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Ion channel research has increased tremendously in the past 35 years since the first publication of the patch clamp technique by Neher and Sakmann in 1976. This is documented by the rising number of publications listed in Pubmed (http://www.ncbi.nlm.nih.gov/pubmed) including the keyword ‘ion channel’ from just 186 hits in 1976 to almost 180,000 hits today.

Ion channels attract this great interest due to their pivotal role in the control of fundamental physiological processes in a plethora of different tissues. Moreover, their importance in a wide range of inherited and drug-induced pathologies spanning all major therapeutic areas makes them attractive targets for pharmacological drug screening and potential risk factors when assessing drug safety (Ashcroft, 2006; Clare, 2010; Dunlop 2008; Milligan 2009).

Several methods and technologies have been developed to meet the analytical needs for studying ion channels. These approaches have addressed ion channel function directly as well as in the context of the cell and tissue. Scaling of these technologies has allowed ion channel analysis to be carried out on high throughput and high content assay systems.

In this Research Topic we want to provide an up-to-date collection of the latest developments and improvements in ion channel screening; defining the cutting edge and indicating further developments required in the future.
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Ion channel screening: advances in technologies and analysis
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This issue provides a comprehensive picture of the most recent technological advances in the field of ion channel screening. Ion channels are proteins that form pores in cell membranes. They are involved in the control of many fundamental physiological processes in various tissues and alterations in their functions give rise to pathological conditions. Ion channels were discovered in the membrane of electrically excitable cells such as neurons, cardiomyocytes, and skeletal muscle fibers and, for decades, drugs modulating cell excitability have been targeted by the pharmaceutical industry. Ion channels also play many roles in non-excitable tissues. Approximately 13% of marketed drugs act on ion channels (Clare, 2010) and new ion channel screening technologies continue to be developed to discover new drugs.

Patch-clamp is the gold standard technique to record ion channel activity (Hamill et al., 1981). The costs associated with this technique, however, are high as a result of the need for top-quality equipment (e.g., anti-vibrating table, micromanipulator, microscope with IR-CCD camera), highly trained personnel, and low throughput. Over the years, there have been attempts to build devices to increase throughput, notably with automated electrophysiology systems. Such systems have revolutionized ion channel drug discovery by enabling the screening of numerous compounds on many types of ion channels and cellular models. These systems have also been important for safety pharmacology testing of many types of ion channels. These methods, however, need improvements with respect to throughput, quality of the electrophysiological recordings and the physiological cellular models used for drugs and safety testing.

In this issue, Stoelzle et al. (2011) review the development of new automated patch-clamp (APC) systems capable of recording 96 cells in parallel and offering 5,000 data points per day, providing a high throughput per experiment. The development of other important features such as temperature control, the ability to record action potentials, and the testing of drugs on more relevant physiological models improve the quality of results. These APC systems, however, can only be used with suspended cell lines transfected with the ion channels to be studied, thereby not allowing for the study of the processes involved in synaptic communication. Synaptic communication is critical to information processing within neuronal networks – the disruption of which is at the basis of many neurodegenerative diseases – so better understanding of the mechanisms underlying synaptic function requires interrogation of pre- and post-synaptic activity by monitoring/manipulating trans-membrane potential or currents from connected neurons.

Accordingly, there is a need for devices that will be simple to use and lead to higher throughput while providing high quality recordings for both the screening of native neuronal ion channels and the study of neuronal networks. Py et al. (2011) describe a new planar patch-clamp chip in which pipettes are replaced by apertures on a planar surface suitable for neuronal culture. Using synaptically connected snail neurons cultures on these chips, high quality recordings were obtained in both current- and voltage-clamp. If successfully translated to mammalian neurons, this new technology will provide an important tool for developing and testing drugs on more relevant physiological disease models (see also Nagarah, 2011).

The development of new technologies has increased the number of drugs that can be identified, synthesized, characterized, screened, and tested for therapeutic efficacy and safety. However, the process of drug discovery is long and expensive. Pharmaceuticals spend $50 billion annually in R&D and the average cost to bring a new drug to the market is estimated at $1.8 billion (Paul et al., 2010). Most compounds fail in clinical trials, requiring development of new strategies, and methodologies. Kaczorowski et al. (2011) suggest that the profiling of putative lead compounds to identify off-target activities joined with medicinal chemistry research to minimize such activities could save valuable time and money during the preclinical lead optimization phase.

Since ion channels control conduction of electrical activity in the heart, it is crucial to discern if off-target activities of drug candidates include cardiac ion channels. Möller and Witchel (2011) review the most recent methods to screen drug candidates in major cardiac ion channels. These methods include APC using heterologous expression systems and automated action potential recordings from stem-cell derived cardiomyocyte. Polonchuk (2012) evaluates the use of a fully APC system with integrated temperature control – the PatchLiner (Nanion Technologies GmbH, Munich, Germany) – with an ether-á-go–go related gene K+ channels assay, in an effort to set a new standard in ion channel research for drug safety testing. For their part, Kaestner and Lipp (2011) describe the advantages of screening cardiac action potentials for drug safety using optical devices to reduce mechanic manipulation of the cells.

Despite the efforts from public and private research to discover new compounds, development of treatment options for many human diseases remains frustratingly slow. It is therefore crucial to continue to seek new therapeutic targets. G protein-coupled inward rectifier K+ (GIRK) channels are expressed in the brain, heart and skeletal muscle, and endocrine tissue. GIRK channels are activated via G protein-coupled receptors and regulate the electrical activity of neurons, cardiomyocytes, and β-pancreatic cells, making them an important target for new drug discovery for treatment of neuropathic pain, drug addition, and cardiac arrhythmias (atrial fibrillation). Walsh (2011) describes the development of a screening assay which uses pituitary and cardiac cell lines expressing GIRK channels combined with patch-clamp and imaging techniques to expand on the limited pharmacology of these channels. Raphemot et al. (2011) describe the use of a thallium (see Van der Heyden, 2012 for commentary) flux-based fluorescence assay to screen a Kir1.1 inhibitor library for antagonists of GIRK. Their finding of a new compound, VU573, could be useful to investigate the function and pharmacology of these channels.

Given the importance of identifying new therapeutic targets, the work of Sitzia et al. (2011) on α7 nicotinic receptors – involved in schizophrenia and other diseases involving cognitive impairment as well as in neuroprotection – and their finding of the role played by temperature variations in the modulation of these receptors is an appropriate way of concluding this overview of recent advances in ion channel screening.

The huge developments in the field of ion channel screening technologies described in this issue clearly indicate that the future is pointed toward the screening of drugs in more physiological relevant cellular models and networks.
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Ion channels are essential in a wide range of cellular functions and their malfunction underlies many disease states making them important targets in drug discovery. The availability of standardized cell lines expressing ion channels of interest lead to the development of diverse automated patch clamp (APC) systems with high-throughput capabilities. These systems are now available for drug screening, but there are limitations in the application range. However, further development of existing devices and introduction of new systems widen the range of possible experiments and increase throughput. The addition of well controlled and fast solution exchange, temperature control and the availability of the current clamp mode are required to analyze standard cell lines and excitable cells such as stem cell-derived cardiomyocytes in a more physiologically relevant environment. Here we describe two systems with different areas of applications that meet the needs of drug discovery researchers and basic researchers alike. The here utilized medium throughput APC device is a planar patch clamp system capable of recording up to eight cells simultaneously. Features such as temperature control and recordings in the current clamp mode are described here. Standard cell lines and excitable cells such as stem cell-derived cardiomyocytes have been used in the voltage clamp and current clamp modes with the view to finding new drug candidates and safety testing methods in a more physiologically relevant environment. The high-throughput system used here is a planar patch clamp screening platform capable of recording from 96 cells in parallel and offers a throughput of 5000 data points per day. Full dose response curves can be acquired from individual cells reducing the cost per data point. The data provided reveals the suitability and relevance of both APC platforms for drug discovery, ion channel research, and safety testing.

Keywords: automated patch clamp, electrophysiology, temperature control, TRPV3, hERG, nAChR, current clamp, ion channels

INTRODUCTION

Ion channels are pore-forming proteins that catalyze the passive transport of ions through biological membranes. Given the importance of ion channels in many physiological processes, it is no surprise that they are a major therapeutic target (Hille, 1992; Ashcroft, 2000). To date over 13% of currently known drugs have been shown to act primarily on ion channels, a multi-billion dollar industry (Clare, 2010).

Patch clamp electrophysiology remains the gold standard for studying ion channels since it was first described in the 1970s (Neher and Sakmann, 1976). However, conventional patch clamp is notoriously low throughput and technically demanding. Thus, automation of the patch clamp technique increases throughput and ease of use (Farre et al., 2009), bringing patch clamp to a wider audience.

Over the last decade, several automated patch clamp (APC) devices became available and are now commonplace in many laboratories (for recent reviews see Dunlop et al., 2008; Farre et al., 2008). These devices provide information rich data whilst increasing throughput, which is essential for both drug discovery and safety testing. Such APC devices are not limited to the pharmaceutical industry. Universities and research institutions have also started to implement the use of higher throughput APC devices in their laboratories (Milligan et al., 2009; Balansa et al., 2010). National screening centers and high-throughput core facilities are appearing worldwide, combining increased throughput, sophistication, and high quality.

However, the providers of APC devices are pushing the boundaries by continually improving existing platforms and creating new and innovative devices, which have higher throughput and new features. Such features are introduced in this paper.

MATERIALS AND METHODS

SYSTEM COMPONENTS

The medium throughput patch clamp device used here was a Patchliner System (Nanion Technologies, Germany). It includes four (Patchliner Quattro) or eight (Patchliner Octo) amplifier channels (EPC-10 Quadro amplifiers, HEKA Elektronik, Germany), PatchControlHT software, integrated with PatchMaster (HEKA Elektronik, Germany), for acquisition of data, and online analysis of the recorded data. The data analysis software for visualization of traces and results of data analysis is IGOR Pro-based (WaveMetrics, USA). The data output and compound information is compatible with most database formats. A graphical user interface is used to program and execute up to 48 unattended recordings, approximately 500 data points per day can be generated. User intervention is possible at any time during an experiment. The software offers a detailed user control in combination with versatile experimental possibilities. In comparison to other available APC devices the Patchliner is equipped with temperature control, continuous waste removal allowing an unlimited number of compound additions, and the ability to perform current clamp recordings.

The high-throughput system utilized here was the SyncroPatch 96 (Nanion Technologies, Germany), a screening platform capable of recording from 96 cells in parallel. Full dose response curves can be acquired from individual cells with giga-ohm (GΩ) seals, generation of up 5000 data points per day is possible. The platform has built-in amplifiers (Triton+, Tecella LLC, USA), its own dedicated software (PatchControl96, Nanion Technologies, Germany), and a data analysis package. Temperature control or current clamp are not integrated features. Data output and compound information is compatible with most database formats.

For both systems, planar borosilicate-glass patch clamp chips are used (Farre et al., 2009).

CELL CULTURE FOR PLANAR PATCH CLAMP

For planar patch clamp, a wide range of different cell suspensions can be used (Bruggemann et al., 2008; Li et al., 2008; Milligan et al., 2009). Cell suspensions for APC devices utilizing planar patch clamp chips should be homogeneous (Milligan et al., 2009), since the cell capture is blind. The cells are ideally single. Cell clusters, cell fragments, or debris in the suspension decrease the cell capture rate and, thus, the overall success rate.

Standard cell lines

The confluency of the cells should be in the range of 50–80%. For culturing cells for use on the Patchliner and SyncroPatch 96, T75 flasks are typically used. For harvesting the cells for patch clamp experiments, no significant difference in percentage of giga-ohm seals could be found for using Trypsin, accutase, or phosphate-buffered saline ethylenediaminetetraacetic acid (PBS–EDTA) for lifting the cells.

Cell lines used in this paper:

hERG stably expressed in HEK cells (Millipore, USA).

hTRPV3 stably expressed in HEK cells (Millipore, USA).

hNav1.5 stably expressed in HEK cells (Millipore, USA).

P2X2/3 receptors stably expressed in 1321N1 cells (Evotec, Germany).

HEK cells stably expressing homomeric human nAChR α7 subunits (Galantos Pharma GmbH, Germany).

GABAA subunits α1β2γ2 stably expressed in HEK cells (source anonymous).

Harvesting protocol for cell lines. Amounts are listed for a T75 flask exemplarily:

• Wash twice with 10 ml PBS (without Ca2+ and Mg2+).

• Add 2 ml of detacher (PBS–EDTA 2 mM, Trypsin/EDTA, Accutase etc.).

• Incubate approximately 3 min in a humidified incubator at 37°C and 95% O2/5% CO2.

• Check the detachment of cells using a microscope. Move the plate or flask gently to detach all cells from the bottom (do not hit the flask, tap gently if necessary).

• Add 10 ml of cell culture medium (room temperature, RT), according to the cells used.

• Pipette the cells gently up and down with a 10-ml pipette.

• After pipetting five times, look at the cells under a microscope. If the cells are single (80–90%), no further pipetting is needed.

• If cells still form clusters, gently pipette cells another 10 times. Repeat this step until cells are single (80–90%).

• Centrifuge the cells (2 min, 100 g).

• Discard the supernatant.

• Resuspend the cells in external recording solution resulting in a cell density of approximately 1 × 106 cells/ml.

• A visual control of the cell suspension under the microscope should reveal single, round cells with smooth membrane edges and few cell clusters.

• Transfer cells to the cell hotel of the Patchliner where cells are continuously pipetted up and down to maintain single cells and viability.

Stem cell-derived cardiomyocytes

Differentiation of genetically modified mouse embryonic stem cells (mESC) and the antibiotic selection of the mESC-derived cardiomyocytes have been described previously in detail (Kolossov et al., 2006).

Vials of at least one or five million viable mESC-derived cardiomyocytes (Cor.At cells, Lonza, Walkersville, USA, catalog numbers XCAC-1010 or XCAC-1050, respectively) obtained directly from the manufacturer (Axiogenesis, Cologne, Germany) were thawed as described in the distributors technical manual (https://www.lonza.com/go/literature/). For long-term storage, the cells are frozen as single cell suspensions in liquid nitrogen or −150°C freezers. When cultured overnight at an appropriate cell density, the thawed cardiomyocytes form spontaneously and synchronously contracting monolayers.

Cells were seeded at a density of 105 viable cells/cm2 culture area in one T25 cell culture flask with 5 ml Cor.At Complete Culture Medium when a vial with one million viable mESC-derived cardiomyocytes was used. Two T75 cell culture flasks each with 10 ml Cor.At Complete Culture Medium were used when a vial containing five million mESC-derived cardiomyocytes was taken.

iCell cardiomyocytes (Cellular Dynamics International, Madison, WI, USA) were plated on T25 culture flasks coated with 0.1% gelatin as per manufacturers’ instructions. A vial containing > 1.5 × 106 platable cells (catalog number CMC-100-110-001) was plated on one T25 flask, a vial containing > 7.5 × 106 platable cells (catalog number CMC-100-110-005) was plated on five T25 flasks. For each 1 × 106 viable cells, 9 ml cold iCell Cardiomyocytes Plating Media (4°C) was used. After 24 h the media was exchanged for iCell Cardiomyocytes Maintenance Media.

Harvesting protocol for mouse stem cell-derived Cor.At cardiomyocytes. Amounts are listed for a T75 flask exemplarily:

• Cells must be cultured for at least 2–4 days before patch clamp experiments are performed.

• Wash twice with 10 ml 4°C cold PBS (without Ca2+/Mg2+)/EDTA (2 mM).

• Incubate at 4°C for 15 min.

• Remove PBS/EDTA.

• Add 5 ml pre-warmed (RT) Trypsin 0.05%/EDTA 0.02% in PBS solution.

• Incubate 4–5 min in a humidified incubator at 37°C and 95% O2/5% CO2.

• Check the detachment of cells under a microscope. Move the plate or flask gently to detach all cells from the bottom (do not hit the flask).

• Add 10 ml of Cor.At Complete Culture Medium (RT).

• Centrifuge the cells (2 min, 100 g).

• Discard the supernatant.

• Add external recording solution resulting in a cell density of approximately 1 × 106- 5 × 107/ml. Carefully resuspend the cells by gentle pipetting (two times max.).

• A visual control of the cell suspension under the microscope should reveal single, round cells with smooth membrane edges and no cell clusters.

• Transfer cells to the cell hotel of the Patchliner where cells are continuously pipetted up and down to maintain single cells and viability.

Harvesting protocol for human iPS cell-derived iCell cardiomyocytes. Amounts are listed for a T25 flask exemplarily:

• Cells should be cultured for at least 2–4 days before patch clamp experiments are performed.

• Wash twice with 5 ml 4°C cold PBS (without Ca2+/Mg2+)/EDTA (2 mM).

• Add 5 ml 4°C cold PBS (without Ca2+/Mg2+)/EDTA (2 mM).

• Incubate at 4°C for 15 min.

• Remove PBS/EDTA.

• Add 2 ml Trypsin 0.05%/EDTA 0.02% in PBS solution.

• Rock the dish from side to side to ensure an even distribution of Trypsin.

• Immediately remove the Trypsin (before cells start to detach). Despite removing the liquid, there is still enough Trypsin on the surface to detach the cells.

• Incubate the flask for 3–8 min at 37°C and 95% O2/5% CO2. Check the detachment of cells under a microscope after 3 min. Move the plate or flask gently to detach all cells from the bottom (do not hit the flask, tap gently if required). If cells are not detached return the flask to the incubator.

• Once cells start to detach, add 1 ml media and 1 ml external recording solution. Carefully resuspend the cells by gentle pipetting (two times max.).

• Transfer cells to the cell hotel of the Patchliner where cells are continuously pipetted up and down to maintain single cells and viability.

