AC, adenylate cyclase; NO, nitric oxide; PKA, protein kinase A; GC, guanylate cyclase; GTP, guanosine triphosphate; PKG, protein kinase G. Created with BioRender.com.




2. How are migraine patients served by current drugs?

The so-called triptan wave rolled 20 years ago, and it was widely believed that the triptans had solved the migraine problem (Loder, 2010). Huge sales efforts by the pharmaceutical industry and enthusiastic doctors helped to promote this picture. Later, it turned out that the picture was not that rosy. The efficacy of triptans was originally based on rather soft success criteria, and when much stricter and more relevant criteria were applied the triptan response was much less satisfactory (Tfelt-Hansen and Olesen, 2012). A recent study showed that only 1/7 of all Danes with migraine currently uses a triptan (Davidsson et al., 2021). Whether this is due to lack of long-term efficacy or side effects is unclear, but it is not due to cost since medical service including prescriptions is free in Denmark. Thus, the treatment of migraine attacks is far from ideal. Better drugs or drugs working by a different mechanism are needed. The latter was fulfilled by the advent of small molecule CGRP receptor antagonists (Lipton and Dodick, 2004). They are less effective than the triptans but work via a different mechanism (Tfelt-Hansen and Loder, 2019). In prophylaxis the human antibodies against CGRP or its receptor and small molecule CGRP receptor antagonists are likewise not more effective than existing drugs but have fewer side effects than former prophylactic drugs (Charles and Pozo-Rosich, 2019; Tfelt-Hansen and Loder, 2019). Importantly, they work by a very specific mechanism and therefore have few side effects. They are also effective in non-responders to existing drugs (Ferrari et al., 2019). In conclusion, CGRP based therapies are valuable new drugs. However, these drugs are effective only in 50–60% of patients (Dodick et al., 2014a,b; Bigal et al., 2015; Sun et al., 2016) which illustrates the importance of developing more therapies with novel mechanisms of action.



3. Migraine heterogeneity suggests a need for precision medicine

Novel drugs such as the CGRP antagonists have been developed against unspecified migraine. In the international classification of headache disorder both the first, second and third edition (ICHD-3) subdivides migraine. The primary division is into migraine without aura and migraine with aura, but no study in recent years has focused specifically on migraine with aura which is less prevalent than migraine without aura and rarely has a high attack frequency indicating prophylactic treatment (Hauge et al., 2009). More understandably, no studies have focused on the rare sub-forms: migraine with brainstem aura, retinal migraine and familial hemiplegic migraine (Russell and Ducros, 2011). Finally, chronic migraine is the most severe form of migraine, but it represents a conglomerate of migraine without aura, migraine with aura and tension-type headache. It seems unlikely therefore, that a drug would ever be specific for chronic migraine. It has been suggested to subdivide migraine without aura and migraine with typical aura according to autonomic symptoms (Christensen et al., 2022), osmophobia (Chalmer et al., 2019), menstrual relation (Vetvik and MacGregor, 2021), genetics (Kogelman et al., 2019) and ability to sensitize during attacks (Bernstein and Burstein, 2012). But so far, there has been little correlation between these features and drug response. The huge prevalence of migraine and the known clinical and genetic heterogeneity suggest, however, that migraine in future will be best served by a multitude of drugs with a multitude of different mechanisms of action. Antagonists of the KATP channel, if effective, would be a needed addition to our current therapeutic armamentarium.



4. KATP channel building blocks and channel sub-types

The KATP channels belong to one of seven families of inwardly rectifying potassium channels (Kir), namely the Kir6 (Hibino et al., 2010). Kir is the building block of the ion pore which consists of an aggregation of four units (Figure 2). The Kir6 subfamily is divided into Kir6.1 and Kir6.2, and around the ion pore is the modifying unit sulfonylurea receptor called SUR, which exists in three sub-forms, SUR1, SUR2A and SUR2B (Babenko et al., 1998). Thus, many configurations of the KATP channel can exist depending on the combination of inner and outer building blocks. Drugs can either target the SUR unit or the pore itself. The distribution of the different types of KATP channels in different tissues is shown in Table 1.

[image: Figure 2]

FIGURE 2
 Simple illustration of the molecular and octameric KATP channel structure. (A) The KATP channel is arranged into subunits of Kir6.x and SURx. Kir6.x is composed of two transmembrane regions (TM1 and TM2) linked by the pore forming region H5. SURx is divided into three domains, where TMD0 consists of five transmembrane regions, while TMD1 and TMD2 consist of six transmembrane regions. SURx also holds the nucleotide binding domains (NBD1 and NBD2) and lastly the C42 C-terminal. (B) The channel is organized in four inner Kir6.x subunits and four outer SURx units. The Kir6.x subunits form the ion pore, while the SURx subunits form the outer structure of the channel, and these are necessary for channel activity. Created with BioRender.com.




TABLE 1 Subunit composition and tissue expression of KATP channels in different species.
[image: Table1]



5. KATP channel agonists in other diseases cause headache

Several KATP channel agonists have been developed for clinical practice including levcromakalim, nicorandil, tifenazoxide, pinacidil, minoxidil, diazoxide and with indications for asthma, ischemic heart disease, hypertension, hair loss and hypoglycaemia. Except for nicorandil, none of these drugs is widely used in clinical practice but headache is reported as a common side effect for all these KATP agonists probably due to their vasodilating effects of cranial arteries (Table 2; Jahangir and Terzic, 2005). Notably, the most frequent side effect reported for levcromakalim, nicorandil and pinacidil treatment was headache (Kidney et al., 1993) - mostly as mild to moderate in intensity that generally occurred early in treatment. Headache was also often responsible for patients discontinuing their treatment (Simpson and Wellington, 2004). Altogether, these findings sparked curiosity in investigating the role of KATP channels in basic science and human experimental models of migraine.



TABLE 2 Headache incidences registered during clinical trials with KATP channel agonists.
[image: Table2]



6. Cephalic localization and function of KATP channels (in vitro)


6.1. Cranio-vascular

In intracranial arteries from rat, pig and human Kir6.1 and SUR2B mRNA and protein are predominantly expressed. Only low levels of Kir6.2 and SUR1 and no SUR2A are detected (Ploug et al., 2006). The subdivided location of KATP channels in cephalic arterial smooth muscle cells and endothelial cells have not yet been examined. However, KATP channels in endothelial and smooth muscle cells of peripheral arteries are of the Kir6.1/SUR2B subtype (Aziz et al., 2017; Li et al., 2020). Activation of KATP channels leads to hyperpolarization of smooth muscle cells (Brayden, 2002) that prevents the opening of depolarization activated Ca2+ channels. This causes a decrease in Ca2+ entry to the cell leading to vasodilatation (Quast, 1996). In endothelial cells activation of KATP channels elevate intracellular calcium by inducing hyperpolarization and augmenting the driving force for potential dependent Ca2+ influx. In this way, the KATP channel agonist may promote Ca2+-dependent formation of endothelium-derived relaxing factors such as nitric oxide (Lückhoff and Busse, 1990).

Pharmacological ex vivo and in vivo studies show vasodilatory effects of KATP channel openers in rat and pig intracranial arteries. These responses are inhibited by high doses of the non-selective KATP channel blocker glibenclamide and lower doses of the Kir6.1 blocker PNU-37883A supporting involvement of Kir6.1/SUR2B KATP channels in cranio-vascular responses (Gozalov et al., 2005; Ploug et al., 2006, 2008). Removal of rat basilar artery endothelium slightly but significantly, inhibited KATP channel opener induced vasodilation, suggesting a partial involvement of endothelial KATP channels (Jansen-Olesen et al., 2005). In vivo studies have shown CGRP to activate KATP channels and thereby participate in CGRP mediated dilation of rat meningeal arteries (Gozalov et al., 2008). Interestingly, glibenclamide attenuated this CGRP-induced vasodilation in vivo but was without effect ex vivo (Gozalov et al., 2008).



6.2. Neuronal

In the nervous system, KATP channels are highly expressed in neurons, where they cause hyperpolarization resulting in reduced excitability, potassium efflux (Babenko et al., 1998; Seino and Miki, 2003; Hibino et al., 2010) and consequently reduced neurotransmitter release (Soundarapandian et al., 2007; Yildirim et al., 2021; Clement et al., 2022). Furthermore, KATP channels of the nervous system are suggested to mediate neuroprotection in different scenarios like hypoxia and oxidative stress (Zoga et al., 2010; Country and Jonz, 2021; Clement et al., 2022). Especially the mitochondrial KATP channels have been highlighted in neuroprotection during excitatory toxicity stimulation (Soundarapandian et al., 2007), as activation of mitochondrial KATP channels cause depolarization and reduces neuronal death probably by decreasing influx of Ca2+ which lowers mitochondrial Ca2+ levels (Soundarapandian et al., 2007). This process hinders loss of oxidative phosphorylation and ATP depletion (Country and Jonz, 2021; Clement et al., 2022), but overall the mechanisms underlying the mitochondrial KATP channel-related neuroprotective effects remain unclear.

KATP channels have been found on nerve terminals of rat hippocampal slices, likely on both noradrenergic and glutamatergic nerve endings (Freiman et al., 2001). Likewise, KATP channels are found on nerve terminals prepared from rat motor cortex (Lee et al., 1995). KATP channels (Kir6.2/SUR1 and Kir6.2/SUR2) were also identified on neurons, glial satellite cells and Schwann cells of dorsal root ganglion isolated from rat (Zoga et al., 2010). In this study, KATP channel expression was reduced after painful axotomy, suggesting an involvement in pain perception and a potential target for therapeutic intervention.

Lastly, both Kir6.1 and Kir6.2 expression (using RT-PCR studies) are found in pure glial cultures of rat midbrain (Toulorge et al., 2010). Interestingly, expression of KATP channels was not found on the migraine relevant trigeminal ganglia isolated from mouse, using both RT-PCR and Western blotting, but high expression on dura mater and brain arteries (Christensen et al., 2022). This pattern is supported by RNAseq data from human and mouse trigeminal ganglion (Yang et al., 2022).




7. Human KATP agonist and antagonist studies

Both levcromakalim (KATP channel agonist) and glibenclamide (KATP channel blocker) have been tested in human experimental studies of headache.

Intravenous infusion of levcromakalim induced migraine attacks in 100% of migraine patients without aura (n = 16) making it the most potent migraine-triggering compound to date ever tested (Al-Karagholi et al., 2019). The provoked headache developed very quickly with a median time to onset of 20 min after infusion, and for that reason, no prodrome symptoms were registered. Interestingly, when levcromakalim was given to migraine patients with visual aura (n = 17), 59% developed migraine attacks with visual aura (Al-Karagholi et al., 2021). These findings suggest that levcromakalim is a migraine aura-inducing compound and that the KATP channel may play a role in both migraine aura and migraine headache. It has been argued that levcromakalim most likely induces visual aura and migraine headache through distinct mechanisms, because it very potently triggers migraine without aura, and no aura symptoms, in migraine patients who have never experienced aura. Also, levcromakalim was also able to induce migraine without aura in some patients who previously have only experienced visual aura symptoms not accompanied by headache or migraine (Al-Karagholi et al., 2021). A possible underlying mechanism may be that levcromakalim increases extracellular potassium concentrations in neurons, glial cells, and brain vasculature, which depolarizes neighboring cells thereby triggering a wave of cortical spreading depression (CSD) underlying the visual aura. Nevertheless, it is unclear whether levcromakalim can cross the blood–brain barrier (BBB) but based on its small molecular weight (286.33 Da) and probable lipophilic properties, a central effect cannot be ruled out.

In healthy volunteers (n = 14), levcromakalim induced headache in 86% of participants and dilated the middle meningeal arteries (MMA). The dilatation was reversed by sumatriptan injection (Al-Karagholi et al., 2019). Notably, 14% of the healthy participants reported migraine-like attacks after levcromakalim. Also, the headache-associated dilatation of MMA is noteworthy, as the MMA is the only cranial artery with dilation on the pain side during the early phase of experimentally induced migraine attacks (Khan et al., 2019). However, intradermal and intramuscular levcromakalim injections did not produce more pain than placebo (Al-Karagholi et al., 2019) indicating that levcromakalim-induced headache pain is unlikely to be the result of direct activation of peripheral nociceptors.

Glibenclamide is a non-specific KATP channel blocker widely used for the treatment of diabetes mellitus type 2 to increase insulin secretion. It belongs to the second generation of sulfonylureas (Gribble and Reimann, 2003; Mannhold, 2004). It is yet unknown whether glibenclamide can prevent migraine attacks in adults with migraine. Nevertheless, in healthy volunteers, pre-treatment with glibenclamide did not prevent levcromakalim-induced headache (Al-Karagholi et al., 2020) and did not attenuate levcromakalim-induced vascular changes, e.g., mean global CBF, intracranial artery circumferences, mean arterial blood pressure and heart rate (Al-Karagholi et al., 2021). However, glibenclamide seemingly delayed the onset of levcromakalim-induced headache with median time to headache onset 180 min (Al-Karagholi et al., 2020) versus 20 min (Al-Karagholi et al., 2019). As previously mentioned, glibenclamide is a non-selective KATP channel blocker with a higher affinity for the SUR1 subunit compared to the SUR2 subunits. The KATP channel opener levcromakalim which is one of the most effective drugs to induce headache in humans, has a high affinity to the SUR2B subtype. The high expression of SUR1 in pancreas mediate an increase in insulin secretion which limits the maximum tolerated dose of glibenclamide in humans due to severe risk of hypoglycaemia. Although the blood glucose levels were stabilised by infusion of glucose the dose of glibenclamide could still be too low to inhibit the SUR2B subtype of the KATP channel upon which levcromakalim acts. Glibenclamide did not prevent CGRP- and PACAP-induced headache and hemodynamic changes in healthy volunteers (Coskun et al., 2021; Kokoti et al., 2022). Collectively, these findings imply that glibenclamide does not inhibit the headache-inducing effects of KATP channel activation, probably because glibenclamide is non-specific and primarily inhibits the SUR1 subunit of the KATP channel. Thus, more selective KATP channel blockers selective for the Kir6.1/SUR2B subtype are needed to further examine the therapeutic potential of KATP channel inhibitors in migraine.