Patch clamp solutions. Internal solution: 50 mM KCl, 10 mM NaCl, 60 mM KF, 20 mM EGTA, 10 mM HEPES/KOH, pH 7.2 (for Figures 1, 2, 5, 6, and 8) or 50 mM CsCl, 10 mM NaCl, 60 mM CsF, 20 mM EGTA, 10 mM HEPES/CsOH (for Figures 3, 4, 9, and 10). External solution (except for recordings shown in Figure 9B): 140 mM NaCl, 4 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 5 mM D-Glucose monohydrate, 10 mM HEPES/NaOH pH 7.4. External solution for nicotinic α7 channel recordings (Figure 9B): 80 mM NaCl, 3 mM KCl, 45 mM CaCl2, 10 mM HEPES (Na+ salt)/HCl, pH 7.4. Solutions for action potential (AP) recording in the conventional patch clamp rig (Figure 5G) were 130 mM KAs, 15 mM KCl, 5.5 mM MgCl2, 5 mM Na2ATP, 5 mM K2 phosphocreatine, 10 mM HEPES, pH 7.25 (internal) and 140 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM glucose, 10 mM HEPES, pH 7.35 (external).
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Figure 1. Effect of erythromycin on hERG-mediated currents at (A) room temperature and (B) 35°C. The graphs are shown on the same scale. Hundred micromolar erythromycin significantly blocked hERG currents at 35°C but had little effect on hERG currents at RT, n = 1 each.
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Figure 2. Concentration response curves for erythromycin at room temperature (n = 12) and at 35°C (n = 18). Erythromycin is approximately 10-fold more potent at 35°C compared with room temperature. An overlay of the concentration response curves at room temperature and 35°C clearly shows the shift in potency.
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Figure 3. (A) Currents elicited using a voltage ramp protocol from −100 to 100 mV over 200 ms and activation of TRPV3 receptors by increasing concentrations of 2-APB. (B) Concentration response curve for n = 11 cells revealing an EC50 for 2-APB of 61.1 ± 7.6 μM.
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Figure 4. Current traces of TRPV3 activated by heated solution. External solution was heated to the temperature shown and applied to the cell. Currents started to activate at ≥38°C.
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Figure 5. (A) Representative traces of a Cor.At cardiomyocyte recorded in the voltage clamp mode and block by increasing concentrations of TTX. Raw data of Na+ currents in control solution and in the presence of increasing TTX concentrations (0.3, 1, 3, 10, and 30 μM), elicited by 10 ms voltage steps to 0 mV from a holding potential of −80 mV, sweep interval 2 s. (B) Corresponding concentration response curve with a calculated IC50 of 1.3 ± 0.4 μM (n = 3). (C) Corresponding time plot of the experiment showing the stability of the recording. Current amplitude was reduced step by step upon application of the increasing concentrations. A washout of TTX was performed at the end of experiment. (D) Representative traces of highly reproducible APs as recorded in the current clamp mode. Sweep interval between each stimulus was 10 s. Traces were recorded over 15 min, the first and the last 4 APs are shown. The same experiment as shown in (A) was performed on the semi-automated patch clamp system Port-a-Patch (E). The corresponding IC50 was calculated to be 1.1 ± 0.5 μM (n = 4) (F). (G) Comparison of an AP recorded with the Port-a-Patch (top trace) and using a conventional patch clamp rig (lower trace). Gray line indicates 0 mV.
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Figure 6. (A) Raw data of Na+ currents of one human iPS cell-derived iCell cardiomyocyte in control solution and in the presence of increasing TTX concentrations (0.3, 1, 3, 10, and 30 μM). (B) Corresponding concentration response curve for an average of four cells reveals an IC50 of 2.5 ± 1.0 μM for TTX (n = 4). (C) In the current clamp mode, a TTX concentration-dependent reduction of the amplitude as well as a concentration-dependent AP shortening was observed. The IC50 was calculated to be 5.6 μM (n = 2).



Electrophysiology. Whole cell patch clamp recordings were conducted as previously described (Farre et al., 2009; Stoelzle et al., 2011). Currents were elicited using voltage protocols in the voltage clamp mode. For hERG, a voltage step protocol from the holding potential (−80 mV) to +40 mV for 500 ms followed by a 500-ms step to −40 mV, repeated every 20 s. Peak amplitude at −40 mV was used for analysis. For Nav 1.5, currents were elicited using 10 ms voltage steps from −120 to 0 mV repeated every 1 s. For ligand-gated experiments, cells were held at a constant holding potential of −80 mV and solutions were exchanged within 100 ms to activate receptors and minimize ligand exposure time. For heat activation of TRPV3 channels, external solution was heated to the temperature indicated and applied to the cell. Alternatively, 2-APB at increasing concentrations at RT was used to activate TRPV3. A voltage ramp protocol from −100 to 100 mV over 200 ms was used to record TRPV3 currents. Current amplitude at 90 mV was used for analysis. APs were generated using a depolarizing pulse to the threshold at which an AP was elicited. Membrane potential was kept at −80 to −100 mV (cell dependent). The AP traces shown represent an average response of four recorded APs. The APs were normalized to the time point of the beginning of the upstroke. Equipment: NPC-16 Patchliner Octo (with temperature control option) and SyncroPatch 96 (Nanion Technologies GmbH, Germany). Patch clamp amplifier for the Patchliner: EPC-10 Quadro (HEKA Elektronik GmbH, Germany), patch clamp amplifier for the SyncroPatch 96: Triton + (Tecella, CA, USA), PatchControl HT and PatchControl 96 software (Nanion Technologies GmbH, Germany). Software for data acquisition (PatchMaster, HEKA Elektronik GmbH, Germany; PatchControl 96, Nanion Technologies GmbH, Germany) and analysis (IGOR Pro WaveMetrics Inc., OR, USA and SyncroPatch Data Analysis Package, Nanion Technologies GmbH, Germany). NPC-16 or NPC-96 chips (single-use, disposable; Nanion Technologies GmbH, Germany) were used.

APPLICATIONS AND NOVEL FEATURES

TEMPERATURE REGULATION

Experiments at physiological temperature

Compounds can display different properties or different potencies at physiological temperature (35°C) vs. RT. Therefore, it is a desirable option to be able to study ion channels at elevated temperature. To meet this need, several heating elements were introduced into the Patchliner. The surrounding of the planar patch clamp chip can be heated to maintain constant, physiological temperature. The solution, which is pipetted onto the cell, can also be heated separately. To prevent any degradation of compounds inside the pipette due to long heating phases, only the volume which is required (typically 40–100 μl, depending on the application) is heated, directly before application to the chamber of the patch clamp chip. Heating of the solution, which is applied to the cell takes 23.4 ± 4 s (for temperatures between 30 and 70°C; data not shown).

One compound, which has been shown to have an increase in potency at physiological temperature, is erythromycin. Erythromycin is a macrolide antibiotic, which can cause QT prolongation and cardiac arrhythmia. Erythromycin has been shown to block hERG channels at physiological temperature with an IC50 of approximately 40 μM (Stanat et al., 2003). However, at RT erythromycin is much less potent. At a concentration of 100 μM, erythromycin causes no significant block of hERG currents at RT but significantly blocks currents at physiological temperature (Guo et al., 2005).

Here we present data collected on a Patchliner Octo with temperature control at RT and at 35°C and the effect this has on the potency of erythromycin. Current responses of two individual cells to 500 ms voltage pulses to +40 mV and then −40 mV in the presence and absence of 100 μM erythromycin at RT and 35°C are shown in Figure 1. At RT (Figure 1A) 100 μM erythromycin caused little reduction in current amplitude (at −40 mV; approx. 15%) compared with an almost 50% reduction in current amplitude at 35°C (Figure 1B). This is in good agreement with the literature (Guo et al., 2005).

Typically, single concentrations of erythromycin were applied to each cell. Figure 2 shows averaged concentration response curves for erythromycin at RT and at 35°C overlaid. At higher concentrations (300 μM), erythromycin did block hERG currents at RT by approximately 40% and gave an IC50 of 427.5 μM calculated from the graph (n = 12). At 300 μM, erythromycin blocked hERG currents at 35°C by 70% and the IC50 at this temperature was calculated to be 30.7 μM (n = 18). This is in excellent agreement with values reported in the literature (Stanat et al., 2003).

Table 1 shows success rates of reaching a giga-ohm seal and cell parameters for hERG stably expressed in HEK cells (Millipore, USA), n = 35.

Table 1. Success rate, cell parameters, and experiment duration for n = 35 HEK cells stably expressing hERG.
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Heat activation of TRPV3

Transient receptor potential (TRP) channels are an important class of receptors found widely distributed throughout the mammalian central and peripheral nervous systems. They have been shown to be activated by many stimuli including temperature, mechano-stimulation, divalent cations, and pH (for review see Clapham, 2003). TRP channels are receiving much attention as potential targets for the treatment of, for example, chronic pain, asthma, and diabetes insipidus (Clapham, 2003; Gudermann and Flockerzi, 2005).

We have used the Patchliner to study TRPV3 channels using either 2-APB or heat to activate the receptors. High quality data could be achieved with a high success rate for obtaining seals in the GΩ range (> 80%). Table 2 shows success rates and cell parameters for TRPV3 stably expressed in HEK cells (Millipore, USA) activated by either 2-APB or heat.

Table 2. Success rate, cell parameters, and experiment duration for n = 87 HEK cells stably expressing TRPV3.
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TRPV3 currents were activated by 2-APB in a concentration-dependent manner. Figure 3 shows current traces of TRPV3 expressed in HEK cells and activation by 2-APB. The concentration response curve is also shown revealing an EC50 = 61.1 ± 7.6 μM (n = 11). This is in good agreement with values reported in the literature (Chung et al., 2004; Hu et al., 2009).

TRPV3 receptors can also be activated by temperature. Figure 4 shows the activation of TRPV3 channels by increasing temperature. To do these experiments, external bath solution was heated in the robotic pipette and after the set temperature was reached, the heated solution was applied to the cell at a speed of 10 μl/s. Outwardly rectifying currents started to activate at 38°C and increased in amplitude as temperature increased, up to 54°C, in good agreement with the literature (Peier et al., 2002; Smith et al., 2002; Xu et al., 2002).

PARALLEL CURRENT CLAMP MEASUREMENTS

The Patchliner was used in combination with stem cell-derived cardiomyocytes, a standardized and pure cardiac myocyte model. This is a new opportunity because cardiac toxicity can now be evaluated in a cell type which better represents the real physiological environment compared with a cell line overexpressing a particular ion channel. Patch clamp measurements with cardiac myocytes are sophisticated experiments that were, until now, only possible using conventional patch clamp using freshly isolated cardiac myocytes from animals. Stem cell-derived cardiac myocytes are commercially available, a pure population and ready-to-use resulting in a quicker cell preparation time and better reproducibility of the assay.

The Patchliner was used for pharmacological experiments in both voltage clamp and current clamp modes so that the effects of cardiotoxic compounds could be directly investigated on both ion currents and APs. The eight-channel system Patchliner and the one-channel system Port-a-Patch (Farre et al., 2007) are the currently only APC devices which allow for both voltage and current clamp recordings. We used mouse stem cell-derived Cor.At cardiomyocytes and human iPS cell-derived iCell cardiomyocytes. The cells showed expression of Na+, Ca2+, and K+ channels in the voltage clamp mode after a minimum of 2 days of culturing (for Cor.At cells, see also Stoelzle et al., 2011). Cor.At cardiomyocytes which had been in culture for more than 4 days required a prolonged incubation with the digestion enzyme to obtain single cell suspensions. This in turn reduced the success rates to obtain giga-ohm seals, hence we used cells that were in culture for 2–4 days. We did not see a difference between those cells with regards to channel expression or success rate.

After optimization of the harvesting methods, the Cor.At and iCell cardiomyocytes had a high success rate when used on the Patchliner, which resulted in long lasting recordings both in voltage clamp and current clamp modes (Figures 5 and 6). A typical pharmacological experiment in the voltage clamp mode using multiple concentrations of a compound (in this case TTX) and washout to check reversibility was performed with a Patchliner (Figures 5A–C and 6) and also with the Port-a-Patch (Figures 5E,F). In the current clamp mode, APs were elicited by a short depolarizing pulse (1 ms current injection to the threshold at which an AP was elicited). The shape was not only comparable to the shape of APs recorded with the one-cell-at-a-time system Port-a-Patch and a conventional patch clamp rig (Figure 5G), but also stable over a long period of time (Figure 5D), confirming that the cells are suitable for analyzing compound effects on APs. Therefore the generation of a full concentration response curve on an individual cell can be generated easily due to the stability of the measurements (Figure 5D; see also Stoelzle et al., 2011). Pharmacological experiments on APs have been extensively studied on Cor.At cells, including a study on frequency dependent inhibition of Na+ channels (Stoelzle et al., 2011). Figure 6C shows APs generated using iCell cardiomyocytes using a short depolarizing pulse (as described above) and the expected shortening of the AP duration and a slowing of velocity of the upstroke by increasing concentrations of TTX. The IC50 achieved in the current clamp mode [IC50 = 5.6 μM (n = 2)] agrees well with the IC50 from voltage clamp [2.5 ± 0.9 μM (n = 4)]. Table 3 shows success rate and cell parameters for iCell cardiomyocytes (n = 69).

Table 3. Success rate, cell parameters, and experiment duration for n = 69 iCell cardiomyocytes.
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HIGH-THROUGHPUT AUTOMATED PATCH CLAMP

The SyncroPatch 96 (Figure 7) is a screening platform which generates high quality patch clamp data and provides accurate pharmacology because full dose response curves can be acquired from individual cells with giga-ohm seals. It is a well suited tool for secondary screening efforts and for safety testing either for dose response analysis or single-point screening. Table 4 shows success rates of representative experiments using Nav1.5 overexpressing HEK cells on one patch clamp chip (NPC-96 patch clamp chip for 96 cells being recorded in parallel). Furthermore, the stability of cells over time is listed as well. Figure 8 shows a corresponding graphical depiction of the development of the seal stability over time.

Table 4. In total, 64 of the 96 cells reached a seal resistance of around 1.8 GΩ within the first 10 min after reaching the whole cell mode, 21 cells reached a resistance of around 783 MΩ.
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Figure 7. The SyncroPatch 96 is an automated patch clamp device for parallel recordings and online analysis of up to 96 cells. All 96 cells are voltage clamped at any time. The pipette arm contains 16 channels, therefore 16 of the cells are served with solution in parallel. The device utilizes planar borosilicate-glass chips. The solution exchange for the individual cell is in the range of 100 ms.
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Figure 8. Development of seal stability of 96 Nav1.5 overexpressing HEK cells over time on the SyncroPatch 96. 69.8% of the cells had a stable membrane resistance of >500 MΩ (783 ± 29 MΩ) for 20 min, 67.7% of the cells were stable until the experiment was finished after 30 min. 43.8% of cells having a membrane resistance of >1 GΩ (1865 ± 99 MΩ) were stable for 20 min, 31.3% of them still had a stable resistance after 30 min. Note the increase of cell percentage developing a higher resistance within 10 min after reaching the whole cell configuration.



Voltage clamp recordings are continuous during compound application and solution exchange time is in the order of 100 ms. This allows for screening of compound action on ligand- and voltage-gated ion channels. An APC device with fast solution exchange is a prerequisite for studying fast desensitizing channels such as nicotinic acetylcholine receptor (nAChR). Enhancers of nAChRs, such as galantamine, may have therapeutic benefit for Alzheimer’s disease (Samochocki et al., 2003). It is, therefore, essential to be able to search for nAChR agonists and enhancers at a higher throughput.

Figure 9A shows a typical screenshot with recordings of a ligand-gated ion channel, P2X2/3. P2X2/3 receptors in a 1321N1 cell were repeatedly activated by 10 μM ATP, demonstrating the reliability of repetitive drug applications. nAChR α7 expressing HEK cells were activated by increasing concentrations of ACh (30, 100, 300 μM; Figure 9B). Given the importance of this channel as a potential therapeutic target for conditions such as Alzheimer’s disease, schizophrenia, and Parkinson’s disease (for review see Colquhoun et al., 2003; Albuquerque et al., 2009), it is critical that researchers have tools to study them reliably.
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Figure 9. Multiple compound additions can be performed, allowing the generation of full concentration response curves on individual cells. (A) P2X2/3 receptors expressed in a 1321N1 cell were repeatedly activated by 10 μM ATP (three times activation with intermittent wash steps; data courtesy of Evotec AG). (B) Activation of nicotinic α7 receptors with 30, 100, and 300 μM Ach in one cell. Cells stably expressing human nAChRs were kindly provided by Galantos Pharma GmbH.



The disposable planar borosilicate-glass substrate used for seal formation ensures high quality data and long lasting seals when using the Patchliner and SyncroPatch 96. In general, with a success rate for completed experiments of 51.7 ± 10% (n = 567), the SyncroPatch 96 has a data throughput of approximately 5000 data point per day. With a Patchliner Octo, having a success rate of around 80%, approximately 500 data points can be generated per day (Farre et al., 2009).

DATA ANALYSIS

Increasing the throughput in APC devices results in an increase in data generation and, thereby, necessitates the need for automated data analysis. Figure 10A shows a screenshot of one run on a Patchliner Octo, which records from eight cells at a time. Here, Nav1.5 stably expressing HEK cells were used (Millipore, USA). The raw data are saved as PatchMaster (.dat) files and an additional Microsoft office excel spreadsheet is generated, which can be easily loaded in IGOR Pro (WaveMetrics, USA). We developed a macro which is implemented in IGOR Pro that enables the upload, graphical display of raw data traces and IC50 calculation of individual cells or an average of all cells for each compound in summary (Figure 10B).
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Figure 10. (A) Graphical user interface for software used on a Patchliner system. PatchMaster raw data files from eight parallel recordings of Nav1.5 expressing HEK cells. A screenshot of the oscilloscope with current traces and online analysis windows with corresponding current–voltage relations are shown. Data are loaded into IGOR Pro (B) with aid of a macro. After a few mouse clicks, individual IC50 values for a compound (here lidocaine) from each cell and the averaged data, including all relevant values and calculations, are displayed.



For the analysis of concentration response curves, the SyncroPatch 96 software provides an intuitive graphical user interface (Figure 11). The recording sites are color coded according to user defined success criteria (membrane resistance, access resistance, current amplitude etc.). The user can generate individual IC50 values or an average IC50 of the recorded cells. Current–voltage relationships, leak-subtraction, and time-dependence of recorded values can be displayed besides a repertory of other calculations.


[image: image]

Figure 11. Graphical user interface of the screening and data analysis software used on the SyncroPatch 96. (A) Screenshot of depiction of raw data of GABAA subunits α1β2γ2 expressing HEK cells as recorded on one NPC-96 patch clamp chip. Ninety-six small color coded pictures as seen in the upper left part display all 96 parallel recordings. Depending on the seal resistance, pictures are green (Rmemb > 100 MΩ), blue (Rmemb = 50–100 MΩ), light blue or gray (Rmemb < 50 MΩ or no cell capture). One highlighted experiment is displayed below, 16 other selected experiments are displayed on the right. Traces show currents of individual cells which were activated by six GABA concentrations (0.3, 1, 3, 10, 30, and 100 μM). Intermittent wash steps with control solution were performed. (B) Screenshot showing the same experiment as in (A), but displaying individual concentration response curves. For highlighted experiments (in lower part and right), note the different shades of blue overlaid on the curves, representing the six increasing concentrations of GABA. The white color represents the intermittent wash steps. (C) Averaged concentration response curve and related parameters of successful experiments (here 70 out of 96) of the same experiment.



DISCUSSION AND OUTLOOK

The APC devices used here for data recordings are equipped for studying ion channels in various areas of research, drug discovery, and safety screening. The data quality and reproducibility of pharmacological experiments is consistent between the automated systems and a manual patch clamp rig or semi-automated patch clamp system like the Port-a-Patch as shown for current clamp recordings from pluripotent stem cell-derived cardiomyocytes. The overall instrument performance, success rates, longevity of recordings, and compatibility with various cell lines and assay types are fundamental for effective screening work in electrophysiology departments. Effective screening in the broader sense also means cost effectiveness, which is, of course, an essential qualification. The combination of an in vitro cardiac cell model with higher throughput patch clamp screening technology opens up a new way for cardiotoxicity prediction in a physiologically relevant cell system. The ability to perform current clamp recordings and a temperature-regulated cell environment are unique features of the Patchliner, currently not available on other higher throughput APC systems. Furthermore, the temperature control feature of the Patchliner can be used to record ion currents and APs at physiological temperatures and to activate temperature-regulated receptors such as the TRP family of receptors to discover specific inhibitors with a reduced side-effect profile. The data shown on TRP channels prove not only the versatility of the liquid handling that is needed to repeatedly activate the cell by perfusing heated solution, but also the exactness of heating and precisely timed exposure of the cell to the heated solution.

The Patchliner is compatible with many different cell lines, showing little discrepancy between the cell lines used (data described in this paper and Bruggemann et al., 2006; Farre et al., 2007, 2009). Interestingly, recordings of a variety of primary cells have also been described using the Patchliner (Milligan et al., 2009). Few, if any, other APC devices have been able to demonstrate such compatibility with primary cells.

In both academic and pharmaceutical laboratories it is of advantage to be able to record ion channels in a more physiologically relevant environment, e.g., primary cell cultures, for drug discovery, biophysical and physiological analysis, and safety pharmacology using an APC system.

Fast external exchange, minimal compound exposure, and continuous current recording make the Patchliner and SyncroPatch 96 suited to ligand-gated ion channel measurements. Fast desensitizing receptors such as the nicotinic α7 receptor can be reliably recorded when taking advantage of the possibility to minimize the exposure time of the cell to the compound. The applied compound solution, e.g., containing the ligand can be replaced by a control solution after 200 ms. Volumes of the ligand containing or control solution and speed of application are set by the user to control speed of exchange and ligand exposure time. Settings can be adapted according to the receptor of interest to optimize reproducibility of current responses.

Providers of APC devices constantly strive to improve and extend the application range of these devices and features. As described in this manuscript, recordings in the current clamp mode and at physiological temperature are relevant features and will be of good use in the future in both academic and pharmaceutical research.
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The biophysical properties of single neurons and synaptic connections between populations of neurons enable the brain to form memories, make decisions, and perceive the surrounding environment. The ability of neurons to transmit signals is reliant on ion channel proteins embedded in the plasma membrane (Hodgkin and Huxley, 1952; Koch, 2005). Ion channel defects and neural network dysfunction are the basis of several neurological disorders (Ackerman and Clapham, 1997; Palop et al., 2006; Seeley et al., 2009). The development of new technologies, such as those mentioned within this issue, is fueled by the desire not only to understand the fundamental processes underlying neuronal signals, but also, to gain a better understanding of the causes, and thus potential treatments for neurological diseases.

Traditionally, ion channel protein activity in single cells has been monitored using the glass pipette patch-clamp technique (Hamill et al., 1981). Our detailed understanding of ion channel kinetics and pharmacological properties made possible by this technique is one of the reasons why so many drug targets include ion channels (Wang and Li, 2003). However, the patch-clamp technique has been limited by the number of cells from which it can simultaneously record. Recent advances in robotics have enabled measurements in brain slices from 12 simultaneous pipette patch-clamp electrodes, illustrating novel electrophysiological principles that govern network behavior, though these experiments are still demanding on the user (Anastassiou et al., 2011). In contrast, multi-electrode arrays (MEAs) and silicon-based transistor arrays allow for extracellular recordings from hundreds and thousands of electrodes simultaneously (Pine, 1980; Hutzler et al., 2006). Despite the limited amount of biophysical information obtained from these experiments, the high throughput of MEAs has enabled their successful use in discovering novel network mechanisms (Hosoya et al., 2005) and in screening potential pharmaceutical compounds (Hill et al., 2010; Redon et al., 2010). As each technique presents its own strengths and weaknesses, combining the throughput of the MEA platform with the resolution and control of the patch-clamp would provide a unique hybrid that would be highly welcomed in many areas of neuroscience.

Recently, researchers have succeeded in replacing the glass pipette with a micro-machined orifice in a planar substrate. Through their ability to achieve an electrical resistance greater than 1 gigaohm between the cell membrane and pore, planar patch-clamp electrodes have enabled high quality electrophysiology recordings (Fertig et al., 2002; Nagarah et al., 2010). Automated patch-clamp (APC) systems have been used primarily for pharmaceutical screening against ion channels of interest expressed in cell lines. Only recently have APCs been used to investigate primary cells or physiologically more relevant cells derived from pluripotent stem cells (Milligan et al., 2009; Stoelzle et al., 2011). In this issue, Py et al. (2011) describe their success in integrating cultured neurons onto planar patch-clamp electrodes. A significant accomplishment of theirs is obtaining gigaohm seals between poly-L-lysine (PLL) coated apertures and cultured neurons. This is surprising considering the contamination susceptibility of patch-clamp electrodes, suggesting the sealing mechanism of suspended cells is different than that of cultured neurons. Their platform has allowed for intracellular recordings of neuronal activity from cultured neurons and synapse formation on the chip, demonstrated by dual planar and pipette measurements along with pharmacological characterization. Simultaneous recordings from synaptically connected neurons with dual planar electrodes have proven difficult so far, but nonetheless, they are able to record from multiple apertures simultaneously using an improved device fabrication scheme and microfluidic channels. The authors are also making advancements in chemical patterning methods to precisely localize neurons onto the planar orifices which will eliminate the need for manual placement.

While the bulk of recordings have been from snail neurons, the authors have recently integrated mammalian neurons onto their device, increasing the applicability of this platform to drug screening. High throughput pharmaceutical screening on patch-clamped neuronal cultures will enable the observation of a drug’s effect on synaptic transmission as well as ion channel behavior. Additionally, the planar nature of the devices described here opens up the possibility of integrating with it other technologies. For example, a novel microfluidic culture system has allowed for investigations of the cell biology of synaptic functions with high spatial and temporal resolution (Taylor et al., 2010). Combining a similar system with planar patch-clamp electrodes would add electrophysiological control to cell biology experiments, and provide even more detail to synaptic dynamics investigations. Further development is still needed before such experiments are made possible, but Py et. al.’s efforts will undoubtedly contribute to the growing list of tools that neuroscientists use to provide insight in neural computation, the nature of neurological diseases, and the treatment of diseases.
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All excitable cell functions rely upon ion channels that are embedded in their plasma membrane. Perturbations of ion channel structure or function result in pathologies ranging from cardiac dysfunction to neurodegenerative disorders. Consequently, to understand the functions of excitable cells and to remedy their pathophysiology, it is important to understand the ion channel functions under various experimental conditions – including exposure to novel drug targets. Glass pipette patch-clamp is the state of the art technique to monitor the intrinsic and synaptic properties of neurons. However, this technique is labor intensive and has low data throughput. Planar patch-clamp chips, integrated into automated systems, offer high throughputs but are limited to isolated cells from suspensions, thus limiting their use in modeling physiological function. These chips are therefore not most suitable for studies involving neuronal communication. Multielectrode arrays (MEAs), in contrast, have the ability to monitor network activity by measuring local field potentials from multiple extracellular sites, but specific ion channel activity is challenging to extract from these multiplexed signals. Here we describe a novel planar patch-clamp chip technology that enables the simultaneous high-resolution electrophysiological interrogation of individual neurons at multiple sites in synaptically connected neuronal networks, thereby combining the advantages of MEA and patch-clamp techniques. Each neuron can be probed through an aperture that connects to a dedicated subterranean microfluidic channel. Neurons growing in networks are aligned to the apertures by physisorbed or chemisorbed chemical cues. In this review, we describe the design and fabrication process of these chips, approaches to chemical patterning for cell placement, and present physiological data from cultured neuronal cells.
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INTRODUCTION

Neuronal functions – ranging for resting membrane potential, action potential propagation, transmitter release, synaptic transmission to plasticity-rely upon a variety of proteins embedded in the plasma membrane called ion channels. A common harbinger of many neurodegenerative diseases is the disruption of neural network activity caused by the impairment of synaptic function (Palop et al., 2006; Seeley et al., 2009). Per se, most drugs designed to treat neuronal pathologies are targeted toward ion channels (Conte Camerino et al., 2007). The search for novel therapeutic targets and the need for reliably predictive assessments of potential therapeutics are driving the demand for improved screening technologies against ion channels in cells that are synaptically connected (Stett et al., 2003a). Simple but physiologically relevant in vitro preparations, which are capable of modeling key aspects of brain function and are interfaced with a high-resolution functional interrogation system that permits high-throughput assessment at reasonable cost, need to be developed to address this demand.

The patch-clamp method developed by Nobel laureates Neher and Sakmann (1976) has proven to be the state of the art technique for high-resolution interrogation of electrophysiological activity. This technique consists in approaching a glass pipette, filled with a physiological saline solution and with a micron-sized tip aperture, to the surface of a cell and to isolate a “patch” of its membrane by forming a high resistance seal between the membrane and the perimeter of the aperture (cell-attached configuration; Figure 1A). Using an amplifier connected to chlorate silver wires, one inserted in the glass pipette, the other in the culture bath, the activity of individual ion channels spanning the membrane patch can be recorded. The rupture of the membrane patch provides access to the intracellular space of the cell (whole-cell configuration), allowing the electrical access to ion channels populating the entire cell membrane. The patch-clamp approach is important as it allows direct visualization of microstates of single ion channel proteins, and how they are targeted by disease as well as drugs (Wang and Li, 2003). Most federal drug agencies mandate that patch-clamp data be provided for drugs that target ion channels. Additionally, any drug, regardless of its target, must be screened against certain ion channels to show that it does not perturb function of other organs/systems. The patch-clamp method has been refined and has led to techniques for high-resolution recording of current in excised membrane patches (inside-out and outside-out configurations; Hamill et al., 1981). Conventional patch-clamp requires highly qualified personnel and is labor intensive, making it slow and expensive, which limits its potential as a high-resolution interrogation tool for drug development assays.
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Figure 1. Patch-clamp interrogation of neurons. (A) Conventional glass pipette. (B) Patch-clamp chip, with the tip of the pipette replaced by a micro-aperture in a self-supported film separating two baths. (C) Patch-clamp array chip, where several micro-apertures are etched in the self-supported film and the bottom bath is subdivided in microfluidic channels, one dedicated to each aperture. This novel structure can simultaneously interrogate cells in network communication. Taken from Py et al. (2008).



Planar patch-clamp chips have been developed and refined over the last decade to specifically address the above limitation (Sigworth and Klemic, 2005; Behrends and Fertig, 2007). The tip of the pipette (Figure 1A) is replaced by a micron-sized aperture through a self-supported thin film (Figure 1B) separating an upper cell suspension chamber from an underlying “pipette” chamber. This chip is mounted in a two-chamber setup, the top one serving as the culture dish and the bottom one as the equivalent of the inside of the glass pipette. The cell is patched on the micrometer-sized aperture. The activity of the cell is measured through an amplifier connected to the recording electrode placed in the bottom chamber (subterranean microfluidic) and the reference electrode in the culture dish (Figure 1B).

This design makes the mechanized delivery of isolated cells in suspension to the aperture possible and, in combination with programmed seal detection and stimulation-recording routines, has led to the automation of patch-clamp. An alternative approach developed to increase the throughput of direct ion channel interrogation is the dual sharp electrode voltage-clamp system developed to record currents from ion channels over-expressed in oocytes (Schnizler et al., 2003). This process is also amenable to automation by using robotically controlled electrodes and assay chambers (Wang and Li, 2003). Automated patch-clamp and dual electrode voltage-clamp systems have been commercialized by several companies (Dunlop et al., 2008) and are now used to complement fluorometric imaging plate reader assays (Molecular-Devices-Corp1; Allenby et al., 2001) for high-throughput drug screening. These systems improve data throughput, a critical advantage for primary drug screening. However, the technique is predominantly used to study ion channels over-expressed in non-neuronal cell lines and is restricted to isolated cells lacking synaptic communication, resulting in models of questionable biological relevance mostly inadequate for secondary screening. Since the majority of drugs acting on ion channels target synaptic transmission, interrogation of individual cells at multiple sites in communicating networks has enormous potential for pharmaceutical assays.

Multielectrode arrays (MEAs) allow interrogation of activity in communicating networks of neurons using cell culture, brain slice, or in vivo preparations (Taketani and Baudry, 2006; Jones et al., 2011) by sensing extracellular field potentials from proximal cells. MEAs are powerful and readily available tools to monitor the activity of networks of neurons and their perturbations by diseases or drugs (MEA Meeting, 2010). Commercially available MEAs (AlphaMED2; Axion-Biosystems3; Ayanda4; Multi-Channel-Systems5) typically incorporate up to a few hundred electrodes, permitting recording of passive and stimulated electrophysiological activity from various sized windows within a neuronal network with varying spatial resolution (typically 30–100 μm). More recently, field-effect transistor array technology (Fromherz et al., 1991; Fromherz, 2003; Patolsky, 2007; Frey et al., 2009) has allowed the integration of up to 16,384 electrodes with sub-cellular spatial resolution (Lambacher et al., 2004), although this platform is not yet commercially available (Graham et al., 2011) and data analyses are daunting. Furthermore, progress in nanotechnology has allowed the development of lower impedance electrodes resulting in remarkable improvements in signal-to-noise ratios (Ben-Jacob and Hanein, 2008; Huys et al., 2008; Hai et al., 2010). Despite these advances, intracellular control, and notably voltage- and current-clamp, is not possible using MEA technology, and specific information pertaining to ion channel activity is challenging to extract from multiplexed signals.

The majority of drugs acting on ion channels targets synaptic transmission (Conte Camerino et al., 2007). Consequently, a tool which provides a high-resolution patch-clamp interrogation of individual cells at multiple sites in communicating networks has enormous potential for pharmaceutical assays to investigate in vitro models of disease, as well as neuronal physiology and synaptic plasticity. A planar patch-clamp array technology that combines key benefits of both conventional patch-clamp and MEAs on a chip has been proposed (Mealing et al., 2005a,b; Py et al., 2008). In this concept, individual neurons are probed through apertures that connect to dedicated subterranean microfluidic channels (Figure 1C), allowing the simultaneous high-resolution patch-clamp interrogation of individual cultured neurons at multiple sites in communicating networks. Cells are first aligned to these apertures by patterned chemical adhesion or guidance cues and can subsequently form synaptic connections. This patch-clamp array chip offers the opportunity to develop more physiologically relevant in vitro models, extract unique information on brain function and network communication from them, and better predict therapeutic efficacy, notably as it pertains to synaptic physiology.

Two novel designs have been developed: a single aperture chip fabricated on a silicon platform and a two apertures chip constructed by laminating a polyimide film on a silicone plastic substrate in which the two apertures are connected to independent subterranean microfluidic channels. Proof-of-concepts have been demonstrated using synaptically connected snail neurons cultured over both chips. Preliminary data using primary cortical neurons cultured directly on the chip surface suggest that interrogation of synaptically communicating mammalian neurons on a patch-clamp chip is possible. In this review we describe and discuss the design and fabrication of these chips (see Chips Fabrication) and the experiments conducted to demonstrate the validity of both designs (see Proof-of-Concept for Si and PI Chips). Parameters controlling the formation of a tight cell to aperture seal (giga-seal) are discussed. Cell placement and adhesion strategies, essential to develop cultured in vitro networks and eliminate the need for manual manipulation of cells are also described (see Cell Placement).

CHIPS FABRICATION

CHIP MATERIALS PLATFORMS

The first planar patch-clamp devices were fabricated in silicon (Hediger et al., 1999; Fertig et al., 2000; Schmidt et al., 2000); the material was also machined to mimic the tip of a micropipette (Lehnert et al., 2002; Stett et al., 2003b). Quartz or glass (Fertig et al., 2001, 2003), polydimethyl siloxane (PDMS or silicone; Klemic et al., 2002, 2005), and polyimide (Stett et al., 2003c) patch-clamp chips were subsequently designed to overcome the high capacitive coupling between the culture media and the measuring media resulting through the semiconductive silicon substrate. The convenient molding properties of PDMS inspired lateral-patch chips with integrated fluidic channels for the delivery of cell suspensions (Seo et al., 2004; Ionescu-Zanetti et al., 2005; Chen and Folch, 2006; Lau et al., 2006; Ong et al., 2007; Tang et al., 2010). Still, the advantages of silicon as a material are considerable. Silicon micromachining is well understood thanks to its pervasive use for microelectronics applications and its offshoot in Micro-Electro-Mechanical Systems (MEMS; Gad-el-Hak, 2001), so large quantities of chips can be produced with very high yield and critical process control. This is a significant advantage compared to competing technologies. Additionally, silicon is attractive for the integration of multiple functionalities, such as on-chip amplification (Kaul et al., 2004; Aziz et al., 2007), and which could extend to other co-located sensors using conventional MEMS technology. For these reasons, several groups have still chosen silicon as a platform for patch-clamp chips in recent years (Pandey et al., 2004; Pantoja et al., 2004; Picollet et al., 2004; Matthews and Judy, 2006; Curtis et al., 2008; Sordel et al., 2010); likewise, we have developed a similar design consisting of a single aperture in a suspended silicon nitride/silicon dioxide film stack on silicon for single site recording. We refer to it as the silicon (Si) chip in this review.