8. Preclinical KATP channel agonist and antagonist studies

A range of migraine triggering substances identified in studies of human experimental migraine have also been studied in rodent models where they induce a state of hypersensitivity to various sensory stimuli (Bates et al., 2010; Pradhan et al., 2014; Rea et al., 2018; Demartini et al., 2019; Christensen et al., 2021; Kuburas et al., 2021; Ernstsen et al., 2022). Repeated systemic administration of levcromakalim induced hypersensitivity to tactile stimulation with von Frey filaments (Christensen et al., 2020, 2021; Wu et al., 2022), heat (Christensen et al., 2022), and increased c-Fos expression in the spinal trigeminal nucleus (Wu et al., 2022). In contrast, local intraplantar and intracerebroventricular administration did not lower sensory threshold (Wu et al., 2011; Christensen et al., 2022).

Tactile hypersensitivity induced by migraine triggers GTN, cilostazol, levcromakalim and PACAP38 was fully or partially prevented by pre-administration of glibenclamide (Christensen et al., 2020, 2021; Ernstsen et al., 2022). In a distinct rat model of migraine presenting with spontaneous (inheritable) hypersensitivity in cephalic dermatomes (Oshinsky et al., 2012; Munro et al., 2018), both glibenclamide and gliquidone treatment normalized cephalic sensitivity thresholds, but did not increase the otherwise normal hind-paw threshold (Christensen et al., 2020). These findings initiated further investigation of KATP channel subtype specificity. Significant contribution of the vascular Kir6.1/SUR2B channel subtype to migraine pain generation was indicated as mice lacking Kir6.1 specifically in smooth muscle cells did not sensitize to the same degree as controls following repeated dosing of neither GTN nor levcromakalim (Christensen et al., 2022). Although, vasodilation seems to play a role in the levcromakalim-induced hypersensitivity, it alone may not explain it. Other unclear non-vascular mechanisms are likely to be at play as well. Because glibenclamide in high doses only partially blocked the hypersensitivity induced by PACAP38, whereas the relatively low dose of glibenclamide inhibited levcromakalim-induced hypersensitivity in rodents without affecting the vasodilation produced by levcromakalim in vivo and ex-vivo (Christensen et al., 2020, 2021; Ernstsen et al., 2022). Also, the levcromakalim-induced hypersensitivity can be abolished by CGRP-antagonizing drugs, suggesting that levcromakalim causes CGRP release via an unknown mechanism. The CGRP release may also not be secondary to vasodilation produced by KATP activation because the vasodilation is not inhibited by glibenclamide at concentrations that inhibit the hypersensitivity. In ex vivo organ preparations of dura mater and trigeminal ganglion glibenclamide inhibited capsaicin induced CGRP release (Christensen et al., 2020) which also supports the fact that KATP channel blockers may have a positive effect on migraine via non-vascular mechanisms. Opening of KATP channels does not directly cause CGRP release in the isolated tissue (Ploug et al., 2012; Christensen et al., 2021).



9. Likelihood of effectiveness of KATP antagonists

There are many examples of therapeutic efficacy of antagonists of migraine provocation (Ashina et al., 2017). Angiography provoked attacks of migraine with aura and studies of regional cerebral blood flow demonstrated that cortical spreading depression is the likely mechanism of the aura (Olesen et al., 1981, 1990). A blocker of cortical spreading depression, tonabersat, was effective in the prophylaxis of migraine with aura (Hauge et al., 2009). GTN, via liberation of nitric oxide, was effective in provoking migraine without aura attacks and the non-selective blocker of nitric oxide synthases L-NMMA was effective in treating acute attacks of migraine without aura (Lassen et al., 1997). Finally, and most convincingly, CGRP was effective in inducing migraine attacks without aura in patients (Lassen et al., 2002) and this was crucial for developing brain non-penetrant small molecule CGRP receptor antagonists as well as non-penetrant human monoclonal antibodies against CGRP or its receptor. Antagonism to a migraine provoking substance is therefore often predictive of clinical efficacy but not always. Histamine is equally effective to nitroglycerin in inducing migraine attacks (Lassen et al., 1995), but antihistamines have been on the market for more the 50 years and have received several trials in migraine without convincing results (Lassen et al., 1996; Vollesen et al., 2019). It makes sense that migraine can be experimentally induced by mechanisms that also occur during spontaneous attacks but, likewise, it can be induced by mechanisms that are not part of the mechanisms of spontaneous migraine attacks. Therefore, it cannot be concluded that the strong migraine-provoking effect of levcromakalim in adults with migraine proofs that an antagonist of the KATP channel will effectively prevent or resolve migraine attacks. However, we believe it to be likely. But there are other caveats. KATP channels are abundant in the heart and knockout of specific KATP subfamilies in rodent models have been lethal in mice (Miki et al., 2002). To date, there are no studies of a selective Kir6.1/SUR2B knockout model, which is less abundant in the heart. If opening of the channel is important for migraine attack development, then the opening would primarily be in KATP channel subtypes localized in the cephalic vasculature or other cephalic structures and therefore a selective blocker would selectively affect these structures and not the heart.



10. Conclusion

KATP channels are acknowledged as viable therapeutic targets for migraine treatment as human data show that opening of the KATP channel induces headache in healthy subjects and migraine in migraine sufferers. Still, drug discovery remains a formidable obstacle. Currently, only data from migraine rodent models has illustrated a migraine-relevant effect of blocking the KATP channel activity. To move forward, additional research must be conducted on the specific subtypes of the KATP channel to gain a deeper comprehension of their structures, functions, and distribution for the development of more selective and effective drugs. We believe there is a likelihood that an antagonist of the Kir6.1/SUR2B sub-type will be effective in migraine. Only development and clinical testing of a future selective KATP channel blocker with attention on side effects can answer these questions.
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Background: Developmental and epileptic encephalopathy (DEE) is a condition characterized by severe seizures and a range of developmental impairments. Pathogenic variants in KCNQ2, encoding for potassium channel subunit, cause KCNQ2-related DEE. This study aimed to examine the relationships between genotype and phenotype in KCNQ2-related DEE.

Methods: In total, 12 patients were enrolled in this study for genetic testing, clinical analysis, and developmental evaluation. Pathogenic variants of KCNQ2 were characterized through a whole-cell electrophysiological recording expressed in Chinese hamster ovary (CHO) cells. The expression levels of the KCNQ2 subunit and its localization at the plasma membrane were determined using Western blot analysis.

Results: Seizures were detected in all patients. All DEE patients showed evidence of developmental delay. In total, 11 de novo KCNQ2 variants were identified, including 10 missense variants from DEE patients and one truncating variant from a patient with self-limited neonatal epilepsy (SeLNE). All variants were found to be loss of function through analysis of M-currents using patch-clamp recordings. The functional impact of variants on M-current in heteromericKCNQ2/3 channels may be associated with the severity of developmental disorders in DEE. The variants with dominant-negative effects in heteromeric channels may be responsible for the profound developmental phenotype.

Conclusion: The mechanism underlying KCNQ2-related DEE involves a reduction of the M-current through dominant-negative effects, and the severity of developmental disorders in DEE may be predicted by the impact of variants on the M-current of heteromericKCNQ2/3 channels.

KEYWORDS
developmental and epileptic encephalopathy, dominant-negative effects, developmental delay, KCNQ2, pediatrics


Introduction

Voltage-gated potassium channels Kv7.2 encoded by the KCNQ2 gene have been recognized as a common genetic cause of epileptic disorders (Lerche et al., 2001; Armijo et al., 2005; Errington et al., 2005). The subunit Kv7.2 combines with the KCNQ3 subunit to form a heterotetrameric potassium channel that underlies the M-current (Brown and Adams, 1980; Wang et al., 1998; Shapiro et al., 2000). The M-current plays a critical role in controlling the threshold of neuronal excitability by stabilizing the resting potential and suppressing the repetitive firing of action potentials (Delmas and Brown, 2005; Tzingounis and Nicoll, 2008). Pathogenic variants in KCNQ2 have been linked to a range of neonatal epileptic disorders from self-limited neonatal epilepsy (SeLNE) to more severe neonatal-onset developmental and epileptic encephalopathy (DEE) (Kato et al., 2013). SeLNE is characterized by seizures that occur in the first days of life but typically disappear spontaneously after a few weeks to months (Steinlein et al., 2007; Maljevic and Lerche, 2014; Millichap et al., 2016). DEE, on the other hand, is characterized by severe seizures, developmental delay, and a poor prognosis (Berg et al., 2021; Specchio and Curatolo, 2021). Furthermore, a recent study has indicated that KCNQ2 may be linked to intellectual disability in the absence of epilepsy (Mary et al., 2021).

The relationship between genotype and phenotype in KCNQ2-related epilepsy is not fully understood. However, patch-clamp recordings have improved our understanding of KCNQ2 channel dysfunction and the spectrum of clinical severity (Miceli et al., 2013; Soldovieri et al., 2014; Vanoye et al., 2022). SeLNE is due to haploinsufficiency as the majority of SeLNE variants have only a subtle loss-of-function (LOF) effect on the current amplitude of expressed heteromeric channels, leading to a small reduction in current (Schroeder et al., 1998). Most variants associated with DEE lead to a more significant reduction in total current, suggesting a dominant-negative effect as the primary pathogenic mechanism for the severe epilepsy phenotype (Orhan et al., 2014; Gomis-Perez et al., 2019). The recent studies on a mouse model carrying the DEE variant p.T274M showed that spontaneous seizures occurred more frequently at postweaning stages than at juvenile stages and were associated with reduced M-current density and hyperexcitability of pyramidal cells in motor cortical slices (Milh et al., 2020; Biba-Maazou et al., 2022). However, cognitive development and behavior are often impaired in most patients with DEE, even if epilepsy is well-controlled. In these cases, controlling seizures does not necessarily lead to good cognitive outcomes (Berg et al., 2021; Specchio and Curatolo, 2021). The question of whether KCNQ2 variants are functionally associated with the developmental impairment of DEE and how to predict prognosis remains unanswered.

In this study, we identified 11 de novo KCNQ2 variants including 10 missense variants from DEE patients and one truncating variant from a SeLNE patient. Combining clinical analysis and whole-cell electrophysiological recording of M-currents resulting from homomericKCNQ2 or heteromericKCNQ2/3 channels, we investigated the functional consequence of pathogenic variants that were correlated with developmental impairment. Our findings expanded the variants associated with the spectrum of clinical/functional diversity and provided insights into the phenotype–genotype relationships of KCNQ2-related DEE.



Materials and methods


Patients

A total of 12 patients including eight female patients and four male patients diagnosed in the Second Affiliated Hospital, Zhejiang University School of Medicine, with neonatal-onset epilepsy were enrolled in this study. No underlying non-genetic factors, such as acquired brain injury, were identified in any of the participants. Out of the 12 patients, 11 exhibited mild-to-profound developmental delay, with only one patient exhibiting normal development. Clinical data including demographic information, seizure history, developmental history, EEG results, cranial imaging results, and treatment information were collected and evaluated by two pediatric neurologists. Developmental milestones, such as eye contact, head control, sitting, standing, walking, and language ability, as well as neurologic and behavioral features, were assessed using the composite neurodevelopmental score system of STXBP1-DEE for patients who were at least 3 years of age at the time of the study (Balagura et al., 2022). Genetic sequencing was performed, and the pathogenicity of the identified variants was evaluated by a clinical geneticist according to the guidelines of the American College of Medical Genetics.



Mutagenesis and heterologous expression of KCNQ2

The wild-type (WT) KCNQ2 was subcloned into a pIRES2-EGFP vector, and the variants were introduced using a ClonExpress II One Step Cloning Kit (vazyme). KCNQ3 was subcloned into a pIRES2-mCherry vector. The ORFs of all plasmids were confirmed by sequencing full length before transfection. Channel subunits were expressed in Chinese hamster ovary (CHO) cells by transient transfection. CHO cells were maintained in DMEM (Gibco), containing 10% fetal bovine serum (Gibco), penicillin (100 U/ml), and streptomycin (100 μg/ml) at 37°C with 5% CO2. For electrophysiological experiments, the cells were seeded on glass coverslips and transfected on the next day with a certain ratio of plasmids using Lipofectamine 2000; the total cDNA in the transfection mixture was kept constant at 3 μg. Transfection-positive cells were identified by the fluorescent protein and were used for whole-cell patch-clamp recording.



Cell surface biotinylation and Western blotting

The expression of KCNQ2 subunits in CHO cells was investigated as previously described (Maljevic et al., 2011; Miceli et al., 2015). After 24 h of transfection, the CHO cells were treated with Sulfo–NHS–LC–Biotin (Thermo) following the manufacturer protocol and then lysed. The cell lysates were then reacted with Streptavidin UltraLink Resin (Thermo). The channel subunits in total lysates and streptavidin precipitates were analyzed by Western blotting using rabbit monoclonal anti-KCNQ2 primary antibodies (D9L5S, dilution 1:1,000; Cell Signaling Technology, 14752), followed by secondary antibodies (Alexa Fluor 680 Conjugate; dilution 1:5000; Abcam, 175773). An anti-beta actin antibody (dilution 1:5,000; GenScript) was used to check for equal protein loading.