Unfortunately, the integration of multiple apertures on-chip, each with a dedicated subterranean microfluidic channel, proved problematic in silicon. For the film in which the micro-aperture is machined to be supported by the substrate, the microfluidic channels must be coupled to apertures on its underside. The micro-aperture is connected to the bottom “pipette” chamber through a well which in our process has a pyramid shape with a fixed angle determined by the anisotropic wet etch of silicon. The well could have straight walls if dug by deep reactive ion etching instead, but the pyramid shape is desirable as it lowers the access resistance of the chip. However, it also limits the capacity to integrate apertures to at least several hundred microns – more than the optimal distance between neurons in a cultured network. A favored fabrication method is therefore to transfer the thin film containing the apertures away from the wafer on which they are machined to the top of the microfluidic channels, which can thus be integrated much closer. As a proof of our concept, we chose to integrate a polyimide (PI) thin film on top of a PDMS microfluidic chip. The latter was chosen for its convenient and reliable method of fabrication by replication (Qin et al., 2010); the former because of its cytocompatibility (Stett et al., 2003c), high chemical and mechanical stability, and its low dielectric constant. Additionally, polyimide processing techniques are standard in the microelectronics industry; polyimide films have been laminated to fabricate microfluidic devices (Metz et al., 2001) and in particular perforated MEAs (Egert et al., 2005). In this review we refer to that second generation chip as the polyimide (PI) chip.

ONE-APERTURE SILICON CHIP

The fabrication process was previously described in detail (Py et al., 2010) and is adapted from (Schmidt et al., 2000); it is schematically represented in Figure 2. It is carried out on 150 mm double-side polished (100) silicon wafers at the Canadian Photonics Fabrication Centre6. The membrane separating the culture media from the measuring media must have a high dielectric rigidity, and the small dimension of the aperture requires the membrane to also be thin and mechanically strong enough so that it can be suspended. We chose a 1-μm thick silicon nitride film rather than silicon dioxide for its superior mechanical strength and inertness to the potassium hydroxide (KOH) solution used for bulk micromachining of silicon (step c). A low-pressure chemical vapor deposition (LPCVD) process was optimized for low stress coating of silicon nitride.
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Figure 2. One-aperture silicon patch-clamp chip fabrication process. (A) A circular 4 μm aperture was etched in the top silicon nitride film; (B) A square 600 μm × 600 μm was etched in the bottom silicon nitride film, aligned with the aperture; (C) KOH etches a pyramidal well and leaves silicon nitride self-standing; (D) A 5.4-μm thick silicon dioxide film passivates the well, rounds the edges of the aperture. A much thinner layer (not shown) is also sputtered on the font side to facilitate cell attachment. From (Py et al., 2010)



After deposition, 4 μm apertures were opened (step a) in the silicon nitride layer by lithography and reactive ion etching. A second lithography and etching step at the back of the wafer (step b) opened large windows in the silicon nitride along <100> Si crystallographic axes and centered with the apertures on the top side. The silicon bulk was then anisotropically etched in a hot KOH solution (step c), resulting in an inverted truncated pyramid-shaped well and a 100 × 100-μm2 membrane in the silicon nitride film where the aperture had been patterned. The KOH etch left bare silicon walls in the well which were passivated by depositing a 5.4-μm thick low stress plasma-enhanced chemical vapor deposition silicon dioxide film (step d). The coating reduced the diameter of the aperture by 2 μm while rounding its edges. Finally, a 0.1-μm thick silicon dioxide film was deposited by the same method on the front side of the wafer. Surface functionalization was found to be more successful on that surface than on silicon nitride, which we hypothesize is due to a lower concentration of silanol groups on our silicon nitride surfaces. It is well known that the structure and therefore concentration of silanol groups in silicon nitride surfaces varies considerably and is difficult to control (Hamblin et al., 2007). The resulting surfaces were smooth, with a roughness measured by atomic force microscopy to be 6–8 Å over a 1-μm2 area. There is mounting evidence that aperture size, morphology, and smoothness are important factors to obtain a high proportion of high quality cell to aperture seals (Sordel et al., 2006; Lehnert et al., 2007; Curtis et al., 2008; Chen et al., 2009; Nagarah et al., 2010). We have provided the first visual evidence of an intimate cell to aperture interaction (Py et al., 2011), see Figure 3.
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Figure 3. Scanning Electron Micrograph of a focused ion beam section of a cultured P19 cell over an aperture in a SiN/SiO2 stack membrane (see insert). To avoid damage during sectioning, the assembly is sandwiched between two platinum (light gray) layers. While somewhat damaged during fixing, the cell visibly lowers into the rounded conical aperture. Adapted from Py et al. (2011).



Each 150 mm wafer produced about one hundred fifty 1 cm2 chips, and a yield higher than 90% was routinely achieved in several batches. Wafers were easily diced into chips using grooves patterned in the well etching step.

Various fluidic interfaces have been developed to allow perfusion and cell culture (Li et al., 2006; Matthews and Judy, 2006; Morales et al., 2008; Alberti et al., 2010; Chen et al., 2011). Our chips were mounted in packages machined at low cost from Plexiglas G sheets. The packages consist of a 16 mm diameter, 6 mm deep culture chamber at the bottom of which the chip is glued in a square recess. Under the membrane of the chip, a 1.5-mm diameter hole connects the chip to subterranean fluidic conduits opened on each side of the chip to allow easy perfusion of the physiological saline solution or other chemicals. Packages were cleaned with isopropanol in an ultrasonic bath and 1.5 mm glass tubes were glued at each end of the subterranean fluidic circuit to be fitted with silicone tubing for perfusion. Two rings of Dow Corning RTV silicone 3140 glue were necessary to avoid leaks and minimize the shunt capacitance of the chip, nominally 17 pF. Our design achieves this comparatively low value thanks to the thick silicon dioxide back coating, rather than by limiting the contact surface on the cell culture side (Pantoja et al., 2004; Matthews and Judy, 2006), which somewhat restricts the interrogated biological model. It is, however, still higher than the typical 1–10 pF of a glass pipette (Hamill et al., 1981; Zhou and Kang, 2000). This disadvantage is compensated by the fact that the access resistance, at approximately 1.5 MΩ for a typical 150 mM Phosphate Buffered Saline (PBS) solution, is much lower than the typical 5–10 MΩ access resistance of a glass pipette. Packaged chips were sterilized in an air plasma cleaner for 15 min. The process also oxidizes all surfaces, facilitating fluidic loading. To avoid trapping bubbles, a pressure of 1 atm is typically applied in the subterranean fluidics while loading the physiological solutions.

TWO APERTURES POLYIMIDE CHIP

Figure 4A presents a micrograph of the chip: the top PI membrane (3 μm thick, transparent) contains two 3 μm round apertures spaced 50 μm apart and individually accessible through the bottom PDMS microchannels (each 200 μm wide and 10 μm deep, also transparent). Square pillars (20 μm × 20 μm) are integrated in the microchannels as support for the thin PI film. Four via holes punched through the PDMS at the extremities of the microchannels allow perfusion of chemicals and electrophysiological probing in the underlying fluidics (not seen on the picture). The chip is packaged in a machined Plexiglas culture chamber with aligned inlets and outlets (Figure 4B), allowing easy perfusion of the physiological saline solution or other chemicals.
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Figure 4. Two-aperture transparent PI–PDMS chip. (A) Scanning electron micrograph showing the two apertures, each with a dedicated microfluidic channel for perfusion and measurement, seen through the transparent PI film in lighter gray. The channels are supported by many square pillars part of the PDMS structure. (B) The chip is packaged in a Plexiglas enclosure with a top cell culture vial and a dedicated input and output for each aperture. Figure 4A adapted from Martinez et al. (2010).



To minimize capacitance, the choice of a polymer membrane with a low dielectric constant is obviously advantageous. The shunt capacitance is also proportional to the section of the microfluidic channels and the inverse of the PI thickness. The access resistance is the resistance of the aperture plus that of the microfluidic channel. The former is directly proportional to the PI membrane thickness and the latter is inversely proportional to its section. Increasing the thickness of the PI film will thus decrease the shunt capacitance but increase the access resistance. The access resistance and shunt capacitance are however minimized independently by designing deep and narrow microfluidic channels, respectively. The dimensions described above result in 7.7 pF shunt capacitance, similar to a glass pipette, and an access resistance of 1.6 MΩ for a 150 mM PBS solution, in agreement with modeling and similar to the Si chip. These values make the microchip capable of high fidelity patch-clamp recording (Sigworth and Klemic, 2005).

Figure 5 presents a schematic of the polymer microchip fabrication, detailed in a previous publication (Martinez et al., 2010b). The two layers forming the chip, PDMS and PI, were processed independently starting from 2′′ Si wafers and bonded with alignment, producing nine 1 cm × 1 cm chips. PDMS microchannels were fabricated by replica-molding from a SU8-on-Si master mold. Shrinking of the replicated PDMS during curing was found to be irreproducible, making wafer level assembly over several centimeters impossible. Multilayer soft-lithography techniques were developed a decade ago to fabricate microfluidic components (Unger et al., 2000). To reduce PDMS shrinking variations, we used a variation of that technique as depicted in Figure 5, steps 1a to 1d. A first thick PDMS slab was obtained by curing a Sylgard 184 resin mixture and curing it for 3 h cure at 120°C (step 1a). A second thinner layer was spin coated on the SU8-on-silicon master, producing a thin structure containing the microchannels. After a 5-min partial cure on a hot plate at 95°C (step 1b), thin and thick PDMS layers were covalently bonded following plasma treatment of both surfaces (step 1c). The resulting PDMS chip was peeled from the SU8-on-Si mold and fully cured. The thick PDMS slab acted as a support for the thin PDMS containing the microchannels, resulting in microstructures with minimized shrinking variations (to 6 ± 4 μm over 1 cm compared to 138 ± 13 μm over 1 cm without the thick pre-cured support), low enough to allow alignment-bonding to the upper PI layer at the wafer level. Fluidics access via holes were punched in the PDMS at both ends of both channels using a machined syringe needle (step 1d), producing 200 μm diameter via holes.
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Figure 5. PI–PDMS chip fabrication process. PDMS (dark gray, step 1) and PI (hatched, step 2) are processed independently on 2′′ Si wafers (light green); alignment-bonding (step 3a) and release (step 3b) form the final microchip. Adapted from Martinez et al. (2010).



A 3-μm thick PI film was spun on a Si wafer and cured in three stages up to 350°C, and an aluminum mask layer was evaporated on the PI film (step 2a). Apertures were defined by lithography in the aluminum mask, oxygen reactive ion etching transferred them to the PI, and the residual aluminum was removed in a metal etchant (step 2). To facilitate bonding, an adhesion promoter was spun on the PI layer, and the PDMS wafer was treated in air plasma. PI and PDMS wafers were aligned and bonded in a M9 flip-chip bonder (step 3a). The assembly was heated at 65°C for 2 h and peeled from the Si substrate supporting the PI film (step 3b). Wafers were diced in nine 1 cm × 1 cm chips, which were then bonded to a lower glass support and glued to a machined Plexiglas package fitted with connectors for easy microchannel access (see Figure 4B). After 5 min sterilization in an air plasma cleaner, microfluidic channels were filled with the electrophysiological recording solution.

PROOF-OF-CONCEPT FOR Si AND PI CHIPS

CELL PREPARATION

Testing and validation of both generations of chips has been accomplished (Martinez et al., 2010b; Py et al., 2010; Martina et al., 2011) through a series of patch-clamp experiments conducted using a well characterized Lymnaea neuron model. The Lymnaea stagnalis preparation was selected because of the ease with which its well characterized neurons can be positioned and cultured. Due to the significantly smaller central nervous systems of Lymnaea and larger soma of their neurons, this simple model approach is more amenable to cellular analysis than its mammalian counterparts. Moreover, the innate propensity of individually isolated neurons to re-form proper synaptic connections with exquisite accuracy in vitro make it ideal to study the mechanisms underlying synaptic formation and transmission. The soma–soma model has been established, where identified pre- and post-synaptic neurons juxtaposed in culture re-form proper synaptic connections seen in vivo without requiring neuronal outgrowth (Feng et al., 1997; Hamakawa et al., 1999; Woodin et al., 1999, 2002). This circuit is known to form an excitatory cholinergic synapse between pre-synaptic respiratory neuron Visceral Dorsal 4 (VD4) and post-synaptic Left Pedal Dorsal 1 (LPeD1) neurons (Feng et al., 1997). The neurons have specifically characterized (from genes to molecules) both cholinergic and dopaminergic networks that mediate the neural control of breathing in this model, and these networks have been reconstructed in cell culture (Bell and Syed, 2009). Importantly, it has been demonstrated that the dopaminergic and cholinergic networks function in a manner similar to that of vertebrates. Therefore, understanding the fundamental principles behind synaptic communication in this model is relevant to understanding neurodegenerative and neurodevelopmental disorders – at a resolution unattainable in most vertebrate models. Moreover, fundamental mechanisms of neuronal communications revealed in this simple model are directly applicable to their vertebrate counterparts. Experiments using mammalian primary cortical neurons are also being performed in our laboratories. Preliminary current-clamp recordings obtained from a 14 days old primary cortical culture have been obtained with a Si chip (Martinez et al., 2010a). This result is encouraging and suggests that chip application to mammalian cells is a realistic objective that could be reliably achieved.

PATCH-CLAMP RECORDINGS FROM LYMNAEA NEURONS

Lymnaea neurons (VD4 and LPeD1) were manually positioned over the apertures of Si and PI chips and cultured at room temperature for a minimum of 2 h (Martinez et al., 2010b; Py et al., 2010) or 8–12 h to establish synaptic communication (Martina et al., 2011). The cells were found to be viable and maintained their electrophysiological properties. Whole-cell recordings were obtained over prolonged periods of time. Most neurons were tested only once over a period of 20–40 min, but some neurons were re-tested several hours after the initial analysis and found to behave in similar fashion. High quality recordings in current- and voltage-clamp were achieved with both Si and PI chips (Martinez et al., 2010b; Py et al., 2010; Martina et al., 2011). Specifically, the first action potential recordings ever recorded from neurons cultured on a patch-clamp chip (Figure 6), voltage-clamp induction of whole-cell ion channel currents with exceptional fidelity (Figure 8) and post-synaptic recordings from neurons communicating through synaptic connections and evidence of synaptic plasticity (Figures 7 and 8), were all obtained.
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Figure 6. Physiological properties of LPeD1 and VD4 neurons recorded with Si and PI chips. Voltage responses to a series of intracellular current pulses of an LPeD1 (A) and a VD4 neuron (C) recorded using Si chips. The current pulses were applied at rest, −40 and −55 mV for LPeD1 and VD4, respectively. (B) Voltage responses to a series of intracellular current pulses of an LPeD1 neuron recorded using PI chips. The current pulses were applied at rest, −47 mV. From Martina et al. (2011).
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Figure 7. Cultured LPeD1 and VD4 neurons forming a soma–soma synapse on a Si chip. (A) Superposition of reflected light and fluorescence confocal imaging of a Si chip with an LPeD1 neuron plated over the aperture and forming a soma–soma synapse with a VD4 neuron. Subterranean fluidics were filled with a recording solution containing a green dye. (B) Simultaneous whole-cell recordings in current-clamp mode of an LPeD1 (patch-clamp) and a VD4 neuron (sharp electrode). Sub-threshold stimulation of the pre-synaptic VD4 neuron does not evoke any response in the post-synaptic LPeD1 neuron, but above-threshold stimulation does. (C) Turbo-curarine is shown to suppress the responses evoked in the LPeD1 neuron while stimulating the VD4 neuron. From Martina et al. (2011).
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Figure 8. Simultaneous electrophysiological current-clamp (A) and voltage-clamp (B) recordings of LPeD1 (patch-clamp) and VD4 neurons (sharp electrode) forming a synaptic connection on a Si chip. Synaptic responses (EPSP and EPSC) recorded in the LPeD1‘neuron are evoked by stimulating the pre-synaptic VD4 neuron. Note that the synaptic response in the LPeD1 neuron is potentiated (red line) after the tetanic stimulation applied to the VD4 neuron. From Martina et al. (2011).



In particular, the suitability of chips in obtaining meaningful physiological data and describing a network behavior have been achieved by recording from synaptically connected neurons cultured on the chips and manipulating the post-synaptic responses in the VD4–LPeD1 system. The Lymnaea model have been described to develop cholinergic excitatory synapses between VD4 and LPeD1 neurons (Woodin et al., 1999) and the addition of tubo-curarine (100 μM), a cholinergic receptor antagonist, to the bath solution blocked the excitatory post-synaptic potentials (EPSPs) in LPDe1 (Figure 7C), confirming that the synaptic transmission between the pair is cholinergic.

Synaptic plasticity is a fundamental process in learning and memory, and its impairment is associated with numerous neuro-pathologies. Our chips make it possible to reproduce in vitro the fundamental mechanism of synaptic transmission. This is pivotal in the testing and screening of drugs acting on ion channels involved in synaptic transmission and plasticity. Synaptically connected VD4 and LPeD1 neurons have also been reported to show a transient potentiation in synaptic transmission following tetanic stimulation of the pre-synaptic neuron (Luk et al., 2011). To verify the reproducibility of this event on chips, brief burst of action potentials in VD4 neuron were applied (8–15 action potentials at 5–10 Hz), generated by a continuous depolarizing current injection using a sharp electrode and responses were recorded from the post-synaptic LPeD1 neuron on-chip in both current- and voltage-clamp modes (Figures 8A,B, respectively). The amplitudes of EPSPs, evoked by single action potentials in the pre-synaptic cell, were transiently increased following burst stimulation (Figure 8A, red line), suggesting the induction of potentiation in the LPeD1 neuron. The same phenomenon was also examined in voltage-clamp mode, and excitatory post-synaptic currents (EPSCs) are shown in Figure 8B.