Electrophysiology

Macroscopic currents were recorded at room temperature (20–22°C) 1 day after transfection with an Axon MultiClamp 700B amplifier (Axon Instruments). Patch pipettes were pulled to a pipette resistance of 3–5MΩ. The pipette solution (intracellular) contained 140 mM KCl, 2 mM MgCl2, 10 mM EGTA, 10 mM HEPES, and 5 mM Mg-ATP, and the pH was adjusted to 7.4 with KOH. The bath solution contained 138 Mm NaCl, 2 mM CaCl2, 5.4 mMKCl, 1 mM MgCl2, 10 mM d-(+) glucose, and 10 mM HEPES, and the pH was adjusted to 7.4 with NaOH. Current densities were calculated as peak K+ currents at +40 mV. To generate conductance–voltage (G/V) curves, the cells were held at −80 mV and then depolarized for 1.5 s from −80 to +50 mV using an incremental pulse of 10 mV, followed by an isopotential pulse at −10 mV of 400 ms. The current values recorded at the beginning of the−10 mV pulse were normalized and fitted using the Boltzmann function: y = max/[1 + exp(V 0.5 - V)/k], to obtain the half-maximum activation voltage (V0.5) and the slope factor (k).



Statistics

All data were expressed as mean ± SEM, and statistically significant differences between the data were evaluated with one-way ANOVA by Bonferroni post hoc test, with the threshold set at a p-value of <0.05.




Results


Clinical features

A total of 12 patients, consisting of eight female patients and four male patients, were included in this study (see Table 1 for detailed clinical features). All patients were born without any acquired brain injury, such as those related to encephalitis, hypoxia, neoplasm, metabolic disturbance, traumatic brain injury, or toxicity.


TABLE 1 Clinical features of patients.
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Patients 1–11 were detected with DEE phenotypes, while patient 12 was diagnosed with SeLNE. All the patients had neonatal-onset epilepsy, with onset ranging from 1 day to 14 days after birth. Seizure onset within the first 3 days of life was observed in nine patients. Tonic seizures were found in nearly all patients as the initial seizure type, with burst suppression and multiple spikes being the most common EEG patterns at the early stage of the disease.

Although seizures were controlled within 3–9 months, all DEE patients exhibited varying degrees of developmental delay, most of them (>3 years old) being followed up with profound developmental delay by using the composite neurodevelopmental score system of DEE patients. Developmental delay became the primary symptom after 1 year of age in all DEE patients, and no drugs or other therapies were found to improve the impairments. The SeLNE patient presented seizure-free 2 months after birth and demonstrated normal subsequent development.

Two DEE patients died during the follow-up period. Patient 10 had tonic seizure onset 8 h after birth, which was frequently refractory to multiple antiseizure medications (ASMs). At 2 months of age, he had difficulty swallowing milk and died from suffocation by choking. Patient 8 had tonic seizure onset 1 day after birth and was also refractory to multiple ASMs. At 2 years old, she suffered frequent vomiting and developed food intolerance gradually, leading to her death from suffocation by choking.

In all patients, seizures were found to be drug resistant to multiple ASMs, either used alone or in combination. Valproate (VPA) and topiramate (TPM) were the most frequently used ASMs in this study, followed by phenobarbital (PB), levetiracetam (LEV), and oxcarbazepine (OXC). Of these, OXC was the most effective drug, effectively controlling seizures in five out of six patients, followed by TPM (two out of eight patients) and LEV (one out of six patients). PB was used in eight patients but was found to be ineffective in each case. After unsuccessful trials of multiple ASMs, lacosamide (LCM) was effectively used in patients 2 and 5. PB, TPM, VPA, nitrazepam (NZP), and methylprednisolone (M) were tried in patient 6, but none were found to be effective. Her seizures resolved spontaneously at the age of 9 months.



Genetic analysis

Genetic analysis revealed 11 de novo KCNQ2 variants including 10 missense variants from DEE patients and one truncating variant from SeLNE patients. The variants identified include (NM_172107.4) the following: c.553G>A (p.A185T) in Patient 1; c.643G>A (p.G215R) in Patient 2; c.712A>C (p.I238L) in Patient 3; c.794C>T (p.A265V) in Patient 4; c.829A>G (p.T277A) in Patient 5; c.853C>T (p.P285S) in Patient 6; c.868G>A (p.G290S) in Patient 7; c.901G>A (p.G301S) in Patients 8 and 9; c.1687G>A (p.D563N) in Patient 10; c.1734G>A (p.M578I) in Patient 11; and c.1816A>T (p.K606X) in Patient 12.

Among these variants, p.G215R, p.A265V, p.T277A, p.P285S, p.G290S, p.G301S, and p.M578I have been previously reported in patients with neonatal seizures and developmental delay but without functional characterization (Weckhuysen et al., 2012; Milh et al., 2013; Dalen Meurs-Van der Schoor et al., 2014; Numis et al., 2014; Parrini et al., 2017; Miao et al., 2018). P.D563N has been previously reported in a case report and functionally characterized in an article (Milh et al., 2015; Ambrosino et al., 2018). The remaining variants (p.A185T, p.I238L, and p.K606X) have not been reported previously.

These variants are located throughout the KCNQ2 channel (Figure 1), with one located in the S3-S4 linker (p.A185T), one in the S4-S5 linker (p.G215R), six in the pore-forming S5-S6 region (p.I238L, p.A265V, p.T277A, p.P285S, p.G290S, and p.G301S), and three in the C terminus (p.D563N, p.M578I, and p.K606X). The p.K606X variant creates a stop code and results in a truncated channel with a partial deletion from K606 in the C terminus.
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FIGURE 1
 Locations of the pathogenic KCNQ2 variants. (A) Topology diagram of the KCNQ2 channel. The KCNQ2 subunits possess six transmembrane segment regions (S1-S6) and a long intracellular C terminus. Segments S1–S3 and S4 form the voltage-sensing domain. S5–S6 in conjunction with their extracellular linker constitute the channel pore. C-terminal helices A and B indicate the sites for interaction with calmodulin. Helices C and D are involved in subunit–subunit interactions. The locations of the variants described in the present report are shown as circles in different colors. (B) Structure of the human KCNQ2 (PDB:7CR3) (Li et al., 2021). The side view is shown on the left and the top view is on the right. The variants are shown as sphere styles in different colors. The p.A185T and p.K606X are not shown because they are not resolved in the original structure.




Functional studies

To determine the effects of the variants on the KCNQ2 channel, we conducted whole-cell recordings on transiently expressed WT and mutated KCNQ2 channels in CHO cells. The results showed that the homomeric WT KCNQ2 channels generated potassium-selective currents that activated at a threshold potential of around −50 mV and did not inactivate. However, the variants p.G215R, p.A265V, p.T277A, p.P285S, p.G290S, p.G301S, p.D563N, p.M578I, or p.K606X showed barely detectable or negligible currents (Figure 2A). The variant p.A185T resulted in reduced current amplitudes, while p.I238L showed 91% current density compared to WT (Figure 2B). Both p.A185T and p.I238L significantly shifted the activation curve to more positive potentials than WT (Figures 2C, D). The results demonstrated the LOF phenotype of the variants.
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FIGURE 2
 Functional properties of the homomericKCNQ2 variants. (A) Macroscopic current traces recorded in CHO cells transfected with KCNQ2 variants (3μg) in homomeric configuration. Current scale, 250 pA; time scale, 200 ms. (B) Mean current densities of KCNQ2 channel at +40 mV in the homozygous state. (C) Current–voltage relationships of the KCNQ2 homomeric channel were determined from tail current amplitudes. Lines represent fits of a Boltzmann function. (D) Differences in activation of V0.5 were determined for the KCNQ2 channel expressed in the homozygous state (n = 8–15). Statistically significant differences *p < 0.05 versus WT KCNQ2.


The tetrameric KCNQ2 channel assembled with variant and WT subunits reduced more than 50% current, not merely haploinsufficiency, namely dominate-negative effects. To evaluate these effects, we coexpressed each variant with the WT in a 1:1 ratio (1.5 ug: 1.5 ug) to simulate the heterozygous genotype (Figure 3). Compared to homomeric WT KCNQ2 (3 ug), variants p.G215R, p.A265V, p.T277A, p.P285S, p.G290S, p.G301S, p.D563N, and p.M578I were each assembled with WT in a 1:1 ratio that presented a drastically reduced current (reduced more than 50% of the relative WT channel current amplitudes), indicating a dominant-negative effect. Variants p.A185T, p.I238L, and K606X showed < 50% reduction in current when coexpressed with the WT channel, suggesting a partial current-suppressing effect without a dominant-negative effect (Figures 3A, B) (Table 2). All of the variants' heteromeric channels showed significant positive shifts in V0.5 compared to the WT (Figures 3C, D).


[image: Figure 3]
FIGURE 3
 Functional properties of the KCNQ2 variants coexpressed with WTKCNQ2. (A) Macroscopic current traces recorded in CHO cells transfected KCNQ2 variants with WTKCNQ2in a 1:1 ratio (1.5 μg:1.5 μg). Current scale, 250 pA; time scale, 200 ms. (B) The mean current densities of the KCNQ2 variants coexpressed with WT in a 1:1 ratio at +40mV. (C) Current–voltage relationships of KCNQ2 variants coexpressed with WTKCNQ2 in a 1:1 ratio determined from tail current amplitudes. Lines represent fits of a Boltzmann function. (D) Differences in activation of V0.5 were determined for the KCNQ2 variants and WTKCNQ2 in a 1:1 ratio (n = 8–15). Statistically significant differences *p < 0.05 versus WT KCNQ2.



TABLE 2 Biophysical properties of mutant KCNQ2/3 channel.
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The heteromeric assembly of KCNQ2 and KCNQ3 subunits gives rise to larger currents and underlies most of the neuronal M-currents. Thus, the functional consequences of the variants were assessed in heteromeric channels formed upon coexpression of WT KCNQ2, variant KCNQ2, and WT KCNQ3 in a 0.5:0.5:1 (0.75 ug:0.75 ug:1.5 ug) ratio to simulate the heteromeric subunit composition and proportion in an affected individual (Figure 4A). Compared to their homomeric channels, most heteromeric variant channels were rescued by KCNQ3 and showed larger current sizes. Variants p.I238L, p.M578I, and p.K606X showed similar current density to the WT. The current amplitudes of p.A185T, p.T277A, p.P285S, and p.G301S were reduced by 20–30%, similar to that of cells transfected with Q2/Q3 at a 0.5:1 ratio, indicating a partial LOF. Notably, the current density in cells expressing p.G215R, p.A265V, p.G290S, and p.D563N with WT Q2/Q3 was significantly smaller than that cell expressed Q2/Q3 at a 0.5:1 ratio, therefore suggesting a strong dominant-negative effect on Q2/Q3 heteromeric channel currents exerted by the mutant subunits (Figure 3B). A significant rightward shift in the V0.5 was observed for p.G215R, p.I238L, p.A265V, p.T277A, p.G290S, p.G301S, and p.D563N, indicating that these variants require a more positive potential to reach their maximum currents and may not evoke enough currents to control the action potential at negative potentials (Figures 4C, D).
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FIGURE 4
 Functional properties of the KCNQ2 variants coexpressed with WTKCNQ2 and WTKCNQ3. (A) Macroscopic current traces recorded in CHO cells transfected KCNQ2 variants with WTKCNQ2 and WTKCNQ3 in 0.5:0.5:1 ratio (0.75 μg:0.75 μg:1.5 μg). Current scale, 1 nA; time scale, 200 ms. (B) The mean current densities of the KCNQ2variants coexpressed with WTKCNQ2 and WTKCNQ3 in a 0.5:0.5:1 ratio at +40 mV. (C) Current–voltage relationships of KCNQ2 variants coexpressed with WTKCNQ2 and WTKCNQ3 in a 0.5:0.5:1 ratio determined from tail current amplitudes. Lines represent fits of a Boltzmann function. (D) Differences in activation of V0.5 were determined for the KCNQ2 variants, WTKCNQ2 and WTKCNQ3in a 0.5:0.5:1 ratio orWTKCNQ2 and WTKCNQ3in a 0.5:1ratio (n = 8–11). Statistically significant differences *p < 0.05 versus WTKCNQ2/WTKCNQ3 in a 1:1 ratio. #p < 0.05 vs. WTKCNQ2/WTKCNQ3 in a 0.5:1 ratio.


Reduced KCNQ2 variant expression or impaired trafficking to the plasma membrane may be the potential underlying mechanisms leading to the LOF effect of the KCNQ2 channel. To examine the effect of variants on the expression of KCNQ2 subunits, we used Western blots to assess the total KCNQ2 protein levels. As shown in Figure 5A, the expected 92 kDa bands were shown by using an anti-KCNQ2 antibody. The Western blot analysis of the total cell lysates from WT or variant KCNQ2 expressing CHO cells revealed that all the variants' expression levels were similar to WT (Figure 5B). Next, we investigated whether the presence of these variants was able to interfere with the trafficking of KCNQ2 subunits to the plasma membrane. The Western blot analysis of membrane protein fraction from CHO cells is presented in Figure 5C. The quantification of the bands from four different experiments showed no significant differences between WT and the variants in membrane expression levels.


[image: Figure 5]
FIGURE 5
 Total expression and surface expression of KCNQ2 channel. (A) Western blot analysis of proteins from total lysates (top) or plasma membrane fractions (bottom) from the negative control (NC, non-transfected CHO cells) or the CHO cells transfected with KCNQ2 variants. (B) Protein expression levels in total lysates obtained from transfected CHO cells were determined by normalizing KCNQ2 variants to the corresponding actin signals in four independent experiments. (C) Surface expression levels of the KCNQ2 variants normalized to WTKCNQ2 from four independent experiments. Statistically significant differences *p < 0.05 versus WT KCNQ2.





Discussion

In this study, we reported 11 de novo KCNQ2 variants including 10 DEE variants and 1 SeLNE variant. Among the 10 DEE variants, six of them were found to be located in the S5–S6 pore domain, which is consistent with previously identified hotspots (Goto et al., 2019). All of the DEE patients in this study we investigated showed neonatal-onset epilepsy in the first few days or weeks of birth, with tonic seizures as the initial seizure type. Despite seizure control occurring between 3 months and 9 months old, all DEE patients developed moderate-to-profound developmental delay after their first year of life.

To investigate a potential genotype–phenotype correlation, we performed functional characterization of the variants using whole-cell electrophysiological recordings from homomericKCNQ2 or heteromericKCNQ2/3 channels. Most homomeric variants showed significant LOF, with barely detectable or negligible currents. Interestingly, two novel variants, p.A185T and p.I238L, retained 56% and 91% current density relative to the WT channel, respectively. It is worth noting that both p.A185T and p.I238L significantly shifted the activation curve to more positive potentials leading to a significant current reduction in the subthreshold range of an action potential, supporting the LOF properties.

When assembled with a WT KCNQ2 subunit in a 1:1 ratio, most DEE variants showed a drastically reduced current, with over 50% reduction in relative WT channel current amplitudes, consistent with the dominant-negative effect as the primary pathogenic mechanism for the severe epileptic phenotype. Not surprisingly, the SeLNE variant K606X exhibited haploinsufficiency effects, with a 37% reduction in current amplitude. The p.A185T and p.I238L variants retained partial heteromeric channel currents when incorporated with WT KCNQ2. However, the altered gating kinetics with a significant depolarizing shift of the activation curve observed in these variants may contribute to the clinical severity of DEE. Despite not exerting dominant-negative effects, these variants might still have a detrimental impact on M-current, resulting in developmental delay and other neurologic impairments.

Most of the variants we studied were rescued by KCNQ3 and showed larger currents in the heteromeric assembly of KCNQ2 and KCNQ3 subunits. The homomeric KCNQ3 channel exhibited a more negative V0.5 (−10 to −20 mV) compared to KCNQ2 (Miceli et al., 2015; Ambrosino et al., 2018). Therefore, when combining Q2:Q3 in a 1:1 ratio, the heteromeric channel would demonstrate a negative shift in V0.5 relative to the homomeric KCNQ2 channel. When transfected with Q2:Q3 in a ratio of 0.5:1, where Q3 subunits constitute a larger proportion, a more pronounced negative shift in V0.5 would be observed compared to the heteromeric Q2/Q3 channel in a 1:1 ratio (Soldovieri et al., 2014). As a result, the V0.5 values of all 11 variants showed significant differences compared to Q2:Q3 in a ratio of 0.5:1. However, it is worth noting that we typically compare the differences in current density to the 0.5:1 ratio, while we rarely compare the differences in V0.5 to the 0.5:1 ratio. Typically, we compare the V0.5 values to Q2:Q3 in a ratio of 1:1. Under these conditions, variants A185T, P285S, and M578I showed no significant differences in V0.5 compared to Q2:Q3 in a ratio of 1:1.

Variants p.I238L, p.M578I, and p.K606X had a current density close to WT KCNQ2/3. The current amplitude of p.A185T, p.T277A, p.P285S, and p.G301S had less reduction, ~30%, similar to cells transfected with Q2/Q3 at a 0.5:1 ratio. Patients with variants p.A185T, p.P285S, and p.M578I, presenting with moderate-to-severe developmental delay, may be due to a partial loss of function (LOF) without dominant-negative effects on Q2/Q3 heteromeric channels. An mRNA molecule encoding a truncated variant may decay and fail to be translated into protein (Goto et al., 2019; Mary et al., 2021). However, our Western blot results demonstrated that the K606X variant could be translated into protein. The expression level of the K606X variant was comparable to that of the wild-type and other variants. Despite losing the intracellular helices D and the C-terminal, the K606X variant may still retain some functionality when combined with WT subunits and potentially influence the heteromeric channel, so when combining the K606X variant with Q2:Q3 in a 0.5:0.5:1 ratio, we observed a positive shift in V0.5 compared to Q2:Q3 in a ratio of 1:1 (0.01 < p < 0.05). However, there was no significant difference in current density compared to Q2:Q3 in a ratio of 1:1. The K606X variants did not exhibit dominant-negative effects when combined with Q2 in a ratio of 1:1 or with Q2/Q3 in a ratio of 0.5:0.5:1, which may contribute to the SeLNE phenotype. As a SeLNE variant, the patient carrying the p.K606X variant was expected to have normal development. Variants p.G215R, p.A265V, p.G290S, and p.D563N had nearly 50% reduction in current and showed dominant-negative effects in heteromeric channels when incorporated with WT Q2/Q3. Patients carrying these variants presented profound developmental impairment without even head control. p.A265 is a high-frequency mutational site located in the pore domain, and different substitutions (p.A265V, p.A265P, and p.A265T) at this site have been reported previously in patients with encephalopathy and severe or profound developmental disorders (Weckhuysen et al., 2012; Kato et al., 2013; Orhan et al., 2014). In this study, the patient with p.A265V had seizures stopped at the earliest age but had the most profound developmental delay. These results suggest that the functional consequence of the M-current of heteromericKCNQ2/3 channels caused by dominant-negative effects may be a common mechanism associated with the severity of developmental disorders in DEE. The variants with dominant-negative effects in heteromeric channels, such as p.G215R, p.A265V, and p.G290S, may be responsible for the profound developmental phenotype.

Interestingly, variants p.I238L, p.T277A, and p.G301S did not show dominant-negative effects in heteromeric channels with WTKCNQ2/Q3, while the patients carrying these variants still presented profound developmental impairment. All these three variants were located in the pore-forming domain. There were some missense mutations in this region such as KCNQ2p.Y284C, p.A294V, p.A306T, and KCNQ3 p.G310V (corresponding to the G271V mutation in KCNQ2), which showed no effects on the surface expression of the protein in the Xenopus oocyte or the CHO cell expression system (Schwake et al., 2000; Abidi et al., 2015). However, these variants were altered in total protein levels, surface expressions, or subcellular localization in hippocampal neurons (Chung et al., 2006; Abidi et al., 2015). Variants p.I238L, p.T277A, and p.G301S may also exhibit changes in the expression levels or subcellular localization in neurons and may affect motor axon excitability and transmitter release (Martire et al., 2004; Schwarz et al., 2006). The mechanisms of KCNQ2 variants associated with developmental phenotype were complex, and further studies with these variants using neuron or animal models may help us explain KCNQ2-related developmental disorders.

All variants in this study were identified as LOF, indicating a decrease in M-current amplitude from moderate to strong. This is consistent with the previous findings that most pathogenic KCNQ2 variants cause LOF and lead to severe DEE with neonatal-onset seizures (Orhan et al., 2014; Gomis-Perez et al., 2019). However, a few gain-of-function (GOF) cases have also been reported (Miceli et al., 2015; Devaux et al., 2016; Millichap et al., 2017; Xiong et al., 2022). De novo GOF variants in the KCNQ2 gene, such as p.R201C and p.R201H, are associated with a distinct neonatal syndrome characterized by non-epileptic myoclonus and a suppression-burst EEG pattern without seizures. On the other hand, the KCNQ2p.R198Q variant has been frequently observed in patients with West syndrome who did not have neonatal seizures. Nonetheless, all patients with GOF variants had significant developmental delays. KCNQ2/3 channels are expressed in both pyramidal neurons and interneurons (Cooper et al., 2001; Uchida et al., 2017; Springer et al., 2021). The hypothesis is that GOF variants preferentially dampen the excitability of interneurons, disrupting the balance of the excitatory network. Despite reports of homeostatic potentiation of excitatory transmission as a result of loss of KCNQ2/KCNQ3 function in interneurons, the imbalance in the excitatory network and interneurons may play a crucial role in the pathogenesis of both LOF and GOF variants in the KCNQ2 gene (Soh et al., 2018).

KCNQ3 variants affecting residues p.R230 (p.R230C, p.R230H, and p.R230S) and p.R227 (p.R227Q), which are homologous to the KCNQ2 GOF site at p.R201 and R198, respectively, are also GOF and lead to neurodevelopmental disabilities without neonatal seizures (Barro-Soria, 2019; Sands et al., 2019). Given that developmental and behavioral impairments in DEE patients exist independently of epilepsy onset, the relationship between KCNQ3 and developmental disorders is an important question to consider. While variants may alter the gating, trafficking, or subcellular localization of KCNQ2 and KCNQ3, the expression pattern of these channels in the nervous system during development may provide insight. Recent data from large transcriptomic studies and single-cell RNA sequencing indicate that the expression of both channels begins early in development and varies depending on the brain region and cell type, with KCNQ2 expression starting slightly earlier (Springer et al., 2021). Comprehensive considerations should be taken to associate the various clinical phenotypes with the ongoing exploration of mechanisms.

There are several limitations to this study. Although clinical analysis and functional characterization of 11 de novo KCNQ2 variants in this study suggest an association between the functional consequence and the severity of the developmental disorders, more variants need to be investigated to validate the relationships between genotypes and phenotypes in KCNQ2-related DEE. Automated patch-clamp recordings enable high-throughput evaluation of epilepsy-associated KCNQ2 variants, expanding our understanding of the molecular basis of KCNQ2-related epilepsy (Vanoye et al., 2022). Future studies using neural networks and animal models may help explain KCNQ2-related DEE from a mechanism perspective.

In summary, this study combined clinical analysis and functional characterization to investigate a group of patients carrying pathogenic KCNQ2 variants who exhibited neonatal epileptic onset and developmental delay ranging from moderate to profound. The findings support that the reduction of M-current due to dominant-negative effects underlies the mechanism of KCNQ2-related DEE. The functional impact of variants on M-current in heteromericKCNQ2/3 channels may be associated with the severity of developmental disorders in DEE, potentially serving as a predictor of neurologic prognosis.
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Ion channels play a crucial role in a variety of physiological and pathological processes, making them attractive targets for drug development in diseases such as diabetes, epilepsy, hypertension, cancer, and chronic pain. Despite the importance of ion channels in drug discovery, the vastness of chemical space and the complexity of ion channels pose significant challenges for identifying drug candidates. The use of in silico methods in drug discovery has dramatically reduced the time and cost of drug development and has the potential to revolutionize the field of medicine. Recent advances in computer hardware and software have enabled the screening of ultra-large compound libraries. Integration of different methods at various scales and dimensions is becoming an inevitable trend in drug development. In this review, we provide an overview of current state-of-the-art computational chemistry methodologies for ultra-large compound library screening and their application to ion channel drug discovery research. We discuss the advantages and limitations of various in silico techniques, including virtual screening, molecular mechanics/dynamics simulations, and machine learning-based approaches. We also highlight several successful applications of computational chemistry methodologies in ion channel drug discovery and provide insights into future directions and challenges in this field.
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Introduction

Ion channels are widely expressed in living cells and play critical roles in the generation of the cell membrane potential and in additional diverse cellular functions, such as signal transduction, neurotransmitter release, muscle contraction, hormone secretion, cell volume regulation, growth, mobility, and apoptosis. Dysfunction of ion channels due to mutations in ion channel genes are associated with numerous diseases collectively known as channelopathies, which include cardiac arrhythmias, ataxias, migraine headaches, muscle paralysis, epilepsy, deafness and cancer. More than 60 channelopathies have been identified in human diseases, and clinical sequencing results often discover novel mutations in ion channel genes (Cannon, 2007; Kim, 2014). Because of the high pathophysiological importance of ion channels and their involvement in several human diseases, they are the target of diverse drugs, from antiepileptics to analgesics. Ion channels are the second largest group of drug targets with approximately 130 drugs on the market that act on ion channels. Examples include voltage-gated sodium channel blockers for the treatment of arrhythmia and local anesthesia, calcium channel blockers for the treatment of angina and hypertension, and ATP-sensitive potassium channel blockers for the therapy of type II diabetes (Ford et al., 2016; Imbrici et al., 2016; Santos et al., 2016; Li et al., 2017; Wolkenberg et al., 2017; Hutchings et al., 2019; Chen et al., 2023). Despite this large number of existing drugs, ion channels remain relatively underexploited for therapeutic interventions. It is notable that the major chemical classes of ion channel modulators were identified through serendipity and have been in clinical use for many years, pre-dating major milestones in ion channel research such as the development of patch clamp physiology, molecular cloning of ion channels and their structure determination by cryogenic electron microscopy (cryo-EM).

The rapid growth in structural information of ion channels has fueled the use of computer-assisted drug discovery approaches. At the time of writing (as of October 2023), approximately 100 unique human ion channel protein structures have been deposited in the Protein Data Bank (PDB), ~81% of these structures were determined by cryo-EM (Lau et al., 2018; Rao et al., 2019; Chen et al., 2023; mpstruc database, n.d.). In recent decades, the increasing numbers of high-quality ion channel structures, along with advances in computer-assisted drug discovery, have led to a number of successful virtual screening (VS) campaigns (Kang, 2001; Urbahns et al., 2003; Kenyon et al., 2006; Liu et al., 2007; Etkins, 2018; Llanos et al., 2022; Pasqualetto et al., 2023). Among ion channels, L-type calcium channels and hERG channels have received the most extensive research attention to date (Ekins et al., 2007). In contrast, there are very few examples of successful applications for more ion-selective channels (K, Na) and less selective channels such as nicotinic acetylcholine receptors (nAChR) or acid-sensing ion channels (ASICs).

Most recently, the utility of VS for lead discovery has also been boosted by the expansion of accessible chemical space through make-on-demand compound libraries like Enamine REAL Space library (Grygorenko et al., 2020; Enamine, n.d.). Since 2016, these libraries have witnessed a remarkable expansion, scaling up the availability of molecules from 11 million to an astonishing 38 billion, and there is still potential for further growth (Lyu et al., 2023). While such libraries cannot be empirically screened, molecules within them can be computational prioritized for synthesis and testing using VS and machine learning approaches. Combining in silico approaches with conventional high-throughput screening techniques greatly enhances ion channel drug discovery. Methods of computer-aided drug discovery (CADD) can significantly speed up screening and can drastically improve hit rates. Molecular docking is routinely used to process virtual libraries containing millions of molecules against a variety of drug targets with known structures.