DOUBLE PATCH-CLAMP RECORDINGS

A current limitation of the Si chip design is its single recording aperture, which confined on-chip acquisition to post-synaptic responses, relying on an external electrode for pre-synaptic stimulation and recording. PI chips were developed to overcome that limitation and enable simultaneous patch-clamp recordings from neuron pairs. Double simultaneous recordings have been described using PI chip and VD4–LPeD1 neurons (Figure 9). However, while each neuron was independently excitable, they did not propagate a synaptic response, suggesting that no synapse was present between the two neurons. Synapse formation requires interaction between specialized pre-synaptic and post-synaptic intracellular machinery. Cell–cell signaling (Scheiffele, 2003), intrinsic cell–cell interactions involving activity-dependent mechanisms (Shatz, 1990; Katz and Shatz, 1996; Dan and Poo, 2004), and extrinsic molecules present in the extracellular milieu (Vicario-Abejo’n et al., 1998; Craig et al., 2006), are all critical for the establishment, maturation, and remodeling of synapses. The absence of functional synapses on PI chips may have been due to increased cytoplasmic dialysis resulting from the larger apertures on PI chips (see Giga-seal Formation and Success Rate of Recordings), particularly affecting the smaller VD4 neurons.
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Figure 9. Projection of a confocal 3-D reconstruction of a PI chip with a VD4 (red) and an LPeD1 (green) neuron, each plated over one aperture. The LPeD1 subterranean microfluidic channel was filled with a recording solution containing Lucifer Yellow (green) while the VD4 channel was filled with a recording solution containing Texas-red (red). Insets show the simultaneous recording of the voltage responses to current injections for a VD4 and an LPeD1 neuron plated on the same PI chip. From Martina et al. (2011).



To observe VD4 and LPeD1 plated on the chips, cytoplasmic perfusion of these neurons was accomplished via the subterranean microfluidics of the PI chip with two different dyes (Figures 7A and 9). In both Si and PI chips, these neurons displayed no change in resistance following dye loading, indicating that microfluidic perfusion did not compromise seal integrity. Figure 9 shows a confocal 3-D reconstruction of a VD4/LPeD1 neuron pair (VD4 in red; LPeD1 in green) cultured on a PI chip. This capability could be advantageous to studies of signaling molecules where intracellular delivery of compounds or dyes is required.

It is noteworthy that in our Lymnaea neuron model, the synapses are formed between the soma which in turn sit on top of the chip apertures, providing direct and controlled access to synaptic sites. The combination of these chips and cell model thus allows us to record and monitor synaptic currents without space clamp errors.

GIGA-SEAL FORMATION AND SUCCESS RATE OF RECORDINGS

In the glass pipette patch-clamp approach, the formation of a giga-seal (>1 GΩ) between the cell membrane and the patch pipette is critical and has been extensively studied (Sachs and Qin, 1993; Priel et al., 2007; Suchyna et al., 2009). Similarly, planar patch-clamp technology depends upon formation of a highly resistive seal between the cell membrane and the circumference of an on-chip aperture feature. Planar patch-clamp chips reported to date have used isolated cells in suspension, and rely on suction to draw cells to the aperture to form a giga-seal. Consequently, unlike conventional patch-clamp, planar patch-clamp technology has not been used to interrogate cultured cells, which precludes their use for the analysis of synaptic communication. Giga-seal formation with our chips occurs mostly spontaneously while neurons are establishing in culture and does not rely on suction (Ong et al., 2006). The quality of the giga-seal is directly linked to the success rate in chip recordings. In Table 1, the success rates for VD4 and LPeD1 neurons using Si and PI chips are summarized.

Table 1. Summary of the experiments performed with Si and PI planar patch-clamp chips.
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Several factors warrant consideration in giga-seal formation:

(1) Aperture geometry. It has previously been reported that a rounded hourglass profile maximizes contact with the cell membrane and facilitates seal formation on planar patch-clamp chips (Sordel et al., 2006; Lehnert et al., 2007; Curtis et al., 2008; Chen et al., 2009), while an impressive 80% of giga-seals have been recently reported for a cell line with a conical profile (Nagarah et al., 2010). Si chips have circular 2 μm diameter rounded conical apertures (Figure 3) and meaningful cell connections were obtained in 58% of cases. By contrast, the PI chips have substantially square opening with 3 μm sides, and a 35% success rate was obtained. The square shape of the aperture may induce damage in the cell membrane, and the larger section makes the cells more vulnerable to dialysis. This hypothesis would also explain the lower success rate in recording from smaller VD4 neurons (∼35 μm diameter) compared to LPeD1 (50–100 μm) in PI chips. This issue is being addressed by patterning circular 2 μm diameter apertures in recent PI chip designs. To delay the onset of dialysis, entry into the whole-cell configuration should be postponed (see below).

(2) Bath and subterranean channel (“pipette”) solutions. Giga-seal formation was dependent upon the use of microfluidic solution (μFS; in mM: 50 KCl, 5 MgCl2, 5 EGTA, and 5 HEPES; pH 7.4; 130 mOsm), in the subterranean channel, and consistently occurred spontaneously. Indeed, absence of cell-attached or whole-cell configuration was observed when using conditioned medium (CM: isolated snail brains incubated in defined media for 3–4 days) in the subterranean microfluidics (Martina et al., 2011). We speculate that this phenomenon is related to microscale changes in osmotic pressure at the membrane patch, due to the ionic composition of the μFS (K+ 50 mM), even though the bath (in mM: 51.3 NaCl, 1.7 KCl, 4 CaCl2, and 1.5 MgCl2; buffered to pH 7.9 with HEPES) and subterranean channel solutions were iso-osmotic. This may also account for the frequently observed spontaneous entry into the whole-cell configuration. It would be advantageous to promote giga-seal formation early, and delay entry into the whole-cell configuration by culturing neurons with CM instead of μFS in the fluidics, thereby allowing long-term cell-attached recording of ion channel activity.

(3) Cell preparation. Molluscan neurons are large, relatively robust and maintain their intrinsic and synaptic properties in cell culture (see Cell preparation). The next step in the development of this technology is the use of mammalian neurons. It is difficult to predict how mammalian cells will interact with the aperture features and surfaces on these chips. This is the subject of an ongoing study and encouraging preliminary results using primary cortical cultures from rats have, however, been reported (Martinez et al., 2010a). In addition the success rates were similar when snail neurons were cultured for 2–4 or 8–12 h suggesting that the time in culture does not affect successful whole-cell entry.

CELL PLACEMENT

The snail neurons used to validate our technology are large enough that they can be manually positioned on the aperture. This method however requires high technical skills, just like glass pipette patch-clamping, and many smaller cells will not be amenable to it. Current automated patch-clamp systems, working from suspensions, aspirate the cell in place (Fluxion7; Molecular-Devices8; Nanion9; Sophion10). Cultured neurons, however, offer a biological model that is substantially more relevant for experimentation, notably for network communication. However, since cultures are typically too sparse to rely on chance for a cell to be positioned on the aperture, specific strategies for positioning the cells are needed. While topographical features have been shown to restrict cells and guide the growth of processes (Faid et al., 2005; Merz and Fromherz, 2005; Sorkin et al., 2009), chemical patterning is by far the favored method (Wheeler and Brewer, 2010). Chemical modification can be used not only to immobilize cells on the aperture, but also to promote the formation of a high quality cell to aperture seal. We have studied several strategies to position cells on the apertures, and report here the aligned stamping of polylysine on our apertures. We improve on that process by using standard lithography for alignment and replacing physisorption by chemisorption.

STAMPING

Micro-contact printing, or PDMS stamping, has been demonstrated to result in the transfer of chemicals with high spatial resolution (Kumar et al., 1994; Qin et al., 2010) and to result in cell placement (Wheeler et al., 1999; Wyart et al., 2002; Vogt et al., 2005; Charrier et al., 2006; Offenhausser et al., 2007). In order to induce placement of neurons on our chips, Poly-D-lysine (PDL) patterns were stamped (Charrier et al., 2010). PDL is a commonly used cell attachment factor (Branch et al., 1998; Chang et al., 2003; Li and Folch, 2005) and cultured cryopreserved rat cortical cells (QBM Cell Sciences, Ottawa, ON, Canada) adhere well to PDL.

PDMS stamps were designed with square features of sizes and spacings of 25, 50, and 100 μm to determine optimal conditions for placement (Charrier et al., 2010). Fabrication was done by replica-molding from a SU8-on-Si master mold, using the same polymer as for the microchannels in PI chips. To remove any remaining non-polymerized PDMS, stamps were washed in solvents by reflux following an established procedure (Voicu et al., 2007). Stamps were mounted on glass slides, washed in 70% ethanol, deionized (DI) water, and 10% Sodium Dodecyl Sulfate (SDS). Modification of the PDMS surface with SDS has been shown to enhance the transfer of polylysine to the substrate (Chang et al., 2003). Stamps were quickly rinsed in DI water, blow-dried with nitrogen, immersed for 30 min in a PDL saline solution (33 mg/mL PDL in standard PBS) then thoroughly blow-dried. Stamps (surface area approximately 0.5 cm2) were applied to chips with a constant and homogeneous pressure of 500 g for 1 min and left another minute without pressure. The chips were finally sterilized 2 min in 70% ethanol, rinsed in DI water and dried.

Cryopreserved rat cortical cells were thawed in a 37°C water bath, resuspended in media and plated on stamped chips. Four hours post-plating, media was removed and replaced with 1 mL of serum-free Neurobasal Medium. Media changes were performed biweekly by replacing half of the media with fresh Neurobasal Medium. Cell cultures were maintained at 37°C in a 5% CO2 humidified incubator for 14 days before imaging. The cells have a body diameter of 10–12 μm, and the size of the PDL-patterned areas will influence the number of neurons that will adhere and grow on individual squares. We found by fluorescence imaging studies that 100 μm PDL squares were covered with 10 ± 3 cells (n = 25), 50 μm squares had 3 ± 2 cells (n = 60), and 25 μm squares 1 ± 1 (n = 60, 50% vacant). In cases where the number of neurons per PDL area exceeded 12, large three dimensional aggregates formed, covering most of the patterned area. Based on these observations, we selected the 50 μm patterns to investigate further. Immunostaining was used to confirm the identity of neurons (MAP2-red) and astrocytes (GFAP-green) growing on the chips. Cultures were fixed, incubated overnight at 4°C in Mouse monoclonal Map2 antibody and goat anti-rabbit GFAP antibody, rinsed in PBS, incubated in secondary antibodies Alexa Fluor 568 goat anti-mouse and Alexa Fluor 488 goat anti-rabbit for 1 h at room temperature, and samples inverted onto coverslips containing a drop of fluorescent mounting medium.

As seen in Figure 10, processes extended between small groups of neurons isolated on 50 μm squares to proximal populations of neurons on neighboring squares, such that 3 ± 1 extended from each neuronal subpopulation (n = 25). It can be seen that processes extend preferentially, though not exclusively, to immediate neighboring squares. Stamps with 50 μm squares patterns were then aligned to the apertures of a patch-clamp chip using a chip bonder and stamped with a force of 500 g applied for 60 s. Figure 11 shows images of neurons growing on this region of the substrate after 14 days in vitro. The image is a superimposition of reflection and fluorescence images. A slight shift of the pattern occurred while stamping on the lower aperture region, probably due to deformation of the PDMS stamp while applying pressure. However, the upper aperture region is covered with cells and a neuron is growing directly over the aperture.
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Figure 10. Immunofluorescence staining of cultured brain cells on chips stamped with 50 μm PDL pattern spaced by 50 μm separation. Neurons are stained red with MAP2, while astrocytes are stained green with GFAP. Note the processes that extend mostly immediately neighboring squares. Scale bar: 100 μm. From Charrier et al. (2010).
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Figure 11. Patch-clamp chip with two apertures (100 μm apart), stamped with 50 μm PDL squares. Note that subterranean microfluidic channels are not visible here. The stamp was aligned with the apertures using an aligner-bonder and stamped with a 500-g force for 1 min. After 14 days in vitro, cells bodies were labeled with Calcein-AM (green) and membranes with WGA conjugate (red). (A) Reflection image: apertures are indicated by arrows. (B) Superimposition of the images obtained in reflection mode and fluorescence. A neuron is positioned over the upper aperture. Scale bar: 100 μm. From Charrier et al. (2010).



CHEMISORPTION AND LITHOGRAPHY

While Figures 10 and 11 clearly demonstrate cell placement on patch-clamp chips, the stamping method is not commensurate with manufacturing. Soft PDMS stamps tend to collapse where protruding features, bearing the patterns to be printed, are separated by distances large in comparison with the height of the features. Furthermore, precise alignment of the stamp to the patch-clamp array chip is a low-yield process and complicated by distortions and defects in planarization. An alternate process based on standard lithography was developed, and derivatization of the SiO2 surface of the Si chips was designed to provide a generalized chemical bonding attachment method rather than rely on physisorption, which may be too weak or unstable for some cell attachment factors (Diaz-Quijada et al., 2011).

The derivatization process is described in Figure 12A. Si chips were piranha cleaned [H2SO4:H2O2 (3:1)] and reacted with aminopropyltriethoxysilane (APTES) to obtain an amine-terminated surface. It was then reacted with buffered poly(methacrylic acid) in the presence N-(3-di-methylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and N = hydroxysuccinimide (NHS), resulting in a carboxylic acid-terminated surface (Diaz-Quijada et al., 2007). The substrates were then washed, dried, activated in the presence of NHS and EDC before the immobilization of a cell adhesion promoter such as PDL. The carboxylic acid-terminated surfaces are highly versatile as they can be activated and made reactive toward a variety of amine rich biomolecules (such as proteins) or cell adhesion promoters. Polymers and large biomolecules such as proteins can physisorb on surfaces, as it is the case for Bovine Serum Albumin (Zhao et al., 2007; Milligan et al., 2009; Ogi et al., 2009), due to ionic, dipole, and Van der Waals interactions between molecules and surfaces. Consequently, it is traditional to simply physisorb polylysine on surfaces such as SiO2 or glass (Pleasure et al., 1981; Feldner et al., 1983). Such modifications are however not stable over time in environments of high ionic strength. A comparative study of physisorbed and chemisorbed PDL indicates that in the physisorbed case PDL not only smears out during washing with PBS buffer but also yields a lower surface density than in the chemically immobilized case. It is also important to note that physisorption is not a viable method for the modification of surfaces with small molecules. This is illustrated in our study (Diaz-Quijada et al., 2011) with short peptide sequences cyclo(RGDFK-PEG) peptide (PCI-3696-PI), which induces cell adhesion via a molecular recognition event (Ruoslahti and Pierchbacker, 1986), and cyclo(RADFK-PEG) (PCI-3954-PI), which differs by only one amino acid and does not induce cell adhesion. Cultured cells attach on chemisorbed PCI-3696-PI with high density, but are not viable on either physisorbed PCI-3696-PI or chemisorbed PCI-3954-PI.
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Figure 12. Chemical patterning of polylysine squares. (A) Surface derivatization to successively obtain amino- and carboxylic acid-terminated surfaces on which a polylysine peptide is chemically bonded. (B) Chemical patterning is obtained by lithographically defining openings in a photoresist, derivatizing the surface, reacting it to polylysine in the presence of EDC and NHS and dissolving the photoresist. Adapted from Diaz-Quijada et al. (2011).



As shown in Figure 12B, chemical patterning of PDL was accomplished by defining square openings in a photosensitive resin, derivatizing the surface as illustrated in Figure 12A, reacting the surface to PDL in the presence of EDC and NHS and finally dissolving the photoresist in acetone. Photolithography has been demonstrated as a potential technique for chemical patterning of surfaces (Lom et al., 1993; Butler et al., 2006; Falconnet et al., 2006). Our strategy for the chemical immobilization of cell adhesion promoters was modified and optimized to be compatible with common photoresists, which would swell or dissolve in polar organic solvents. The preparation of carboxylic acid surfaces was performed with poly(acrylic acid) instead of glutaric anhydride. This polymeric reagent has the advantage of not only producing a high concentration of carboxylic acid groups, but also allows the reaction with the amino terminated surfaces to be carried out in aqueous media in the presence of EDC and NHS. Efficient modification of the exposed regions of SiO2 require clean surfaces, free from residual photoresist or any other substances that may mask the surface and prevent the reaction with silane reagents. Consequently, conventional photoresist adhesion promoters were avoided, all samples were over developed and then cleaned in an air plasma. To facilitate photoresist adhesion, wafers were instead dehydrated at 105°C prior to spin-coating (Madou, 1997); an alternative approach, which proved to have a higher success rate, was based on amino modification of the chips. Undesirable crosslinking effects were observed in the photoresist, resulting in difficulties with the photoresist dissolution step. The effect is likely due to the generation of hydroxyl and carboxylic acid groups in the photoresist which can react with each other to form ester groups in the presence of EDC and NHS. These groups are formed during the plasma cleaning performed immediately prior to silanization, which had to be kept to a minimum. In addition to the above key points, we observed that the reaction of APTES with the photoresist patterned SiO2 surface had to be limited to 4 h in the gas phase to prevent swelling and detachment of the photoresist.

To illustrate the concept with our chemical strategy, blank Si chips were photolithographically patterned with 100 μm squares with a pitch of 200 or 400 μm. Alexafluor 555 modified PDL was chemically immobilized on the patterned surface in the presence of NHS and EDC. Fluorescent imaging of the chemically patterned surface is presented in Figure 13. Cryopreserved rat cortical neurons were cultured as described in 4.1 for 14–19 days on a wafer patterned with unlabeled PDL. Staining of the cells with Calcein (green) for cell viability and RH-237 (red) for cell membranes allow the visualization of the patterned cells along with their processes.
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Figure 13. Proof-of-concept demonstration of chemical patterning of fluorescently labeled polylysine (left) using conventional photolithography, followed by culture of cryopreserved rat cortical neurons (right). Cells were visualized by staining with Calcein (viability) and RH-237 (membrane) dyes. Adapted from Diaz-Quijada et al. (2011).