Recent strides in automated synthesis and the proliferation of available chemicals present significant opportunities for VS methods overall, and especially for docking. However, they also introduce entirely new challenges to contend with (Gentile et al., 2020). The widely used ZINC library has grown from 7,000 entries in 2005 to over 1.3 billion constituent molecules in 2020, a remarkable 1,000-fold increase (Irwin and Shoichet, 2005; Irwin et al., 2020; ZINC Database, n.d.). In the past two years alone, the Enamine REAL database has grown from 11 billion molecules to 38 billion make-on-demand molecules (Grygorenko et al., 2020). Recently published works seem to advocate for expanding VS to ultra-large chemical libraries. In a recent groundbreaking study, Lyu et al. conducted docking experiments with 170 million on-demand molecular structures (Lyu et al., 2019). Their findings demonstrated that VS of such extensive databases not only enables the discovery of highly potent inhibitors but also uncovers novel chemical classes that are typically absent from routinely screened, readily available chemical libraries (Lyu et al., 2019). Other docking studies involving large collections of molecules led to similar conclusions (Gorgulla et al., 2020; Stein et al., 2020).

Progress in high-throughput docking programs, computational resources, and the accessibility of more and more ion channel structures, promote a paradigm shift in drug discovery research toward faster in silico lead compound generation. Despite these advancements, it's worth noting that the chemical space remains so vast that it often remains beyond practical reach. A common approach to mitigate these challenges is to filter these large chemical collections to manageable subsets based on parameters set forth by Lipinski and others (Lipinski et al., 2001; Lipinski, 2004). While this approach can effectively reduce an ultra-large database to smaller, more accessible subsets, many potentially useful compounds and novel or unconventional chemotypes could be overlooked. It is essential to maximize the number of database entries tangibly evaluated against a target of interest. Additionally, a vast majority of docking data is not being utilized while it could represent a very relevant, well-formatted, and content-rich landscape for machine learning algorithms. Typical docking campaigns rely on completing a full docking run and selecting only an extremely narrow subset (~1%) of favorably docked molecules for future evaluation.

Ultra-large VS in ion channel drug discovery offers numerous advantages compared to conventional experimental high throughput screening methods. VS enables the exploration of a vast chemical space, including millions of potential ion channel modulators, increasing the likelihood of discovering novel hit compounds with unique structures. It is cost and time-efficient, allowing for rapid evaluation of compounds in silico, reducing the need for expensive and time-consuming experimental synthesis and testing. VS enables early hit identification, helping researchers prioritize the most promising compounds and saving resources by excluding less viable candidates. It provides mechanistic insights into ion channel interactions and facilitates rational design and optimization of modulators. Additionally, VS allows evaluation of rare or challenging-to-source compounds, such as natural products or derivatives, enhancing the probability of discovering valuable hits. VS serves as a complement to experimental screening, and computational predictions can guide subsequent experimental validation and optimization of identified hits.

In this review we will introduce basic principles of VS and methodology behind it. We will give an overview of the knowledge base of ion channel structures and how they can be generated. We will describe chemical libraries of small molecules that are used to screen ion channel structures and we will go through several real VS campaigns on ion channels utilizing different docking-based, ligand-based, and deep learning VS techniques.



Overview of virtual screening methods

Ultra-large VS technologies refer to computational methods and techniques used to screen large chemical libraries against a target of interest in drug discovery. VS is a firmly established technique in computational drug design which can greatly reduce the costs of discovering a new drug. In general, VS aims to identify potential drug candidates by simulating and predicting their interactions with a target protein or biological system. Ultra-large VS technologies take this concept to a larger scale, enabling the screening of massive chemical libraries containing millions or even billions of compounds. The methodology of ultra-large VS will be reviewed below in the sections devoted to each of the methods and their applications in ion channel drug discovery campaigns will be illustrated. The primary goal of ultra-large VS is to narrow down the chemical space and prioritize the most promising compounds for further experimental validation. It is an important tool in the early stages of drug discovery where large-scale screening can significantly reduce the time and cost associated with traditional high-throughput screening methods.

VS methods can be divided into two main categories: ligand-based and structure-based approaches (Figure 1). Ligand-based methods rely on the similarity of identified molecules to the known actives, whereas structure-based methods aim to predict the binding pose of molecules based on the known 3D protein target (Lavecchia and Di Giovanni, 2013).
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FIGURE 1
 Overview of the general VS workflow.


Ligand-based VS (LBVS) approach is less computationally expensive than the structure-based method because it does not rely on macromolecular structure in calculations. LBVS methods are usually performed by comparing fingerprints of tested molecules with the ones from the active set. These fingerprints can be of various types, such as topological descriptors, circular and pharmacophore-based fingerprints, etc. Similarity searching and quantitative structure-activity relationship (QSAR) modeling can be applied to compare the fingerprints and derive the underlying relationship between molecules and their activities (Gimeno et al., 2019).

The analysis and recognition of QSAR has also become an essential component of ligand-based VS techniques and the pharmacology of ion channels. QSAR is an attempt to establish a correlation between the chemical structure of a molecule and the biological effect. The representation of chemical structures can be described through molecular descriptors: 1-D descriptors encode generic properties such as molecular weight, hydrophobic/hydrophilic partition coefficient, and molar refractivity, commonly related to a basic description of drug-likeness; 2-D descriptors predict physicochemical properties, and provide quantitative estimates of biological activity from topological representations of the molecules; 3-D descriptors are derived as the name implies, from the 3-D structures of the molecules, depending on the conformation used and the flexible superposition of the molecules. 3-D QSAR offers a better representation of molecules interacting with proteins and leads to statistically improved models. QSAR analysis builds on mathematical models, e.g., random forest, decision trees, naive Bayes classifier, support vector machines, k-nearest neighbors, and artificial neural networks, to find some statistical correlation between the biological parameters of tested molecules derived from various assays (pEC50, Ki, activity, toxicity, etc.) and their chemical structures (Hansch and Fujita, 1953). Regression and classification techniques are applied to derive the relationship between molecules, which can be substantiated by machine learning (Neves et al., 2018) and pharmacophore modeling.

Structure-based VS (SBVS) methods require a 3D structure of a protein of interest, and tested molecules are ranked according to their activity toward a receptor obtained from calculations (Maia et al., 2020). Docking is the main approach used in SBVS (Kuntz et al., 1982), which can be also supported by machine learning to derive scoring functions, which evaluate the binding orientations of molecules, as well as deep learning that speeds up the docking protocol and allows to screen billions of molecules in much shorter time (Pereira et al., 2016; Gentile et al., 2022). SBVS can also utilize pharmacophore modeling, which does not focus on a specific ligand structure, but rather defines necessary functional groups that a molecule should possess to create interactions in a receptor's binding pocket (Giordano et al., 2022). Another approach in SBVS is fragment-based virtual screening, which involves screening small molecular fragments against a target protein, followed by growing, merging or linking fragments into larger drug-like molecules (Doak et al., 2016). Since the key aspect of fragment-based VS requires the availability of the 3D structure of the protein target, this technology is directly related to SBVS (Murray and Rees, 2009). By employing fragment docking or fragment-based de novo design techniques, millions or billions of molecules can be computationally screened against a target. One advantage is that the small size of the fragments allows a more efficient search of chemical space and recovers more protein binding information than in traditional high-throughput screens, allowing the size of the library to be much smaller. Furthermore, the combination of fragment-based and combinatorial chemistry approaches allows designing target-focused and diverse chemical libraries (Liu et al., 2017). Hits obtained from this screening can be expanded and optimized to develop more potent drug candidates (Li, 2020).

In the following sections we will introduce the concepts of several VS methods and review their applications in recent ion channel drug discovery campaigns.



Ion channel structures for virtual screening

Ultra-large VS efforts benefit from the quickly growing number of protein target structures. For instance, for the largest group of drug targets, G protein-coupled receptors (GPCRs), VS experiments have flourished because of a larger number of available GPCR structures (Luttens et al., 2022; Matricon et al., 2023). Similarly, the number of ion channel structures has increased tremendously over the last 25 years; from the determination of the first ion channel structure, the KcsA channel from Streptomyces lividans, in 1998 (Doyle et al., 1998) to more than 1,500 structures nowadays. This includes ca. 200 ion channel structures from the human proteome, with almost 100 of them being unique human ion channel structures (Figure 2) (Pliushcheuskaya and Künze, 2023). This progress was primarily due to technological advancements in X-ray crystallography and cryo-EM.
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FIGURE 2
 Number of unique structures of human ion channels released every year since 2011 (data were obtained from mpstruc database, source: mpstruc database: Available at: https://blanco.biomol.uci.edu/mpstruc/, accessed on 23 October 2023). Values on top of blue bars indicate the number of new human ion channel structures released every year.


If an experimental structure for an ion channel of interest is lacking, structure prediction methods like AlphaFold (Jumper et al., 2021), RoseTTAFold (Baek et al., 2021), or ESMFold (Lin et al., 2023) offer a solution. For instance, The AlphaFold database estimates more than 290 non-redundant structures for ion channels for the human proteome (Varadi et al., 2022). These artificial intelligence-based prediction methods can provide highly accurate model structures which are often suitable for VS applications.

Another use case of AlphaFold structure prediction is to aid interpretation of low-resolution electron density maps of ion channels. For instance, Huang et al. (2022a) studied the voltage-gated sodium ion channel NaV1.7, which is highly expressed in nociceptive neurons and is a drug target for pain relief (Hameed, 2019). Specifically, structures of NaV1.7 in combination with pore blockers are of high interest to better understand the mechanism of NaV1.7 modulation and develop effective analgesics (Zhang et al., 2022b). In the study of Huang et al. (2022a), various wild-type and mutant structures of NaV1.7 with and without small-molecule ligands were determined. The use of AlphaFold was key to facilitate interpretation of intracellular low-resolution regions of the cryo-EM map, which are of direct interest for designing inhibitors of NaV1.7. Eventually, the authors were able to identify determinants of the NaV1.7 channel modulation, which was enabled by the accurate structure determination of NaV1.7 (Figure 3).
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FIGURE 3
 Cryo-EM structure of wild-type human NaV1.7. (A) EM map of wild-type NaV1.7-β1-β2 complex. (B) EM maps of previously unresolved cytosolic regions. (C) Structure of NaV1.7-β1-β2 complex. The core domain is gray, previously unresolved regions are colored correspondingly to those in (B). VSD, voltage-sensing domain; NTD, amino-terminal domain, CTD, carboxy-terminal domain. Reprinted (adapted) from Huang et al. (2022a). Copyright 2022, Elsevier.




Chemical libraries for ultra-large virtual high-throughput screening

Physically available compound collections in academic and industrial research institutions typically range from thousands to millions of compounds (Sadybekov and Katritch, 2023). In contrast, virtual compound libraries can be much larger, reaching billions of compounds, with the aim of enhancing chemical diversity coverage (Grygorenko et al., 2020; Huang et al., 2022b; Kuan et al., 2023; Lyu et al., 2023). Chemical space encompasses all possible organic molecules, estimated to be around 1060 or more. This vastness offers an opportunity to discover unique biological activities and mechanisms of action not found in general screenings.

Enamine is a chemical supplier that offers diverse small molecule collections for screening and hit expansion, focusing on synthetically accessible molecules. The REAL (Readily Accessible) database, popular among researchers, contains over 38 billion compounds with varied chemical scaffolds (REAL Compounds, n.d.). Widely used in drug discovery stages such as hit identification, lead optimization, and fragment-based screening, the REAL library is a significant advancement in combinatorial chemistry. It features simple fragments and building blocks connected through efficient one- or two-step reactions, allowing for a vast number of unique combinations. This versatility makes it valuable for diverse molecular structure generation in VS and positions it as a crucial resource in drug discovery and material science. Similar extensive libraries are offered now also by other vendors like eMolecules (eMolecules, n.d.).

The ZINC database is a widely used resource that provides a vast collection of commercially available compounds for VS and drug discovery. It contains over 230 million small molecules with diverse chemical structures (Irwin and Shoichet, 2005), of which approximately 34 million predictions belong to the ion channel major class. Regarding the number of reactions, the ZINC database primarily focuses on providing commercially available compounds, while the Enamine REAL database emphasizes synthetically accessible compounds. As a result, Enamine's REAL database may have a larger number of enumerated reactions available for the compounds within its library (Saldívar-González et al., 2020). However, it is worth noting that the exact number of compounds in each database can vary over time due to updates and additions.

PubChem is a free chemical database maintained by the National Center for Biotechnology Information (NCBI). It offers a vast collection of chemical substances (over 293 million), small molecules (over 110 million), bioassays (over 1.25 million), and their associated data (Kim et al., 2016). PubChem is extensively used in drug discovery research. PubChem primarily focuses on aggregating and curating chemical data from various sources, while the Enamine REAL database specifically emphasizes synthetically accessible compounds.

ChEMBL is a large database of over 2.4 million bioactive compounds and their associated biological activities (Gaulton et al., 2012) where approximately 190,000 are associated with an ion channel family major class. It provides access to chemical structures, target information, and bioactivity data extracted from scientific literature. ChEMBL is commonly used for drug discovery, lead optimization, and target identification. It primarily focuses on capturing and curating bioactivity data and target information rather than enumerating chemical reactions.

Another type of VS libraries are combinatorial libraries which consist of related molecules systematically generated by altering structural scaffolds or through parallel synthesis methods. These libraries efficiently explore chemical space and save time in drug discovery and other applications. Scaffold hopping and reaction-based scheme are two common approaches to create such libraries, enabling the generation of structurally related compounds with potential variations in biological activity. By defining the main substituents that molecules should possess, combinatorial libraries can be generated by a scaffold mining with addition of these substituents to varying chemical cores (Varin et al., 2011; Hu et al., 2017). This approach is usually applied when a specific protein target is known and pharmacophoric elements are of importance for a potential drug to be active (Karthikeyan et al., 2015). The other way of generating combinatorial libraries involves defining a set of chemical reactions that should be followed in order to generate final molecules by connecting building blocks (Podlewska et al., 2017; Suay-García et al., 2022). Several pharmaceutical companies develop their own reaction-based combinatorial libraries, such as Eli Lilly's Proximal Collection (Nicolaou et al., 2016) and Pfizer global virtual library (Hu et al., 2012).

There are also ion channel-focused combinatorial libraries, like the IONCore library developed by ChemBridge (n.d.). This is an ion channel-focused library consisting of ca. 6000 small molecules, which were compiled based on 3D similarity to published compounds with activity against ion channels. SelleckChem developed an ion channel ligand library consisting of 745 small molecules to target a diverse set of ion channels (Ion Channel Ligand Library, n.d.). Furthermore, Enamine provides an ion channel-targeted library containing ca. 40,000 compounds, subdivided into collections for major ion channel families, e.g., the calcium ion channel library with 10,560 compounds and the sodium ion channel library with 5440 molecules, respectively (Ion Channel Library, n.d.).

Other commercial vendors provide chemical additional databases, e.g., MolPort (n.d.). MolPort aggregates compounds from various suppliers and contains ca. four million entities, including molecules generated via combinatorial methods and reaction-based approaches.



Challenges of CADD on ion channels compared to soluble protein targets

CADD encounters distinctive challenges when targeting ion channels in comparison to soluble protein targets. The lipid membrane environment, in which ion channels reside, poses complexities in accurately predicting ion channel-ligand interactions due to the unique physicochemical properties of the membrane and additional interactions that are formed between the small molecule compound and lipids. Furthermore, the involvement of ion channels in regulating ion concentration gradients and changing the electrical field properties across the membrane emphasizes the significance of considering electrostatic interactions for modeling ligand binding. Additionally, the narrow and deep binding sites in ion channels, particularly in the pore region, present challenges in designing ligands that can efficiently navigate these confined spaces. This can be further complicated by the fact that ion channels switch between multiple conformational states during gating and that experimentally determined structures are available for only a handful of these states, also underscoring the intricacies of CADD in this context. Growing evidence from biophysical and structural investigations suggest association of many small-molecule drugs with the membrane-exposed surface of ion channels (Payandeh and Volgraf, 2021). The absence of a direct path from bulk solvent to the binding site entails an initial partitioning into the membrane, fundamentally shaping the drug's interaction with the protein target. This membrane access mechanism imparts a critical influence on potency data, structure-activity relationships, pharmacokinetics and physicochemical properties.

MD simulations can be an accurate method for simulating ion channel-ligand binding events within the membrane region (Gumbart et al., 2005; Goossens and De Winter, 2018), because the dynamic behavior of both the protein and the surrounding lipid bilayer can be explicitly modeled. While MD approaches can provide valuable insights, they are usually time-consuming, limiting their applicability to a small number of ligands. The intractability of MD for extensive ligand sets has led to the exploration of alternative techniques such as free energy perturbation (FEP) (Kuhn et al., 2020). In a recent study, Dickson et al. (2021), applied FEP to calculate the relative binding energies of a series of antagonists that target the lipid-exposed, extra-helical site of a membrane protein. By constructing an appropriate thermodynamic cycle, the authors were able to uncouple the membrane partitioning of the drug from the drug binding at the lipid-exposed site and could calculate the free energy for each step. Because of its promising performance the protocol might be applied in a predictive manner on larger datasets of ligands targeting protein-membrane interfaces. This approach holds potential for enhancing the efficiency and scalability of computational studies focused on membrane protein-ligand interactions.

The hydrophobic environment of the lipid bilayer poses a challenge for CADD due to its impact on the energetics of ligand binding. The dynamics of the lipid bilayer further complicates matters, influencing conformational changes in ion channels, which are crucial for their function. Incorporating these aspects into computational protocols presents a complex task, requiring ongoing computational protocol development and optimization of force fields. One such specialized protocol was devised within the Rosetta framework for the docking of cholesterol to integral membrane proteins (Marlow et al., 2023). The so-called RosettaCholesterol protocol, based on RosettaLigand (Meiler and Baker, 2006), adapts the sampling and scoring steps to improve docking of the cholesterol ligand and adds an additional filtering step to predict the cholesterol binding site specificity. The RosettaCholesterol protocol improved sampling and scoring of native poses over the RosettaLigand baseline in 91% of cases. Furthermore, the authors were able to recapitulate experimentally validated specific sites on the β2 adrenergic receptor. It proves to be a computationally fast and inexpensive tool that can screen many possible protein-cholesterol complexes. Future studies may further refine Rosetta-based protocols to explore a broader spectrum of lipid-protein interactions, paving the way for a more comprehensive understanding of membrane biology and protein-lipid dynamics.

Some lipids also have pharmacological effects and can be utilized to inform drug design. Notably, polyunsaturated fatty acids (PUFAs) can serve as signaling molecules with pharmacological effects, influencing cellular processes and modulating ion channels and inflammation (Xiao et al., 2005). Understanding the roles of bioactive lipids in cellular signaling informs the rational design of compounds targeting the protein-lipid surface. For example, Yazdi et al. (2021) studied PUFAs-modulated activation and mode of binding on KCNQ1 channels. Utilizing MD and electrophysiological experiments, they observed that PUFAs bind to the KCNQ1 voltage sensor and pore domain. The positively charged amino acid residues in these regions favorably stabilize the electronegative head group of PUFAs, while the tail group maintains the open position of KCNQ1 upon interaction with the hydrophobic residues. Different PUFA analogs produce a range of modulatory effects in ion channels (Bohannon et al., 2020a,b) which can be a useful information to guide the design of anti-epileptic and anti-arrhythmic drugs.

There exists still much uncertainty about the location of possible druggable sites in ion channels and new binding sites have been often discovered at unexpected locations (Wright et al., 2020; Sridhar et al., 2021; Botte et al., 2022; Kschonsak et al., 2023). Hence, methods that can accurately predict ligand binding sites on membrane proteins will significantly improve drug discovery. Lu et al. (2019) described a machine learning-based classifier tailored to the prediction of ligand binding sites on membrane protein surfaces. The MPLs-Pred method uses evolutionary profiles, topological features, physicochemical properties, and primary sequence segment descriptors as combined features in a random forest classifier. MPLs-Pred achieved an appreciable performance with Matthew's correlation coefficients of 0.597 and 0.356 on cross-validation and independent test sets, respectively. Ligand-specific predictive models that classify ligands into drugs, metal ions and biomacromolecules further improved the prediction performance. Notably, the versatility inherent in the approach above suggests the potential for its extension to accommodate the prediction of various other ligand species.

The characteristics of ion channel binding sites, particularly the narrow and deep pores, requires molecules that can efficiently navigate and bind within these confined spaces. CaverDock, developed by Vavra et al. (2019), is a docking tool based on AutoDock Vina (Eberhardt et al., 2021) which can simulate the binding and unbinding of ligands to protein tunnels like ion channel pores. This tool uses the optimized docking algorithm of AutoDock Vina for ligand placement and implements a parallel heuristic algorithm to search the space of possible trajectories. In comparison with MD simulations, CaverDock does not require extensive knowledge of the studied system. CaverDock can sample the binding energy throughout the whole protein tunnel and identify unfavorable binding interactions, which can then be optimized by site-directed mutagenesis.

Ligand docking scoring functions used in CADD may be less accurate for membrane proteins because of the unique physicochemical environment of lipid membranes and because scoring functions have been usually optimized for soluble protein-ligand systems (Li et al., 2019; Rudden and Degiacomi, 2021), emphasizing the need for refinement and validation of scoring approaches tailored to ion channels. The presence of charged residues in the membrane surface region necessitates careful consideration of electrostatic interactions. Therefore, tuning the scoring function may involve emphasizing terms related to electrostatic forces, including charged interactions between the ligand and the protein. This is also observed in the hydrophobic deep membrane region, where the lipid bilayer provides a nonpolar environment, requiring adjustments of the solvation and electrostatic score terms. Unfortunately, the availability of tools tailored for ligand docking scoring functions is relatively limited, with a predominant focus on the development and benchmarking of ligand docking scoring functions for soluble receptors (Li et al., 2019). Very few docking programs have incorporated membrane scoring functions to address the challenges associated with modeling interactions at the protein-membrane interface. Usually these computational frameworks are intended for protein docking but can be adapted to ligand docking as well. MEMDOCK is an algorithm designed specifically for docking alpha-helical membrane proteins within the membrane. The method models both side chain and backbone flexibility and performs rigid body optimization of the ligand orientation using modified Patchdock and Fiberdock (Hurwitz et al., 2016). Furthermore, HADDOCK (Dominguez et al., 2003), LightDock (Jiménez-García et al., 2018), and Rosetta (Leman et al., 2020) also offer the possibility for protein and ligand docking in an implicit membrane model. Within the Schrödinger suite of tools, Glide (Halgren et al., 2004) and Desmond (Desmond Software, n.d.) allow for an integrated workflow in which researchers can first conduct MD simulations on membrane proteins using Desmond and subsequently transition the resulting structures to Glide for ligand docking experiments. This offers a holistic exploration of membrane protein dynamics and facilitates a detailed examination of ligand binding within the context of the lipid bilayer environment. While other common docking programs such as ZDOCK (Pierce et al., 2014) and AutoDock (Eberhardt et al., 2021) traditionally lack built-in membrane protein scoring functions for ligand binding, noteworthy adaptations and integrations have been introduced to enable their functionality in the context of docking ligands into transmembrane domains (Greene et al., 2016; Kobeissy Stanley M Stevens and editors, 2017). These modifications often involve specialized considerations for the hydrophobic and electrical properties of membrane environments.



Docking-based ultra-large virtual screening

In docking-based VS a panel of protein targets is screened with various molecular docking software to model the binding mode and interactions with small molecules in the binding pocket. The top-ranked small molecules are prioritized for further studies (Lazar et al., 2017). Software tools and platforms like AutoDock, DOCK, Glide, DiffDock, and Deep Docking (DD) facilitate high-throughput docking by employing diverse scoring functions and algorithms to predict compound binding affinity and orientation within the target's binding site (Kuntz et al., 1982; Halgren et al., 2004; Trott and Olson, 2009; Gentile et al., 2020; Corso et al., 2022).

Hughes et al. (2019) applied docking-based VS to discover new modulators of transient receptor potential vanilloid 5 (TRPV5) ion channels. TRPV5 is a calcium-selected ion channel, which plays an important role in renal calcium homeostasis in the human organism (Dang et al., 2019). TRPV5-knockout mice were shown to exhibit hypercalciuria and nephrolithiasis proving its critical role in calcium levels maintenance (De Groot et al., 2008). There are several existing TRPV5 modulators (Nilius et al., 2001; Hughes et al., 2018), but they lack selectivity over TRPV6 subtype, which is the closest homolog of TRPV5. In this regard, Hughes et al. (2019) conducted a VS experiment at the inhibitor binding site of TRPV5 utilizing the ZINC15 library with over 12 million molecules. The library was docked into TRPV5 using the Glide software package from the Schrödinger suite (Friesner et al., 2004), and top-100 best decoys were clustered into 65 groups with unique scaffolds based on the Tanimoto similarity score. 43 were proceeded to physiological testing by means of whole cell patch clamp experiments. Several compounds from this set were shown to inhibit TRPV5-induced currents, with two of them, ZINC9155420 and ZINC17988990, exhibiting additionally selectivity for TRPV5 over TRPV6. The authors also determined cryo-EM structures of these two ligands bound to the TRPV5 channels and identified new binding sites that provided insights into the ligand mode of specificity.

Wacker et al. (2012) studied heteromultimeric KV channels in VS experiments. Particularly, KV1.1–1.2 represents the most abundant potassium channel multimer in central and peripheral nervous systems (Coleman et al., 1999). KV1.1–1.2 channels are highly expressed in the hippocampus and are an important target in epileptic seizures and multiple sclerosis (D'adamo et al., 2020). The known KV1.1–1.2 inhibitor, 4-aminopyridine, however, has limited potency and also inhibits other KV channels (KV1.4, KV4.2 subtypes), which compromises cardiac safety (Goodman et al., 2009, 2010). Wacker et al. (2012) conducted docking-based VS with Autodock-Vina (Trott and Olson, 2009) on KV1.1-1.2 using the ZINC library containing ~10 million molecules. From 200 top scored compounds 89 compounds were tested using patch clamp experiments. Fourteen of 89 compounds showed some inhibitory activity ranging from 0.6 to 6 μM on KV1.1–1.2 channels (compared to 4-aminopyridine with IC50 = 170 μM on KV1.1 and IC50 = 230 μM on KV1.2), and two of them also showed a higher potency toward inhibition of KV1.1–1.2 in respect to other channels (hERG, CaV1.2, NaV1.5).

Docking-based VS was also utilized in the study of Oddsson et al. (2020), aiming at identifying new dual target molecules against Alzheimer's disease, acting via nicotinic acetylcholine receptors (nAChRs). The same research group showed that a combination acetylcholinesterase (AChE) inhibitors and activators of nAChRs can lead to beneficial effects in the symptomatic treatment of Alzheimer's disease (Zoli et al., 2015; Kowal et al., 2019). The research group speculated that the increased activity of α7 nAChR, which is a ligand-gated ion channel, may improve treatment in Alzheimer's disease. Correspondingly, Oddsson et al. (2020) performed VS on both target proteins using the ZINC15 dataset with a total number of ~four million compounds. All molecules were docked into AChE and nAChRs, and from the top-scored ligands in both proteins a common subset was selected that was encountered in both screening runs. One of the identified hit molecules showed the desirable inhibitory effect on AChE and agonistic activity on nAChR when evaluated in voltage-clamp electrophysiological testing. The identified compound represented the first example of a multitarget compound for the treatment of Alzheimer's disease.