CONCLUSION

A silicon patch-clamp chip with an optimized aperture shape to facilitate the formation of seals has been designed, fabricated, and successfully tested (Py et al., 2010). It is fabricated on 6′′ wafers in a commercial-grade prototyping foundry with near-perfect yield, and is highly manufacturable. A novel polyimide-silicone (PI–PDMS) hybrid chip (Martinez et al., 2010b) which may simultaneously monitor several neurons engaged in network communication at the resolution of the patch-clamp technique (Mealing et al., 2005a,b), has also been reduced to practice (Martina et al., 2011). While their shunt capacitance are still somewhat higher than what is attainable with glass pipettes (Hamill et al., 1981), the access resistance of those two patch-clamp chips is very low and the quality of traces they can record is high (Figure 6).

Fifty-eight percentage of meaningful cell to aperture connections were observed with Si chips and 35% with PI chips. These success rates are lower than the best values reported for cells from suspensions (Milligan et al., 2009; Nagarah et al., 2010), but high enough to validate this technology. The optimization of the aperture size and shape, and the perfusion of different solutions in the subterranean channels to control giga-seals and whole-cell entry are the parameters at play in the formation of seals, and must be optimized in further studies to bring up the success rates. The capacity of both Si and PI chips to allow cytoplasmic perfusion via subterranean microfluidics without disruption of recording has been shown; it could be used in disease models or pharmaceutical studies alike in order to modify the fate of individual cells within a functioning network. The ability to keep the cells in the whole-cell mode for several hours affords the possibility of studying long-term effects and as such is of value to secondary drug screening. While the challenges of applying this technology to mammalian cells should not be underestimated, preliminary whole-cell patch-clamp recordings from rat cortical cultures (Martinez et al., 2010a) suggest that this is an achievable goal well worth pursuing. It is also important to recognize the potential for application of multiple-aperture patch-clamp array chips to other biological disciplines where high-resolution assessment of cell-to-cell communication is required, including cardiology (
Witchel, 2010).

The simultaneous recording of the activity of multiple cultured cells requires chemical patterning to promote their placement on the apertures. A proof-of-concept method that effectively brings cells over the apertures has been reported (Charrier et al., 2010) and the polypeptide stamping technique has been refined for a manufacturable process that provides stable chemical bonds (Diaz-Quijada et al., 2011). While the polylysine attachment factor we used in our experiments provides satisfactory placement when simply physisorbed, short peptide sequences such as RGD and RAD would not adhere. We also suggest that cell placement allows the synthesis of organized networks where processes are controlled between immediate neighbors. Organized network with neurons aligned on apertures will facilitate the analysis and modeling of brain connectivity, which determines functionality in neuronal circuits (Honey et al., 2010).

Many of the patch-clamp chip developments reported to date make it possible, or actually demonstrate, the integration of multiple patches on-chip (see part 2 for references). The application of those multiple patches on-chip are either to conduct parallel measurements that increase throughput in drug screening [Molecular-Devices (see footnote 8); Nanion11; Sophion (see footnote 10); Kiss et al., 2003; Bruggemann et al., 2006], or to obtain population recordings [Fluxion (see footnote 7); Ionescu-Zanetti et al., 2005]. However, to our knowledge, only one other team has reported an attempt to monitor the activity of networks with the patch-clamp method (Alberti et al., 2010). We have reported the first application of a planar patch-clamp technology to examine neuronal synaptic communication. Positioning pre- and post-synaptic Lymnaea neurons in close proximity allowed functional synapses to establish in culture on the chip substrate. Data acquired with the Si and PI chips from neurons organized in this elementary network were used to describe network properties and demonstrate the suitability of our chip designs for synaptically connected neurons. Action potentials were evoked in LPeD1 and VD4 neurons. Functionality and nature of these VD4/LPeD1 neuron synapses were demonstrated by direct recordings and pharmacologically testing post-synaptic responses from LPeD1 on-chip. Importantly, a transient increase in the amplitude of spontaneous events (synaptic potentiation) following a short burst of action potentials in the pre-synaptic cell was recorded on-chip.

The polyimide–silicone chip is readily scalable to multiple recording sites. Practical limitations imposed by the subterranean microfluidic channels, such as space and chip-to-world interfacing, would require a different design to expand beyond eight apertures. However, for many assessment studies it is of greater importance to be able to patch-clamp several connected neurons than it is to monitor extracellular field potentials from hundreds or thousands of neurons. Simultaneous pre- and post-synaptic recordings on a patch-clamp chip have tremendous value as a model to investigate synaptic function and for use as an assay to advance drug development. Furthermore, fundamental aspects of complex network activity, resulting in specific functions such as the acquisition of memory, can be reduced to modeling and studying interactions between just three neurons (Lukowiak and Syed, 1999; Milo et al., 2002; Song et al., 2005). This makes the application of multiple-aperture patch-clamp array chips to cultures of communicating neurons an important and promising technology to advance functional assay development.
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Profiling of putative lead compounds against a representative panel of relevant enzymes, receptors, ion channels, and transporters is a pragmatic approach to establish a preliminary view of potential issues that might later hamper development. An early idea of which off-target activities must be minimized can save valuable time and money during the preclinical lead optimization phase if pivotal questions are asked beyond the usual profiling at hERG. The best data for critical evaluation of activity at ion channels is obtained using functional assays, since binding assays cannot detect all interactions and do not provide information on whether the interaction is that of an agonist, antagonist, or allosteric modulator. For ion channels present in human cardiac muscle, depending on the required throughput, manual-, or automated-patch-clamp methodologies can be easily used to evaluate compounds individually to accurately reveal any potential liabilities. The issue of expanding screening capacity against a cardiac panel has recently been addressed by developing a series of robust, high-throughput, cell-based counter-screening assays employing fluorescence-based readouts. Similar assay development approaches can be used to configure panels of efficacy assays that can be used to assess selectivity within a family of related ion channels, such as Nav1.X channels. This overview discusses the benefits of in vitro assays, specific decision points where profiling can be of immediate benefit, and highlights the development and validation of patch-clamp and fluorescence-based profiling assays for ion channels (for examples of fluorescence-based assays, see Bhave et al., 2010; and for high-throughput patch-clamp assays see Mathes, 2006; Schrøder et al., 2008).
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WHY USE IN VITRO PROFILING ASSAYS TO UNDERSTAND LEAD SELECTIVITY AND SPECIFICITY?

The drug discovery and development process is long, and resource-intensive, often fraught with unforeseeable pitfalls, and historically challenged by low probability of success (Tollman et al., 2011). However, vast unmet medical needs justify the efforts expended in this area of research, and new methodologies are always being explored to streamline the research process and improve the success rate of drug registration. Perhaps the most important factor at the beginning of any drug discovery project, regardless of the target, is the identification of the best lead structure amongst the collection of hits discovered either using in silico or through high-throughput screening techniques to target the process of interest (Rudolph and Knoflach, 2011).

Many factors must be taken into account during lead selection, such as chemical tractability, chemical stability, physical–chemical properties, metabolic stability, PK characteristics, protein binding, and suitability for formulation, in addition to potency and mechanism of action. However, none are more important than the specificity and selectivity of the initial compound. Subjecting putative leads to thorough scrutiny with respect to potential off-target pharmacological activities can identify liabilities, some of them potentially fatal, early on in a program, and thereby allow medicinal chemists to explore the feasibility of correcting these problems during exploratory analoging studies. Thus, broad profiling of early hits to determine selectivity, and then use of this information to prioritize compounds for follow-up, rather than simply rank-ordering hits based solely on chemical tractability, can prevent wasting time and effort due to making a poor initial decision based on a limited and incomplete data set. As an example, Millipore offers a wide variety of profiling services that utilize biochemical assays for over 300 kinases and phosphatases and cell-based functional assays for over 150 G-protein coupled receptors (GPCRs) and over 50 ion channels that can be utilized to query compounds at any development stage for specificity and selectivity for primary targets, related family members, and for cardiac safety.

SELECTIVITY AND SPECIFICITY SCREENING

The most straightforward means of generating selectivity data on a group of hits is to test for activity against a panel of similar targets from the same and closely related super families of proteins (e.g., classes of related enzymes, GPCRs, nuclear receptors, ion channels, etc.). Such studies provide important data for medicinal chemists and help focus their structure–activity determinations as part of a feasibility assessment of a compound’s potential as a lead candidate. In addition, these studies also immediately identify molecules that are non-selective in their mechanism of action because such agents often display pleiotropic activities across an entire family of related proteins. Functional assays are the preferred methodology to use for these analyses (see below).

In general, two other means are commonly employed initially to gather specificity data (i.e., to identify activities on proteins/processes unrelated to the initial target, some of which could cause serious adverse drug side effects) on a series of hits (c.f. Coburger et al., 2010). One is to profile test compounds in vivo in an animal efficacy model and determine therapeutic index based on comparing exposure for efficacy versus observed side effects. The other is to profile hits employing a panel of enzyme and receptor binding assays, gather the respective profile of off-target activities predicted for each compound, and assess their profile in vivo, in an animal model chosen to reveal ancillary pharmacological activities. Usually, it is assumed that if no untoward activities are observed in vivo, the risk of any predictable ancillary pharmacology will be minimal.

LIMITATIONS OF IN VIVO SPECIFICITY AND SELECTIVITY ASSESSMENT

There are a number of confounding aspects related to using such in vivo assessment approaches, and the data generated can be highly misleading without a through understanding gained from in vitro assays (e.g., Raehal et al., 2011). First, animal experiments are usually done in rodents, either mice or rats, and while these species are adequate for tolerability studies to reveal frank toxicity, they may not be useful for detecting subtle changes in physiology. In addition, limited exposure and high clearance rates (typical in rodents) can result in a misleading sense of ancillary pharmacology. Taken together with the facts that some physiological response pathways are species-dependent, high protein binding can mask ancillary pharmacology, and that poly pharmacy of compounds can cause compensation by altering a number of inter-related pathways whose individual modulation might otherwise produce serious consequences, an unremarkable initial in vivo profile could produce a false sense of security. But most importantly, the rodent cardiovascular (CV) system is a poor predictor of CV side effects in humans. This is due to very high heart rates in the rodent and distinct complements/contributions of ion channels in the two species (e.g., the cardiac action potential wave forms are much different when comparing rodent and human species). Therefore, rodent data, by itself, can yield false-negative misinformation with respect to adverse CV effects. We do recognize the utility of rat models for understanding cardiotoxicity (Herman et al., 2011); however in general we advise caution when using this species to assess potential pro-arrhythmic liabilities (i.e., prolongation of QTc intervals, see below). Indeed, this is one of the reasons that CV liabilities of late stage development candidates are traditionally assessed in a dog model, which is more predictive than rodent of CV safety liabilities in humans. However, it is not routinely feasible to profile putative lead structures in the dog due to the need for large quantities of test compound to initiate both tolerability studies and CV measurements. Employment of cardiomyocytes derived from embryonic or induced pluripotent stem cells that display the electrophysiological and biochemical properties of normal human heart cells is currently being explored as a more predictive in vitro model system for testing a compound’s potential cardiotoxicity, but this approach is still under development (Braam et al., 2010; Peng et al., 2010. Therefore, a more informative approach is required to carry out a formal risk analysis of a lead compound’s potential liabilities than to simply use cursory rodent in vivo data. It is critical to have some early means to identify potential problems that could arise during development of a drug candidate and to minimize such hazards by selecting the most appropriate lead class for the focus of medicinal chemists. Moreover, if potential liabilities exist in an otherwise favorable lead compound, predictive, high-capacity assays must be employed to support Medicinal Chemistry efforts to dial out these unwanted activities in real time during the course of structure–activity relationship (SAR) studies.

It is important to consider the contribution of multiple mechanisms to a physiological response when developing in vivo models to evaluate specificity and selectivity and obtaining proof of concept for novel compounds targeting new mechanisms of action. As the drug industry searches for new druggable targets based on human genetics, rodent genetic paradigms, and reverse pharmacology approaches, it is important to check new leads for poly pharmacy before initiating Medicinal Chemistry campaigns, just to confirm that pharmacodynamic responses correlate strictly with the desired molecular action (Weinglass et al., 2008a,b). For example, the search for agonists of the high-conductance, calcium-activated potassium channel (maxi-K; KCa1.1) has often revealed compounds in the past which activate the channel, promote smooth muscle relaxation, and lower blood pressure in rodents, i.e., the phenotype expected for a KCa1.1 agonist. However, to date, all publicly disclosed channel agonists have been observed to have ancillary pharmacology (e.g., calcium entry blocker activity, phosphodiesterase inhibitory activity) that promote smooth muscle relaxation and blood pressure lowering as well, which confounds proof-of-concept arguments that a selective KCa1.1 agonist will have therapeutic utility in reversing pathophysiology associated with smooth muscle hyper-excitability (Garcia et al., 2007). The importance of profiling lead compounds directed against new mechanisms for ancillary pharmacological activity cannot be overemphasized.

CROSS-TARGET PROFILING: THE ADVANTAGES OF FUNCTIONAL ASSAYS

Profiling a putative lead compound against a panel representing a consensus of important enzymes, receptors, ion channels, and transporters is an excellent way to establish a preliminary view of potential issues that might hamper development, and which off-target activities must be minimized accordingly. However, although enzyme assays are activity-based measurements (N. B., their interpretation is subject to the conditions chosen for the assay, especially levels of substrate), the use of binding assays to assess interaction of test compound with receptors, channels, or transporters is not as informative as are functional measurements. The same issues exist, but to a greater extent, with ion channel proteins. The ability of test compounds to interfere with binding of specific ligand probes developed for individual ion channels is often used as a guide for determining potential drug liabilities. However, it is well known that, unless the sites at which test agents interact with a channel are identical or strongly allosterically coupled to that region where the radiolabel probe binds, potential channel interactions can be missed. Tetrodotoxin (TTX) is a very potent and selective inhibitor of many voltage-gated sodium channels. However, except for similar congeners that compete for binding to this inhibitor’s site in the external pore of the TTX-sensitive sodium channel subtype, the rich pharmacology known to exist with this channel family (i.e., the extensive number of both agonists and antagonists that have previously been well-characterized) is completely undetectable using the TTX binding reaction (Cestele and Catterall, 2009). Similarly, using omega conotoxin as a probe for Cav2.2, charybdotoxin as a probe for Kv1.X or KCa1.1 channels, apamin as a probe for KCa2.X channels, or sulfonylureas as a probe of K-ATP channels, are additional insensitive means to determine potential off-target activities directed against these proteins. Indeed, it is known that conotoxin binding is highly refractory to modulation by most small molecule Cav2.2 inhibitors (Abbadie et al., 2010). In the case of sulfonylureas, binding is to a regulatory subunit associated with Kir6.2, the pore-forming subunit of the K–ATP channel complex, and monitoring effects on that binding reaction is conceptually a poor way to detect direct modulators of the Kir6 channel (see relevant sections in Hibino et al., 2010). The same criticism could be applied to many of the probes used to assess interactions with ligand-gated ion channels or transporters. In the case of transporters, there is no guarantee that using ligands which interact at a carrier’s substrate binding site is a sensitive means to detect all compounds that affect transporter function. Thus, there is no bona fide substitute to definitively identify putative ion channel or transporter modulators other than by direct measurement of protein function. This is especially true when evaluating novel chemical structures without previous pharmacological history, because many examples of false negatives and false positives have been noted when using binding protocols to profile such compound decks.

EXAMPLES OF PROFILING COMPOUNDS ACROSS TARGETS AND ACROSS CHANNEL FAMILIES

While drug discovery programs typically test the activity of lead compounds against other related family member targets, and may also include some critical cardiac targets, a much wider profiling can yield a better understanding of potential liabilities of the structural class of compounds under consideration. As an example, BIRB0796, which was developed as an allosteric inhibitor of p38 MAP kinase (aka SAPK2A/SAPK2B; Pargellis et al., 2002) was profiled at a single concentration of 10 μM in a functional Safety and Liability Screening Panel consisting of 125 targets (76 GPCRs, 39 Kinases, two Phosphatases, and eight Cardiac Ion Channels). Table 1 summarizes the activity of BIRB0796 in biochemical assays employing the kinases and phosphatases. BIRB0796 inhibits the SAPK2a/SAPK2b enzyme at a novel “DFG-out” allosteric site as determined from studies of the compound bound to non-activated human p38 MAP kinase, and has weak or no inhibition of 15 other kinases (Pargellis et al., 2002). In our studies greater than 50% inhibition of four kinases, including SAPK2B, was observed. In addition, 10 μM BIRB0796 inhibited five GPCRs (Table 2) and two of seven Cardiac Ion Channels, hERG, and Kv1.5 (Figure 1), by ≥50%. Inhibition of hERG and Kv1.5 channels could raise a flag of potential cardiac safety concern for this compound. All these data on BIRB0796, derived from a combination of biochemical and cell-based functional assays, provide a better insight into the putative compound’s liabilities than would have been obtained from the use of binding assays alone. This example illustrates the need to broadly characterize any potential drug discovery compound in functional assays to better understand its potential off-target activities.
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Figure 1. (A) Activity of 10 μM BIRB0796 on cardiac ion channels within Millipore’s Safety and Liability Panel. (B) Because of the significant inhibition observed at 10 μM, full concentration response curves for hERG and Kv1.5 were carried out with BIRB0796. Calculated IC50 values were 2.3 and 1.1 μM for hERG and Kv1.5, respectively.



Table 1. Activity expressed as percentage inhibition of 10 μM BIRB0796 on 39 kinases and 2 phosphatases within Millipore’s Safety and Liability Panel.
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Table 2. Activity expressed as percentage inhibition of 10 μM BIRB0796 on 76 GPCRs within Millipore’s Safety and Liability Panel.
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For functional assays to be able to provide accurate and decision-enabling information, it is important to understand how these assays perform over an extended period of time. This is best illustrated in the case of Nav channels, where some specific channel members, such as Nav1.7 and Nav1.8 are of interest for development of novel analgesics, but where such compounds must display restricted activity at the brain Nav1.1 and Nav1.2, and cardiac Nav1.5 isoforms. To identify novel chemical entities with the desired properties, i.e., state- and use-dependence to effectively block peripheral Nav1.7 or Nav1.8 channels involved in pain signaling, while sparing block at the cardiac Nav1.5 channel, drug discovery programs use both biochemical-based assays as well as manual patch-clamp and automated EPhys assays (Felix et al., 2004; Kaczorowski et al., 2008). Using IonWorks and PatchXpress platforms, Millipore can provide rapid turnaround times (within 7 business days from the date of compound receipt) for routine profiling against Nav1.1, Nav1.2, Nav1.3, Nav1.4, Nav1.5, Nav1.6, and Nav1.7 channels since these assays are sufficiently validated and quality control is followed rigorously. In addition, when development of assays using automated platforms is problematic because the amount of current remaining in cells held at V1/2 inactivation is not sufficient to enable robust and reliable IonWorks assays, additional assays can be provided using manual patch-clamp (e.g., Nav1.8).

These assays utilize stable cell lines (e.g., Burbidge et al., 2002; Clare et al., 2009) and voltage-clamp protocols designed to assess multiple features of compounds’ interaction with the Nav channels (Figure 2). A parameter often desired is use-dependent block, a condition where block accumulates due to high frequency firing that can be assayed using multiple-pulse protocols. Block of the inactivated-state of the channel, also known as tonic block, which is thought to be relevant in the disease state, can also be determined by selecting a holding potential that inactivates a certain fraction of the channels, so that one can estimate the affinity of the test compound for the inactivated state (Ki) and compare it with resting state block (Kr; see Hondeghem and Katzung, 1977; Bean et al., 1983). The protocol illustrated in Figure 2 was designed to efficiently profile both modes of interaction of test compounds with Nav1.x channels. Quality-control data for this protocol are shown in Figure 3, where the activity at pulse 25 for two concentrations of the reference compound, and the solvent control are shown. Robust-performing stable cell lines are crucial for these assays; the criteria for initial validation of these cell lines include current amplitude (we set a typical threshold of greater than 250 pA), seal resistance on automated patch-clamp platforms (i.e., is high enough relative to the current amplitude obtained with the assay protocol to give acceptable current resolution; this ranges from hundreds of MΩ to a few GΩ depending on the seal substrate) percent of cells expressing the current (the higher, the better) and continued performance at these levels over at least 25 passages in culture. Data collected over a 6-month time period show that the assays are robust and reproducible (Figure 3). Rigorous quality control checks ensure week-to-week consistencies which are necessary to support Drug Discovery programs.
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Figure 2. Millipore’s voltage-gated sodium channel IonWorks Quattro™ protocol. Cells are held at a voltage corresponding to ∼V1/2 inactivation, and subjected to 25 depolarization pulses to 0 mV for 20 ms. Pulses are applied every 100 ms. Data from Pulse 1 and Pulse 25 are reported to assess both tonic and use-dependent inhibition.
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Figure 3. Quality-control data for Nav1.1, Nav1.2, Nav1.3, Nav1.4, Nav1.5, Nav1.6, and Nav1.7 assays collected over a 6 month period of time using IonWorks Quattro. Vehicle control was external buffer with 0.3% DMSO final concentration and reference inhibitors consisted of tetracaine (Nav1.1), lidocaine (Nav1.2, Nav1.3, Nav1.4, Nav1.5, Nav1.6), and lamotrigine (Nav1.7). Data shown were calculated from Pulse 1 and Pulse 25 (as in Figure 2) and displayed as percentage activation relative to the ratio of Post-Compound/Pre-Compound pulses. Where 0.3% DMSO had no effect between the Pre-Compound and the Post-Compound pulses, this was defined as 100% activation. (Top left panel) vehicle control data. (Top right) data obtained at P1 with the IC50 concentration of inhibitor. (Bottom left) data obtained at P25 with the IC50 concentration of inhibitor. (Bottom right) data from P25 using an IC100 concentration of inhibitor. All data points are from cells with a minimum of 250 pA of current, and the mean is shown as the large filled symbol in each panel. The IC50 dose is chosen to estimate the block achieved at P25; since the compounds are state- and use-dependent blockers less than 50% block is frequently achieved at P1.



Additional specific custom automated patch-clamp protocols (see example in Figure 4) can be rapidly developed to identify inhibitors of Nav1.X channels that preferentially bind to the inactivated-state of the channel (Hondeghem and Katzung, 1977; Bean et al., 1983). We have developed custom protocols, with all validation data required, in as little as 3 weeks. Example data obtained using this protocol for seven Nav standards on three Nav1.X channels, Nav1.2, Nav1.5, and Nav1.6, are summarized in Table 3 and example data for Nav1.5 are shown in Figure 5. Lidocaine, tetracaine, lamotrigine, carbamazepine, and riluzole displayed a large leftward shift in their concentration–response curve at pulse 2, consistent with the use-dependent mechanism of block by these agents. Flecainide, on the other hand, displayed a more modest shift in affinity when comparing pulse 1 and 2, whereas for phenytoin there is essentially no block at pulse 1 and pronounced block at pulse 2. These data illustrate that reliable and efficient automated Ephys assays exist which can support Medicinal Chemistry programs targeting Nav channels. Similar protocols are in development for other voltage-gated channels, including Kv channels.

Table 3. Potency values for reference Nav inhibitors as determined with the 2-pulse protocol.
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Figure 4. IonWorks Quattro Nav pulse protocol designed specifically to characterize interaction with the inactivated-state of the channel. Pulse 1 drives Nav channels primarily into the inactivated state, the 5 ms step back to −120 mV relieves the fast inactivation, and the second depolarizing pulse (Pulse 2) defines a compound’s ability to bind to the inactivated-state of the channel.
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Figure 5. Inhibition of Nav1.5 channels by Nav1.X channel standards using the inactivated-state IonWorks Quattro protocol (Figure 4). Pulse 1 (P1) and Pulse 2 (P2) data were calculated from the maximum inward Nav current amplitudes from each depolarizing pulse and are presented as percentage activation relative to the ratio of Post-Compound/Pre-Compound pulses. Gray symbols and lines are data from P1, and tan symbols and lines are from P2.



IMPORTANCE OF MEASURING ACTIVITY OF DRUG CANDIDATES ON ION CHANNELS FOR CARDIAC SAFETY

Off-target activities of drug candidates are particularly relevant to ion channels expressed in the heart. Untoward modulation of many of these proteins can result in major safety issues, including lethality. Ion channels control conduction of electrical activity over the heart. They are responsible for efficiently orchestrating both cardiac rate and synchronous contraction of cardiac muscles comprising the atria and ventricle to allow efficient pumping of blood thorough the body’s vascular system. Identification of compounds found to alter normal cardiac electrocardiogram (ECG) waveforms, thereby signaling propensity for chronotropic, ionotropic, or arrhythmogenic activities, typically stops development. Therefore, early testing of all drug target lead candidates against a panel of critical cardiac ion channel targets (e.g., Kv11.1, Kv7.1, Kir2.1, Nav1.5, and Cav1.2) can add substantial value in prioritizing initial screening hits, assessing lead specificity, supporting real-time Medicinal Chemistry SAR studies on selected leads in the process of identifying development candidates, rescuing programs with potential major cardiac safety liabilities that are usually only revealed at the end of preclinical development, and supporting final stage drug registration efforts. Medicinal chemists find real value in having access to such selectivity data from a cardiac ion channel panel during lead optimization efforts.

The human ventricular cardiac action potential waveform (Figure 6, top) is shaped primarily by the activity of six different ion channels; Nav1.5, Cav1.2, Kv4.2/4.3, Kv7.1 (KCNQ1/KCNE1 channel complex), Kv11.1 (hERG; the Kv11.1 protein is thought to underlie the IKr current), and Kir2.1 (Roden et al., 2002). Additional channels (Kv1.5, Kir3.1/3.4) also contribute to the action potential waveform in atria. The summation of action potential waveforms over the entire structure of the heart gives rise to the measurements made in a surface ECG (Figure 6, bottom). Human genetics demonstrate that mutations in most of the ventricular ion channels listed above can have profound effects on ECG parameters, such as QTc, QRS, and PR intervals, which thereby signal potential cardiac safety issues (Nattel and Carlsson, 2006; Lu et al., 2008). Some of these waveform alterations may have fatal consequences (e.g., QTc prolongation can lead to torsades de pointes, which can lead to ventricular fibrillation, which can result in sudden cardiac death). Importantly, reduction of the cardiac rapid delayed rectifier potassium channel caused by loss-of-function mutations of the hERG channel will prolong the ventricular action potential, elongate the QTc interval, and cause a lethal arrhythmia. Gain-of-function mutations in hERG produce the opposite functional effects on action potentials and QTc intervals, but could result in either atrial fibrillation (Hong et al., 2005) or ventricular fibrillation; each condition is potentially lethal. Loss-of-function mutations in the cardiac sodium channel, Nav1.5 (Brugada Syndrome), increases QRS interval, slows conduction and may result in initiation of lethal arrhythmias, while gain-of-function mutations prolong QTc, thereby increasing probability of the same fatal end point. Inhibition of the cardiac slow delayed rectifier potassium channel due to loss-of-function of either the pore-forming subunit, KCNQ1, or of the beta regulatory subunit, KCNE1, prolongs QTc, while activation of this channel through gain-of-function mutations in KCNQ1 shortens QTc. Both phenotypes increase the probability of sudden cardiac death. The same spectrum, with respect to effects on QTc interval and arrhythmogenic potential, is also produced by loss- or gain-of-function mutations in the cardiac inwardly rectifying potassium channel, Kir2.1. Finally, gain-of-function mutations (Timothy Syndrome) in the L-type calcium channel, Cav1.2, leads to QTc prolongation, ventricular, and atrial arrhythmias, and can be fatal, while loss of Cav1.2 function shortens QTc intervals and increases the possibility of sudden cardiac death, as well. Taken together, data from studies of human genetics demonstrate that the consequences of altering function of the major ion conduction pathways in the heart often result in an increase in mortality. Thus, drugs which affect these targets can similarly elicit fatal events (Roden, 2004; Knollmann and Roden, 2008) and it is critical to identify such liabilities as early as possible in development and take corrective actions. Indeed as little as 20% block of hERG current by some drugs that do not affect other cardiac currents can produce dangerous prolongation of the ventricular action potential (for a comprehensive analysis of drugs that prolong QT interval, see Redfern et al., 2003). As an example for another cardiac ion channel, we recently profiled a compound from a non-cardiac ion channel program and detected antagonist activity at KCNQ1/minK channels, which could cause delayed ventricular repolarization in vivo. At this stage, profiling of different chemical series and multiple representatives of these chemical series can be performed to provide structure activity relationship data that provided a path forward in the project. CardiacProfiler™ functional patch-clamp assays offered by Millipore provide a convenient path to understand potential cardiac liability of potential lead compounds at the most important eight cardiac ion channels and can serve as an important component of integrated cardiac risk management.
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Figure 6. Human ventricular action potential and surface electrocardiogram (ECG). The ventricular action potential (indicated in red) is determined by the activity of several ion channels. When the membrane potential reaches a threshold value, voltage-gated sodium channels (INa) rapidly activate and sodium ions enter the cell down their concentration gradient to cause cell depolarization. INa (Nav1.5), therefore, contributes to the upstroke of the action potential. Following depolarization, calcium channels (ICa; Cav1.2) open to allow calcium ions to enter the cell and initiate the excitation–contraction coupling mechanism. In order to bring the cell back to its resting state, different potassium channels, such as Ito (Kv4.2/Kv4.3), IKr (Kv11.1; HERG), IKs (Kv7.1/mink), and IK1 (Kir2.1) become engaged at different phases of the action potential. The action potential duration represents the time interval between the action potential upstroke and return to the resting level. The surface ECG (purple) is the sum of action potentials over all compartments of the heart. The P wave corresponds to atrial depolarization, whereas the QRS complex is caused by depolarization of the ventricle. The T wave corresponds to repolarization of the ventricle.



DETERMINING ACTIVITY ON hERG, Nav1.5, AND Cav1.2 CHANNELS: LIMITATIONS OF LIGAND-BINDING ASSAYS

Several methodologies have been adopted to routinely probe for interactions of test compounds with three of the major cardiac ion channel liability targets; hERG, Nav1.5, and Cav1.2. Historically, the most commonly used technique involves monitoring the effects of test compounds on binding of selective ligands for each of these channels to identify potential safety risks. Of these targets, hERG is the most important to be evaluated, given that: (1) hERG modulation can produce mortality; (2) as little as 20% hERG block can have an effect on QTc interval; (3) some drugs have been withdrawn from the market or received a cautionary warning because of safety issues (lethal arrhythmias) found to be associated with their activity against hERG (Table 4); (4) regulatory agencies will not approve registration of new drugs without a data package demonstrating a minimal hERG liability; (5) the Kv11.1 channel is the most promiscuous ion channel ever characterized in terms of its molecular pharmacology – it is blocked by a wide variety of molecules, perhaps because the channel’s inner cavity located below the selectivity filter can accommodate such a wide range of structures – so there is high probability that some interaction with novel test compounds might be observed (Fermini and Fossa, 2003). Although hERG binding assays have been used in the field for many years, this approach is conceptually flawed when compared with profiling actives directly on hERG function. Many instances of hERG binding by drug candidates have yielded both false positive and false-negative data during testing of novel structural series. False positives can be sorted out by subsequent evaluation in a functional assay. However, false negatives can have disastrous program consequences if the hERG liability is not detected until a potential preclinical candidate is profiled in vivo in a CV dog. The time wasted and lack of SAR information on the newly discovered hERG activity usually results in termination of development efforts. The risk of using hERG binding assays as the only support for Medicinal Chemistry is simply not warranted when alternatives exist for employing medium- and high-capacity functional hERG assay formats.

Table 4. Drugs withdrawn due to QT-prolongation.
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Similarly, it may be misleading to monitor the effect of test compounds on batrachotoxin (BTX) binding to Nav1.2 channels in brain tissue as a surrogate for identifying potential interactions with the cardiac sodium channel. Because (1) the BTX site is not coupled to all other drug binding sites on sodium channels (Cestele and Catterall, 2009), (2) the channels under investigation are distinct (Nav1.5 versus Nav1.2), (3) sodium channel subtype-selective inhibitors exist (Williams et al., 2007; Schmalhofer et al., 2008), and (4) electrical environment/biophysical properties can specifically influence Nav1.5 block, testing compounds directly on Nav1.5 function is a much more meaningful approach.

Lastly, monitoring binding of representative ligands for the L-type calcium channel from the dihydropyridine, phenylalkylamine, and benzothiazepine classes to probe for potential Cav1.2 interactions is likewise flawed. Out of the three ligand classes, the diltiazem binding assay is probably the most sensitive means to detect possible channel modulators; however, this assay still yields false positives and negatives. Such findings support use of a functional assay to replace ligand-binding for evaluating potential Cav1.2 interactions.

DEVELOPMENT OF HIGH-THROUGHPUT FUNCTIONAL ASSAYS FOR ION CHANNEL MODULATION

Depending on the required throughput, manual, or automated patch-clamp methods can be used to evaluate compounds individually against each of the six to eight critical ion channels present in human cardiac muscle to accurately reveal any potential liabilities. However, using such techniques to assess large numbers of compounds can be tedious, time-consuming, and costly. The issue of expanding screening capacity against a cardiac panel has recently been addressed by developing a series of robust, high-throughput, cell-based counter-screening assays employing fluorescence-based readouts. For example, assay conditions were developed and optimized to establish a high-capacity 384- and 1536-well functional thallium flux assay for the hERG channel that recapitulates the molecular pharmacology of a wide range of standard, well-characterized, channel blockers based on their activities measured in electrophysiological protocols (Schmalhofer et al., 2010). These studies were further extended to the analysis of approximately 1000 compounds randomly chosen to represent diverse structural classes from ongoing Medicinal Chemistry programs, where the activities in thallium flux or in a hERG ligand-binding assay were compared with data obtained from electrophysiology determinations made on the same compound deck. Subsequent correlations reveal that the thallium flux inhibitory values correlate more closely with electrophysiology data than do the ligand-binding results for this series of compounds (Figure 7). Thus, use of a well-controlled thallium flux assay is an excellent high-capacity predictive assay of in vitro hERG blocking activity. Such an assay has supported Medicinal Chemistry efforts to significantly dial out problematic off-target interactions with Kv11.1, while potency was simultaneously enhanced on the primary target (Garcia and Kaczorowski, unpublished observations).
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Figure 7. Correlation between QPatch and high-throughput hERG assays. For a subset of compounds for which two high-throughput hERG assays, thallium flux (blue symbol), and 35S-MK499 binding (red symbol) showed >7-fold difference in potency, the estimated fraction of block in QPatch hERG recordings correlates to a greater degree with the thallium flux data Schmalhofer et al. (2010).



Robust HTS assays have been developed for Kir2.1, Nav1.5, and Cav1.2 channels, as well. For example, a HEK hKir2.1 thallium flux assay operant in 384- or 1536-well format has been established, validated, and routinely used as a counter-screen in efforts to develop the molecular pharmacology of other inwardly rectifying potassium channel targets (Garcia and Kaczorowski, unpublished observations). It is expected that a similar HTS assay could be configured with the KCNQ1/KCNE1 channel complex as a probe for modulators of the cardiac slow delayed rectifier potassium current. Using either FRET dye pairs or single fluorescence dyes to monitor membrane potential, a routine, robust, and sensitive hNav1.5 HTS assay has been configured that is operant in formats that can support high-density screening with 1536-well plates (Felix et al., 2004). Use of an agonist initiation protocol allows configuration of assay conditions which yield pharmacologically faithful data when compared to Kinactivation values of literature standards. Finally, a calcium influx assay was developed to detect state-dependent Cav1.2 blockers by stably expressing the Cav1.2 channel subunits (α1C, α2δ1, β2a) along with an inward rectifier potassium channel, Kir2.3, in HEK cells (Dai et al., 2008; Abbadie et al., 2010). Cell membrane potential is controlled by bath external potassium concentrations due to the presence of Kir2.3 and the equilibrium between different Cav1.2 states is shifted by controlling cell membrane potential. By incubating cells with test compounds at different potassium concentrations, triggering channel opening by depolarizing cells with high potassium, and measuring increases in internal calcium with a calcium-sensitive dye, state-dependent Cav1.2 blockers can be detected in an accurate, facile, and reproducible fashion. Importantly, pharmacological sensitivity data from all these protocols display good correlation with patch-clamp results.