Additional notable docking-based VS studies on ion channels include the discovery of small-molecule activators of the KCNQ1 channel (Liu et al., 2020; Lin et al., 2021) and of allosteric modulators of BK channels (Zhang et al., 2022a). All of these studies used the MDock docking software (Yan and Zou, 2015) and the Available Chemical Database (ACD) for screening. Interestingly, the identified compounds were found to affect their ion channel targets via different modes of action. The KCNQ1 activator molecule CP1 mimics the lipid PIP2 in mediation of voltage sensor-pore coupling and thereby enhances KCNQ1 activation (Liu et al., 2020). C28 is another KCNQ1 activator molecule but binds to and stabilizes the voltage sensor domain, thereby decreasing the voltage required for voltage-dependent KCNQ1 activation (Lin et al., 2021). The authors found that C28 can effectively reverse drug-induced lengthening of the action potential duration in ventricular myocytes. The small-molecule BK channel allosteric modulator BC5 binds at the voltage sensor-cytosolic tail domain interface and specifically enhances Ca2+-dependent activation by perturbing the pathway for coupling between Ca2+ binding and pore opening (Zhang et al., 2022a). This mode of action was corroborated by mutagenesis and atomistic simulations and suggested that the interface between voltage sensor and cytosolic tail domain in BK channels is an important site for allosteric modulation.

Ultra-large VS requires fast algorithms that are able to predict the activity or binding affinity of billions of compounds in reasonable time. Deep Docking (DD), is a novel deep learning platform that is suitable for docking billions of molecular structures in a rapid, yet accurate fashion (Gentile et al., 2020). The DD approach employs sophisticated deep neural network models rooted in QSAR principles. These models are trained using docking scores from a small subset of a molecule library. The primary goal is to predict the docking results for new entries and iteratively exclude unfavorable molecules. By integrating the DD methodology with the FRED docking program, Gentile et al. achieved rapid and precise computation of docking scores for 1.36 billion molecules sourced from the ZINC15 library (Gentile et al., 2020). This extensive analysis covered 12 notable target proteins. Notably, this approach led to an impressive data reduction of up to 100-fold and a remarkable enrichment of high-scoring molecules by a factor of 6,000. Importantly, these advancements were attained without any substantial loss in the successful docking of molecules. The DD protocol can be seamlessly incorporated into many docking programs and is publicly available (Gentile et al., 2020).

In a recent study conducted by Yang et al. (2023), the researchers utilized deep docking-facilitated VS in conjunction with the VirtualFlow platform to screen ligands targeting the inward rectifier potassium channel 5.1 (Kir5.1, KCNJ16). VirtualFlow is a flexible and parallel workflow platform designed to execute VS tasks on Linux-based computer clusters of various sizes and types, all seamlessly managed by a batch system. The author's gene profiling and enrichment analyses revealed that KCNJ16 exhibited downregulation in thyroid tumor tissues compared to normal ones, implicating a pivotal role for KCNJ16 in cell growth and differentiation. Consequently, Kir5.1, encoded by KCNJ16, emerged as an appealing target in thyroid cancer research. To narrow down their selection of compounds, Yang et al. employed the DD protocol and executed the final docking run using VirtualFlow. They relied on the AlphaFold predicted structure of Kir5.1 for docking. Employing the DD protocol, the authors identified several molecules, including Z2087256678_2, Z2211139111_1, Z2211139111_2, and PV-000592319198_1, as potent ligands for Kir5.1. Unfortunately, the computationally identified hit molecules were not further tested and, therefore, should be regarded as suggestive.

V-SYNTHES (virtual synthon hierarchical enumeration screening), developed by Sadybekov et al., represents another approach aimed at efficiently screening ultra-large compound libraries for potential hit compounds using a modular synthon-based strategy (Sadybekov et al., 2022). Essentially, a synthon represents a fragment of a molecule that can be used as a building block for synthesizing more complex molecules. In this pioneering study, the algorithm enabled efficient screening of the Enamine REAL library and its REAL Space extension containing over 11 billion drug-like compounds.

V-SYNTHES involves several iterative steps (Figure 4), starting with the creation of a fragment-like compound library representing all possible scaffold-synthon combinations. In the first step, compounds are constructed by combining reaction scaffolds with corresponding synthons at one position, while other positions are capped. Capping refers to the process of modifying or blocking certain positions on a molecule while allowing chemical reactions to occur at specific, chosen positions. This results in a library of ~600,000 compounds, corresponding to the number of synthons. In the second step, docking simulations are used to predict the binding affinity of these fragments to a target protein. The top-scoring candidates (1,000–10,000) undergo further rounds of enumeration and docking in steps three and four. The final set of 50–100 compounds for experimental testing is selected based on post-processing filters e.g., synthesizability.
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FIGURE 4
 V-SYNTHES approach to modular screening of Enamine REAL Space. The flow chart from left to right provides a broad outline of the 4-step algorithm developed by Sadybekov et al. (2022).


In the original V-SYNTHES paper (Sadybekov et al., 2022), the Enamine REAL Space library was screened for cannabinoid receptor antagonists using a receptor-template-based approach. V-SYNTHES significantly accelerated the screening process, requiring docking of only ca. 2 million compounds, while screening a much larger chemical space. Furthermore, V-SYNTHES outperformed traditional brute force VS approaches by identifying more high-scoring compounds. The approach yielded 80 hit candidates, with 60 synthesized and functionally characterized. Notably, 33% of these hits had Ki values better than 10 μM. This hit rate was twice as high as the hit rate achieved in standard docking of a representative subset of the Enamine REAL library.

The hit compounds showed diverse structures, containing new scaffolds and fully occupying the receptor's orthosteric binding pocket. Application of V-SYNTHES to the kinase target ROCK1 also led to successful results, with a 28.5% hit rate containing compounds with nanomolar affinity. Overall, V-SYNTHES provides a practical and efficient method for rapidly screening ultra-large modular virtual libraries. It can be adapted to various docking-based screening platforms and applied to ion channels and other target proteins, which demonstrates the broad applicability of the method in drug discovery efforts.



Ligand-based virtual screening

Ligand-based VS techniques play a crucial role in the field of ion channel drug discovery by aiding in the identification of potential compounds that could modulate ion channel activity. Ligand-based VS focuses on identifying molecules with structural and chemical properties similar to known ion channel modulators. This approach is particularly useful when experimental structural information about the target ion channel is limited or unavailable. The ligand-based methods include approaches like similarity and substructure searching, QSAR modeling, pharmacophore-based search, and 3D shape matching supported by machine learning and molecular modeling techniques.

Ligand-based VS enables the efficient exploration of large compound databases, identifying molecules that exhibit potential ion channel modulatory effects. This approach helps prioritize compounds for experimental testing, reducing the time and resources required in early stages of drug discovery. Overall, ligand-based VS techniques complement experimental approaches in ion channel drug discovery and contribute significantly to the identification of novel therapeutic candidates targeting ion channels, potentially leading to the development of innovative treatments for various diseases (Sharma et al., 2021).

Ijjaali et al. (2007) focused on the use of ligand-based VS techniques for the discovery of novel T-type calcium channel inhibitors. T-type calcium channels are implicated in various neural disorders such as epilepsy and neuropathic pain. To identify new inhibitors, the researchers employed a pharmacophore-based VS approach using 2D pharmacophoric fingerprints. They collected a dataset of known active compounds from the AurSCOPE Ion Channels knowledgebase (AurSCOPE Ion Channel Database, n.d.), which was used as a query to screen an external molecular database. A total of 38 compounds were selected for biological evaluation, and functional patch clamp assays were conducted on the CaV3.2 isoform. Interestingly, 16 out of the 38 compounds showed more than 50% blockade of CaV3.2-mediated T-type current. These findings demonstrate the effectiveness of ligand-based VS in identifying potential T-type calcium channel inhibitors for further investigation in drug discovery efforts.

Mohan et al. conducted a study aiming to identify compounds with N-type calcium channel blocking activity (Mungalpara et al., 2010). They utilized multiple descriptors such as structure, ADME/Tox, thermodynamics, and electrotopological properties to train a QSAR model for predicting blocking activity. The resultant descriptors offered insights into the physico-chemical attributes influencing N-type calcium channel blocking activity.

The team led by Noskov evaluated a collection of hERG pore domain blockers through a combination of 3D-QSAR and receptor-based molecular docking techniques (Durdagi et al., 2011). They also designed a pharmacophore model that enabled swift assessment of compound channel-blocking capability. The outcomes were corroborated by docking hits into a hERG homology model and through in silico mutagenesis, aligning closely with experimental data.

Pharmacophore-based screening methods represent another powerful approach for ligand-based VS. Pharmacophore models represent the critical chemical features of the ligand molecule and their spatial arrangement required for compound-target interactions. These methods can swiftly search large chemical databases for compounds that conform to the pharmacophoric constraints of the target (Urbahns et al., 2003; Dror et al., 2009; Seidel et al., 2010; Giordano et al., 2022). Pharmacophore-based screening is particularly useful when the protein target structure is challenging to obtain (Kaserer et al., 2015; Schaller et al., 2020).

Sehgal et al. (2014) performed pharmacophore-based screening experiments to identify inhibitors of the potassium channel subfamily K member 18 (KCNK18). KCNK18 is one of the determinant factors of migraine-associated pain. A large number of mutations in the KCNK18 gene exist that are associated with excessive neuronal excitability and severe headaches (Grangeon et al., 2023). Sehgal et al. (2014) used pharmacophore models created based on other anti-migraine drugs and the LigandScout tool (Wolber and Langer, 2005) to screen the ZINC database and two other custom-made compound libraries for new KCNK18 inhibitors. The top-ranked compounds were subsequently analyzed using docking with the AutoDock software (Trott and Olson, 2009; Eberhardt et al., 2021), and the top four molecules were chosen for further assessment in binding experiments. Based on docking and drug likeness analysis, newly identified compounds (PB-408318540, PB-415019010, PB-414901730, PB-414901692) were proposed as potential drug molecules to target KCNK18, opening up a therapeutic option for the treatment of migraine occurrences.

In another study, Krueger et al. (2009) tested various ligand-based VS procedures to discover new hits for the N-Methyl-D-Aspartate (NMDA) receptor. NMDA receptor is an ion channel that is found in neurons and activated upon binding of glutamate and glycine. Both the hypo- and hyperfunctioning of NMDA is involved in various neurodegenerative diseases, such as schizophrenia, Parkinson's disease, and Alzheimer's disease (Lin and Lane, 2019). The glycine binding site of the NMDA receptor represents a promising strategy for inhibitor design (Parsons, 2001). Thus, after analyzing all commercially available compound libraries, Krueger et al. (2009) obtained ~4.6 million molecules to screen against the NMDA receptor's glycine site. The authors used 2D and 3D descriptors for screening as well as ligand docking with Glide SP (Friesner et al., 2004) and Glide XP (Friesner et al., 2006), pharmacophore-based and QSAR-based models, and 3D shape search strategies. From each method 500 molecules were extracted, and 201 of them proceeded into in vitro testing. While most of the newly identified molecules exhibited a low activity in the micromolar range, all the applied methods were able to derive compounds with novel scaffolds and a high percentage of true actives.

Ion channel researchers have also harnessed machine learning techniques during the early stages of analgesic discovery. This includes identifying novel genes and pathways linked to both acute and chronic pain (Chidambaran et al., 2020), as well as predicting inhibitors for the NaV1.7 sodium channel, an important target for the treatment of pain. To simplify the prediction of novel multi-target analgesics or drug combinations for pain management, an extensive pain-focused chemogenomics knowledge base has been established. This comprehensive resource incorporates existing analgesics, the 3D structures of pain-related targets, and compounds associated with these target proteins (Kong et al., 2020).



Virtual drug discovery with deep generative models

Deep learning is not only used for speeding up VS methods, but is also a driver for the field of generative drug design (also referred to as de novo drug design). In generative drug design, novel chemical molecules with desired chemical and biological properties are generated from scratch, aiming to find new bioactive and synthesizable molecules in a time- and cost-efficient manner. Briefly, the essence of a generative model is to learn the distribution of molecules presented in a training set and generate new molecules for one or multiple targets which are different from those in the training set (Zeng et al., 2022). Combined with evolutionary algorithms or reinforcement learning, the properties of the generated molecules can be further optimized to satisfy different design objectives (Tan et al., 2022). Generative drug design is a relatively new field but could offer advantages compared to conventional VS with regard to the time and cost required for navigating the large chemical space. In a remarkable study by Zhavoronkov et al. (2019) deep generative drug design enabled the discovery of novel potent small molecule inhibitors of the discoidin domain receptor 1 (DDR1) with nanomolar inhibitory efficacy in only 21 days.

The representation of molecules employed by the generative model can be in many forms (David et al., 2020). Many methods use the Simplified Molecular Input Line Entry System (SMILES) (Weininger, 1988) to represent molecules as sequence of characters. From the sequences of SMILES characters as input, language processing neural networks such as recurrent neural networks (RNNs) learn to predict one character at a time, based on the proceeding portion of the sequence and a probability distribution. From the learnt probability distribution new SMILES strings can be sampled (Gupta et al., 2018). However, this approach has one or more limitations. The generated SMILES may not represent a chemically feasible structure, and even a single character change in a SMILES code can change the underlying molecular structure significantly. To overcome these limitations, approaches using graph-based (Li et al., 2018; Xia et al., 2019) and 3D molecule representations (Xie et al., 2022) have been developed. In addition to RNNs (Gupta et al., 2018; Segler et al., 2018), other generative design algorithms include variational autoencoder (VAE) (Gómez-Bombarelli et al., 2018), generative adversarial network (GAN) (Abbasi et al., 2022), transformer models (Liu et al., 2023), and generative models combined with reinforcement learning (RL) (Popova et al., 2018; Liu et al., 2021; Govinda Bhisetti, 2022).

Since drug-likeness and synthetic accessibility are critical parameters that decide about the success of drug candidates, generative models have been trained to yield molecules with specific properties. For example, RL with policy gradient for forward synthesis (PGFS) was proposed as a method to generate molecules that can be feasibly synthesized (Krishna Gottipati et al., 2020). Furthermore, RationaleRL is a graph-based RL model that tries to optimize a multi-objective target function, including properties such as bioactivity against multiple proteins, drug-likeness, and synthetic accessibility (Jin et al., 2020).

The application of deep generative drug design to ion channels is still in its infancy. Schultz et al. (2021) reported the use of deep generative models to design novel antagonists targeting the phencyclidine (PCP) site of the N-methyl D-aspartate receptor (NMDAR). NMDAR antagonists have demonstrated therapeutic benefit in the treatment of neurological diseases such as Parkinson's and Alzheimer's disease (Liu et al., 2019). The authors applied a VAE-based method, called DarkChem (Colby et al., 2020), for NMDAR antagonist design and developed a library of potential NMDAR PCP site-targeting molecules. From ~200,000 compounds designed by DarkChem, 12 novel compounds were found that passed all subsequent in silico filtering techniques, including ligand docking, ADMET and synthesizability predictions, drug-likeness filter, substructure and similarity analyses, and were not available in existing public chemical databases. This study provided an example of what generative drug design on ion channels can achieve, although chemical synthesis and experimental validation of the AI-generated compounds were not performed.

To better meet the requirements of drug discovery, deep drug design models are able to consider multiple design objectives. Liu et al. (2021) demonstrated a RNN- and RL-based algorithm, DrugEx, which achieves multi-objective molecule optimization to generate molecules which are active toward one or multiple specific targets while avoiding off-target effects with other proteins. DrugEx was tested for the generation of molecules that should have high affinity for adenosine receptor subtypes A1 and A2A but low or zero affinity for the hERG potassium ion channel. Because drug-induced blockage of the hERG ion channel can lead to severe cardiotoxicity, which has been one of the most common reasons for the withdrawal of drugs from the market, hERG toxicity assessment methods have been implemented in the early stages of drug discovery. In the conceptualization of DrugEx, the authors used an RNN as the agent and several machine learning prediction models as environment which operate together in the RL framework. The reward of each molecule is calculated from the Pareto ranking obtained by considering the ML scores for all objectives in the environment as well as a metric representing molecule chemical diversity (Figure 5). The molecules generated by DrugEx covered a larger chemical space compared to other drug design methods and bore some similarity to known adenosine receptor ligands. The approach can be relevant also for developing more selective ion channel modulators.
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FIGURE 5
 Workflow of the DrugEx method for designing molecules with selectivity to A1 and A2A adenosine receptors but no affinity for hERG. (1) New molecules are sampled as SMILES based on the probability calculated by the RNN-based agent generator. (2) The SMILES are encoded into descriptors and their affinity for A1, A2A and hERG is predicted. (3) The predicted affinities are transformed into a single value as the reward for each molecule based on Pareto optimization. (4) For training the generative model, the SMILES and their rewards are sent back to the generator. Steps (1) to (4) are repeated until convergence of the training process is reached. Reproduced from Liu et al. (2021) under permission of Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).


Molecule design with deep generative models has brought new momentum for drug discovery. If constantly improved and further developed, these methods may be increasingly used for ion channel drug discovery. However, current bottlenecks of AI technologies, such as lack of availability of high-quality data and limited interpretability of the model, currently restrict their application and affect their performance.



Conclusion and perspective

The integration of computational methods such as VS and deep learning holds great promise in revolutionizing the landscape of drug discovery. These methods, by augmenting traditional experimental high-throughput screening (HTS) techniques, offer a multifaceted approach to drug development. VS techniques, including hit expansion, scaffold hopping, and exploration of uncharted chemical space, demonstrate the potential to uncover novel lead compounds that might have been overlooked within conventional screening libraries. Additionally, the predictive power of computational methods in estimating essential pharmacokinetic and toxicological properties facilitates early identification of promising candidates, significantly streamlining the drug discovery pipeline.

While computational methods offer remarkable insights, it is crucial to acknowledge their synergy with experimental HTS methods. The amalgamation of computational and physical screening tests enriches our understanding of compound behavior in complex biological systems. Physical tests provide indispensable data, especially in relevant biological contexts, aiding in the assessment of properties such as absorption, distribution, metabolism, excretion, and toxicity (ADMET), which remain challenging to simulate accurately computationally.

The continuous evolution of computational techniques prompts us to consider the future of drug discovery. While computational simulations are powerful tools offering valuable insights, they are not yet poised to entirely replace traditional physical screening tests. Instead, the synergy between computational and experimental methods represents the most potent approach. Combining computational and experimental approaches in an iterative and integrative manner often leads to the most effective and comprehensive results. As computational methods advance, the question arises: will they eventually supplant or significantly reduce the need for conventional physical screening tests? This intriguing prospect awaits further exploration, marking an exciting chapter in the ongoing narrative of scientific progress in drug discovery.
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Chip type Pipetting technique Rseal (GR2) Cm (pF) Imax (nA) Success rate

1X Puff 1.12 + 0.06 13.5+ 04 —53+0.1 328/384 (85%)
4X Puff 0.38 4 0.02 49+1 —82+0.1 342/384 (89%)
1X Stacked Puff 3.6540.23 13.2+ 06 —5440.2 289/384 (75%)

Shown are parameters for Rseal (for last sweep of the experiment), cell capacitance (Cm) and current amplitude (Imax) of the st sweep to pH 6.5. Success rate is calculated for fraction
of cells across each 384 well plate meeting or exceeding minimum quality criteria. Using single “puff” applications of pH 6.5 solution in single hole chips, we obtained small molecule
reference pharmacology data on the SP384i that were very similar to potencies seen on the other APC platforms in this study and from the literature. Amiloride inhibited peak current
with an ICsq of 5.90 = 0.31 LM (Mean + S.E.M, n = 193) and a Hill slope of 1.20 = 0.05, while Benzamil exhibited a slightly higher potency of 1.37 4 0.07 uM (Mean =+ S.E.M, n = 224)
and a Hill slope of 1.07 & 0.02 (Table 4).
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Chip type Pipetting technique Amiloride Benzamil

IC50 (WM) and n Hill slope IC50 (WM) and n Hill slope
1X Puff 5.90 + 0.31 (193) 1.20 £ 0.05 1.37 £0.07 (224) 1.07 £ 0.02
4X Puff 6.01 & 0.14 (328) 1.14 001 1.47 % 0.03 (357) 1.12 4+ 0.02
1X Stacked Puff 10.9 4 0.6 (192) 1.39 £ 0.02 2.48 4+ 0.18 (191) 1.26 £ 0.03
4X Stacked Puff 8.31+0.23 (113) 1.24 4002 220 £ 0.08 (112) 1.12 4+ 0.02

Shown are mean = S.E.M, number of wells shown in parentheses. For some conditions, results from multiple plates are given.
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Chip type Pipetting technique
1X Puff

4X Puff

1X Stacked Puff

4X Stacked Puff

n=1

0.62 £ 0.08
0.60 £ 0.03
0.63 £ 0.05
0.69 £ 0.03

n=2

0.73 4+ 0.05
0.72 4 0.02
0.73 4+ 0.03
0.78 4 0.02

0.78 £ 0.04
0.77 £0.02
0.78 £0.03
0.82 £ 0.02

n=4

0.81 4 0.04
0.80 & 0.02
0.81 4 0.02
0.84 4 0.01

n=8

0.86 4 0.03
0.86 4 0.01
0.87 4 0.02
0.89 4 0.01

For each plate there were 64 wells (four columns) of positive control (incubation in pH 6.5 solution, fully desensitized response) and negative control (0.1% DMSO) solution. Z’ values

were calculated with replicate number 1, 2, 3, 4 or 8 and the mean =+ S.E.M of the 4 pairs of controls for each plate are shown.
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Compound ICs¢ potency (WM) Hill slope Literature ICso (M) References

Amiloride 7.62 0.9 13.5 Leng et al., 2016

Benzamil 4.66 1.1 3.50 Leng et al., 2016

A-317567 0.66 0.9 2.00 Dubé et al., 2005

Amantadine 5104 0.9 25% at 500 pM Nagaeva et al., 2016

Memantine 315.3 1.1 31% at 500 pM Nagaeva et al., 2016

PcTx1 0.003 2, 0.0032 Cristofori-Armstrong et al., 2019
Mambalgin-3 0.16 1.8 0.127 Diochot et al., 2012

ICs0 values and Hill slopes derived from the concentration-response fits in Figures 6C,D are compared against values reported from the indicated references.
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Constituent Internal recording solution External recording ChipFill external

solution solution (divalent-free)
Standard Standard-Kc,3.1* FF Standard (incl. Standard (incl.
Kca3.1)/FF Kca3.1)/FF
K-gluconate 30 120
K-Fluoride 120 80
NaCl 10 10 10 80 140
NMDG-Cl 60
Kcl 10 10 10 4 4
CaCly 2
MgCly 1
EGTA 5 10 5
Glucose 5 5
HEPES 10 10 10 10 10
pH 72 72 72 74 74
Osmolarity (mOsm) ~285 ~285 ~285 ~289 ~289

was added to the internal solution as described in Section “Automated patch clamp electrophysiology.”
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Parameter Standard internal Fluoride-free internal

Ry (GQ) 2.23 £ 0.02 (2155) 1.36 4 0.02 (3123)*
Tl (nA) 0.70 £ 0.01 (3175) 0.99 £ 0.01 (4192)*
Capacitance (pF) 16.2 + 0.3 (387) 15.9 £0.4 (313)
Reeries (MQ) 8.6+ 0.2 (379) 10.2 £ 0.2 (317)***
Rundown over 18 min (%/min) 0.10 £ 0.05 (58) 0.07 +0.07 (42)
Vit (mV) —93.0 £ 0.5 (190) —92.1 +2.3 (261)
ICs Terfenadine (nM) 237 £ 26 (52) 337 £53(17)
ICsp Verapamil (nM) 394 £ 17 (54) 457 + 37 (29)

Rgear values > 4 GQ could not be accurately calculated, therefore only Rgeq < 4 GQ were used for the calculation of the mean. Shown are mean + S.E.M, number of cells shown in parentheses.
*P < 0.05, ***P < 0.001, unpaired Student’s ¢-test.
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Parameter

Rseal (G

Ipeak (nA)
Capacitance (pF)
Rseries (MQ)

Rundown over 12 min (%/min; Violqg —120 mV)

Vhalf Activation (mV)

Vhat Inactivation (mV)

ICs Tetracaine (WM, Vio1q —120 mV)

Standard internal

1.89 £ 0.02 (3598)
—1.56 £ 0.01 (4537)
13.9 4 0.2 (1043)
7.6 +0.1(1043)
0.5+ 0.1(133)
—37.5 4 0.4 (484)
684 + 0.4 (728)
35.6 £ 9.4 (4 chips)

Fluoride-free internal

1.39 £ 0.02 (2061)***
~1.53 £ 0.01 (3336)
13.8 £ 0.4 (491)
9.8 0.1 (491)**
0.4 40.1(52)
252405 (241
53,64 0.6 (165)**
41.8 £ 9.3 (3 chips)

Rgeal values > 4 GQ could not be accurately calculated, therefore only Rgeq < 4 GQ were used for the calculation. Shown are mean + S.E.M, number of cells shown in parentheses. For tetracaine

concentration response curves, single point additions were made and the concentration response curve calculated across the whole chip. Shown are mean = S.E.M for the number of chips given

in parentheses.

**P < 0.001, unpaired Student’s t-test.
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Compound name  Navi.2(uM) Nav1295% CI (1M) Navi.5(uM) Navi.595% Cl(uM) Navi.7 (uM) Nav1.795% Cl (M) State dependence*

Amitriptyline 0.56 0.33-0.79 0.82 0.71-0.94 1.25 1.08-1.43 9.6
Tetracaine 0.26 0.18-0.34 043 0.35-0.50 0.28 0.23-0.34 155
Vixotrigine 1.74 1.30-2.17 0.93 0.72-1.14 1.36 1.06-1.68 298
JNJ63955918 3.07 1.90-4.24 6.26 4.97-7.55 0.042 0.035-0.049 6.1
PF-05089771 0.17 0.087-0.25 10.1 8.58-11.6 0.035 0.030-0.040 429
Tetrodotoxin 0.019 0.016-0.021 3.08 2.45-3.71 0.033 0.028-0.037 40
Carbamazepine 139.4 116.3-163.4 37.1 26.7-47.5 52.6 40.0-65.3 399
Funapide 051 0.35-0.66 0.24 0.15-0.32 0.46 0.38-0.64 BF
Mexiletine 288 19.2-38.5 210 16.6-26.5 130 9.1-169 9.2
Lacosamide 392.9 286.3-499.6 585 46.9-70.1 104.6 84.2-125.0 na.
Lamotrigine 724 60.9-83.9 206 14.7-26.6 328 23.5-42.0 243
MK-0759 150 0.91-2.10 161 1.28-1.93 205 1.56-2.54 188
Lidocaine 472 26.6-68.9 20.1 14.9-262 16.0 14.0-16.8 16.4
TC-N 1752 0.14 0.13-0.15 115 0.84-1.46 0.046 0.043-0.050 108
VX-150 Inactive na Inactive na Inactive na na

Nav1.x ICso values, Nav1.x ICso 95% confidence intervals (Ci), and state dependence from 15 tool compounds with different potencies and working mechanisms. *State dependence
is defined as the ratio of ICso values of Nav1.7 spiking HEK assay at TP1 at 4mM K* over TP10 ICs values at 8mM K* (Figure 2B).
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