This functional HTS approach to assay cardiac ion channels can reduce the risk of unwanted side effects and eliminate such liability early in lead development. The implementation of high-capacity, robust, facile, accurate, and cost effective, cellular-fluorescence-based ion channel counter-screening methodologies can support data delivery on a weekly basis to support Medicinal Chemistry SAR efforts. Moreover, this strategy can be extended to developing a CNS liability panel including functional assays for Kv1.X, Kv2.X, Kv3.X, Kv4.X, Cav2.X, Cav3.X, and KCNQ2-3 using the same general cell-based approach.

CONCLUSION

Attention to identifying serious off-target activities and supporting Medicinal Chemistry efforts to minimize these activities are as important as the other efforts that go into identifying a potential drug development candidate. Eliminating ancillary pharmacology helps to improve therapeutic index which will be beneficial during clinical trials supporting new drug registration. Often, drug failures in the clinic result from non-mechanism-based side effects which could have been identified and eliminated by proper profiling of lead candidates. Utilizing comprehensive, sensitive, and well-validated profiling assays provides drug developers the ability to ask the crucial questions early and often during the preclinical development process, which should save time, money, and avoid nasty surprises.
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Automated electrophysiology makes the pace for cardiac ion channel safety screening
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The field of automated patch-clamp electrophysiology has emerged from the tension between the pharmaceutical industry’s need for high-throughput compound screening versus its need to be conservative due to regulatory requirements. On the one hand, hERG channel screening was increasingly requested for new chemical entities, as the correlation between blockade of the ion channel coded by hERG and torsades de pointes cardiac arrhythmia gained increasing attention. On the other hand, manual patch-clamping, typically quoted as the “gold-standard” for understanding ion channel function and modulation, was far too slow (and, consequently, too expensive) for keeping pace with the numbers of compounds submitted for hERG channel investigations from pharmaceutical R&D departments. In consequence it became more common for some pharmaceutical companies to outsource safety pharmacological investigations, with a focus on hERG channel interactions. This outsourcing has allowed those pharmaceutical companies to build up operational flexibility and greater independence from internal resources, and allowed them to obtain access to the latest technological developments that emerged in automated patch-clamp electrophysiology – much of which arose in specialized biotech companies. Assays for nearly all major cardiac ion channels are now available by automated patch-clamping using heterologous expression systems, and recently, automated action potential recordings from stem-cell derived cardiomyocytes have been demonstrated. Today, most of the large pharmaceutical companies have acquired automated electrophysiology robots and have established various automated cardiac ion channel safety screening assays on these, in addition to outsourcing parts of their needs for safety screening.
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ION CHANNEL ACTIVITY DETERMINES ECG-DETECTABLE CARDIOVASCULAR RISK

The coordinated electrical activity of the heart determines its ability to beat and pump oxygenated blood successfully, and the overall electrical activity is determined by the cellular action potentials (APs) at the level of the cardiomyocyte. Ion channels mediate transmembrane currents controlling the duration of cardiomyocyte APs, which en masse can be detected at the skin via the electrocardiogram (ECG; Sanguinetti and Tristani-Firouzi, 2006; Witchel, 2011). The QT interval, which is measured as an in vivo ECG parameter, has been shown to be an imperfect surrogate marker for arrhythmogenic risk (Roden et al., 1996; Witchel et al., 2003; Hondeghem, 2006). If prolonged in the presence of a drug, it may indicate that a compound could cause acquired long QT syndrome (aLQTS), and thus have a cardiac safety liability (Roden, 2004). aLQTS is a potentially fatal drug-induced disorder associated with the risk of sudden cardiac death mediated by the polymorphic ventricular tachyarrhythmia torsades de pointes (TdP; Viskin, 1999). In many cases the pathophysiological basis of aLQTS is based on a drug (or combination of drugs) interfering with the activity or production of either one or a range of ion channels; thus, the testing of drugs for effects on ion channels has become a major concern (and industry) within drug development (Brown, 2008). For drug development programs that must establish cardiac safety profiles to achieve regulatory approval, the QT interval, therefore, remains one of the most important ECG parameters.

Control of the duration of the cardiac ventricular AP is mediated by the equilibrium between inward and outward currents across the cell membrane (Carmeliet, 1993). Under physiological conditions the AP progresses through the phases of depolarization, plateau phase, and repolarization over the course of 200–300 ms, but in LQTS repolarization is delayed and the AP duration at times will be substantially prolonged. Electrophysiologically, this delay in repolarization implies a deviation from the usual balance of currents across the myocyte membrane responsible for normal repolarization. Thus, prolongation of the AP could theoretically arise from an increase in inward (depolarizing) current, or alternatively, from a decrease in outward (repolarizing) current carried by potassium ions. Both of these conditions have been found to exist as the genetic basis of pathology in various familial LQTS patients (Splawski et al., 2000).

Potassium channels play prominent roles in AP repolarization, as well as during the plateau phase. The rate of net K+ efflux, and by extension the rate of repolarization, is determined by the density and gating properties of different K+ channels. K+ channels mediating an inwardly rectifying current (IK1) are important in maintaining the normal resting potential of ventricular cardiomyocytes, and during the final stage of AP repolarization (Carmeliet, 1993). A rapidly activating and inactivating transient outward current (Ito) contributes to early AP repolarization and underlies the initial “notch” before the plateau phase. Of particular relevance to the AP plateau is the delayed rectifier current (IK) comprised of rapid (IKr) and slow (IKs) components mediated by distinct channel subtypes with distinct kinetic properties (Sanguinetti and Jurkiewicz, 1990; Sanguinetti and Keating, 1997). IK develops gradually during the plateau phase, opposing the inward currents underlying sustained depolarization. As the net balance of current alters, and net outward current exceeds inward current, repolarization occurs. IK and IK1 can be considered to regulate ventricular AP repolarization over the plateau range, and final rapid repolarization phase, respectively (Sanguinetti and Keating, 1997). A schematic showing the ventricular AP and the currents that comprise it are shown in Figure 1.


[image: image]

Figure 1. Ionic activity during the cardiac ventricular action potential. (A) An idealized ventricular action potential (AP) is shown in the top panel; the upward slope represents depolarization (positive voltages), and the downward slope repolarization (negative voltages). Arrows indicate the effects of the dominant currents on the potential: during the plateau phase, depolarizing calcium currents, and repolarizing potassium currents balance each other. (B) The main transmembrane ionic currents contributing to the AP over time; inward (depolarizing) currents are shown below each axis, and outward (repolarizing) currents are shown above each axis. Relative polarities and time courses are indicated; relative amplitudes are not to scale. IKr Rapid delayed rectifier current. Adapted with permission from Witchel (2011).



The cellular electrophysiological testing of drugs for cardiac safety tends to involve cardiac potassium channels, the cardiac sodium channel and the L-type calcium channel, because the association of these channels with LQTS is well-established. The protein comprising the pore of IKr is made from four hERG1a alpha subunits, and when these are expressed heterologously, the channel mediating the resulting transmembrane current is commonly referred to as the hERG channel. The hERG channel is the most commonly tested ion channel for cardiac liability of new drugs. Other ion channels that are relevant to the cardiac AP (Figure 1) are also tested commercially, including IKs (the slow component of the delayed rectifier current in cardiac myocytes), IK1 (the inward component), IKur (the ultra rapid component), IKto (the transient outward component), and If (the “funny current”). Sympathetic influences also affect arrhythmogenic risk, and β-adrenergic effects (using GPCR-screening methods) can thus also be tested for.

The most notorious ion channel associated with an aLQTS liability is the hERG (originally named human Ether-à-go-go related gene, also now known as Kv11.1) potassium (K+) channel; the reason so many drugs were linked to aLQTS mediated by hERG is presumed to be due to the structure of the channel’s inner cavity, which allows the channel to make promiscuous interactions with many different small molecules (Mitcheson, 2008). Mutations in this alpha subunit were initially shown to be the cause of genetic long QT syndrome, and it was proposed that iatrogenic inhibition of the channel could lead to pathology by failing to protect against calcium-induced early after depolarizations (EADs) that could initiate arrhythmogenic electrical activity (January and Moscucci, 1992; Curran et al., 1995; Sanguinetti et al., 1995; Sanguinetti and Keating, 1997).

For many years the only test of drug-induced channel blockade that was viewed as critical for cardiac safety by drug regulators was for hERG (Committee for Proprietary Medicinal Products, 1997), despite the fact that an ensemble of currents contributes to the AP (and the ECG). It is generally understood that changing the activity of ion channels on the cell surface of cardiac myocytes can both contribute to arrhythmogenesis and to its amelioration (Bril et al., 1996; ICH, 2005; Hansen et al., 2007), and that although blockade of hERG may increase the substrate for arrhythmogenesis, that concurrent blocking of L-type calcium channels may serve to reduce EADs and the arrhythmogenic substrate (January and Riddle, 1989; Bril et al., 1998; Chouabe et al., 1998). A number of investigators pointed out that extrapolating the net drug-induced effects on a range of channels based on measuring only one type of current can give false picture (Witchel et al., 2003). The pharmaceutical industry is therefore concerned with developing in vitro cardiac safety assays that provide an early measure of cardiac safety, integrating more than only the hERG ion channel current (Moeller, 2011).

AUTOMATED PATCH-CLAMP ELECTROPHYSIOLOGY ALLEVIATES A BOTTLENECK IN CARDIAC ION CHANNEL SAFETY SCREENING

AUTOMATED PATCH-CLAMP ELECTROPHYSIOLOGY PROVIDES A DIRECT BIOPHYSICAL READOUT OF ION CHANNEL FUNCTION

The flux of ions through transmembrane channels is accompanied by a charge transfer across the biological membrane. This charge transfer can be measured by biophysical readouts, and the manual patch-clamp technique (Neher and Sakmann, 1976; Hamill et al., 1981) is typically referred to as the “gold-standard” method for achieving this. Attempts to automate and simplify the classical, relatively slow, and technically challenging patch-pipette-based approach unfolded at NeuroSearch in the late 1990s with the development of NeuroPatch, later introduced as Apatchi-1 (Asmild et al., 2003). Subsequently, a few other systems have been developed that automate the classical method of pipette-based patch-clamping; however, none of these appear to have yielded a major revolution in patch-clamp throughput.

The technical realization that cells could form high-resistance (gigaseal) connections to planar glass substrates allowed for the introduction of chip-based systems for automated patch-clamp electrophysiology. This finding, approximately 10 years ago (Fertig et al., 2001, 2002; Sigworth and Klemic, 2002), has allowed scientists to increase the throughput of automated patch-clamping to the next level, and has started a technological revolution that alleviated the major bottleneck of throughput in ion channel patch-clamp research. A couple of biotech startup companies were launched and then contributed to bringing this (or a closely related) new technology to the market [including Nanion Technologies GmbH, Munich; Cytocentrics AG, Rostock; Flyion GmbH, Tübingen; Essen Instruments (now Essen BioScience, Inc.), Cytion SA (Lausanne, acquired by Molecular Devices, LLC); Cellectricon AB (Mölndal); Sophion A/S (Copenhagen); Fluxion LLC (San Francisco)], and the technology was also a part of development activities in established companies [especially Axon Instruments, now part of Molecular Devices, LLC (MDS)].

THE REQUIREMENT FOR HERG CHANNEL DATA FOSTERED THE DEVELOPMENT OF AUTOMATED PATCH-CLAMP ROBOTS

Around the beginning of this century, awareness for the relevance of a blockade of the cardiac hERG ion channel for the development of drug-induced cardiac arrhythmias arose and was reflected in regulatory guidelines (ICH S7A, ICH S7B). Consequently the pharmaceutical industry was in huge need of hERG channel safety screening data of new drug candidates. A couple of small and medium-sized university spin-offs and biotech companies started to offer this kind of investigations for pharmaceutical companies, by employing different technologies: high-throughput assays (e.g., Fluorescence, binding, or flux assays: these represent an indirect readout, but are relatively cheap and offer a relatively high throughput), or manual patch-clamp assays (with only low compound throughput, and consequently at relatively high costs per data point). Some of these companies presented a showcase for a time-matched introduction of a scientifically sound and highly relevant expert service, which the pharmaceutical industry was in dire need of, and which in some cases developed into a great commercial success. With increasing demand for hERG channel data, it is not surprising that the hERG ion channel was one of the first channels for which an assay was established on the newly developed automated patch-clamp instruments (Kiss et al., 2003), and in turn the need for high-throughput hERG channel patch-clamp data was a major accelerator in the further advancement of automated patch-clamp robots.

PROTOCOLS FOR AUTOMATED PATCH-CLAMP ASSAYS NEED TO BE CAREFULLY SET UP AND VALIDATED

Patch-clamp robots available today typically employ planar substrates on which cells delivered from suspension can form gigaseals (for an excellent review on automated patch-clamp instruments, see Dunlop et al., 2008). Protocols and details for the investigation of a number of different cell types by automated patch-clamp are given in the excellent paper by Milligan et al. (2009). Since its first application to measuring the hERG channel for safety screening (Kiss et al., 2003), this technique has been well validated for a number of robots. It is now widely applied to reduce the liability of compound series’ towards the hERG channel as part of safety pharmacology assessment early during medicinal chemistry compound development (Kutchinsky et al., 2003; Davenport et al., 2010; Riether et al., 2011; Tye et al., 2011). Reported correlations of biophysical channel properties (Figure 2) as well as pharmacological compound properties between automated (planar, chip-based) and manual (pipette-based) patch-clamp investigations are generally excellent (Kutchinsky et al., 2003; Xu et al., 2003; Tao et al., 2004; Bridgland-Taylor et al., 2006; Jones et al., 2009; Davenport et al., 2010; Golden et al., 2011). The reported discrepancies between manual and automated patch-clamping have been well investigated, and a number of reasons for reported discrepancies have been identified. It is important to note that all of these reported discrepancies are not attributed to the technological principle of chip-based patch-clamping. Rather, one or several of the following points have been identified as the major source of potential discrepancies (Mathes, 2006; Ly et al., 2007; Farre et al., 2009; Mo et al., 2009; Davenport et al., 2010; Moller and Slack, 2010) if automated patch-clamp assays are not well validated: (1) Plate material in automated robots: in manual patch-clamping, test solutions are typically prepared in relatively large quantities and are continuously perfused, while in automated robots, microtiter plates with a smaller volume are used, and relatively small volumes of test solutions are added (one or several times) to the patched cells. The unfavorable surface-to-volume ratio in microtiter plates can lead to a potential reduction of compound concentrations in automated patch-clamping, especially if a hydrophobic plate material is employed. This would lead to a shift of IC50 curves to larger nominal compound concentrations. It has therefore become good practice to use glass plates in automated electrophysiology robots, in particular for all aqueous solutions. In this context it is important to also consider the material of the patch-clamp chip. (2) Timing of compound preparation: in manual patch-clamp experiments, it is relatively easy to prepare test solutions directly before the patch-clamp experiment. This time-matched preparation of test solutions can become a challenge in automated experiments, due to the higher throughput, and the corresponding requirement of a larger number of different test solutions. A time lag between the preparation of test solutions and the experiment can however result in a precipitation of compounds in test solution over time, resulting in IC50 curves shifted to larger nominal compound concentrations. (3) Buffer compositions: the ionic strength of buffers can shift pharmacological profiles of compounds (e.g., different ions can have an effect on channel gating, and certain compounds interact preferably with certain states of the channel). Consequently, it appears advisable to use buffers that mimic physiological conditions as closely as possible. (4) It is important to note that also manually measured compound IC50 values often span a relatively large range between different labs, often owing to different voltage protocols that are applied, or to different experimental temperatures.


[image: image]

Figure 2. Representative hERG channel whole-cell current–voltage relationships by manual and automated patch-clamp electrophysiology from CHO cells stably expressing the channel. The characteristic bell-shaped current–voltage relation can be clearly seen during both partial repolarization phases [different current–voltage protocols for recording hERG channel currents have been described in the literature (e.g., Hancox et al., 1998; Su et al., 2004, 2009; Deisemann et al., 2008)]. (A) Recorded by manual patch-clamp using the following stimulation protocol: cells were held at −80 mV, depolarized to +20 mV for 1 s, and repolarized in steps from −120 to +40 mV in 10 mV intervals for 1 s each. Stimulation frequency was 0.1 Hz. (B) Recorded by automated planar patch-clamp on the Patchliner (Nanion Technologies) using the following stimulation protocol: cells were held at −80 mV, depolarized to +40 mV for 500 ms, and repolarized in steps from −140 to +40 mV in 20 mV intervals for 500 ms each. Stimulation frequency was 0.1 Hz. Adapted with permission from Moeller (2010). For more experimental details see Davenport et al. (2010).



Technological developments have further increased the throughput of automated patch-clamp robots during the past years. This has happened on the one hand by increasing parallelization of measurement electrodes, thereby allowing the execution of more patch-clamp recordings in parallel in one experimental run. In a different approach, it has been shown that an increased experiment success rate could be reached if seals with reduced resistance are included into the data evaluation. This notion has allowed reducing the technological demands for controlled seal formation, and has thereby facilitated an even higher rate of parallelization, albeit at potentially reduced data quality owing to the lack of high-resistance gigaseals. Interestingly, the development of ensemble patch-recordings (Finkel et al., 2006), as used in various of today’s instruments, averages out biological variability of individual cells, and thereby increases data consistency and reproducibility even in low-resistance experiments for most cell systems and ion channels (Finkel et al., 2006; Cao et al., 2010).

AUTOMATED PATCH-CLAMP ASSAYS GO BEYOND hERG

Most of the relevant cardiac ion channel safety targets that are discussed above have been shown to be amenable to measurements on different electrophysiological platforms in heterologous expression systems (Wible et al., 2008; Balasubramanian et al., 2009; Farre et al., 2009; Cao et al., 2010; Penniman et al., 2010), and form a standard resource within safety departments of many pharmaceutical companies. In addition, a number of competitive specialized Biotech Contract Research Organizations (CRO) are offering investigations of cardiac (and other) ion channels using well validated automated patch-clamp electrophysiology assays under fee-for-service or alliance contract agreements (e.g., Chantest, OH, USA; Millipore, MA, USA (now part of Merck KGaA); AvivaBioSciences, California; Evotec AG, Hamburg). Thereby these companies are offering an established flexible resource to meet outsourcing requirements of the pharmaceutical and the biotech industry.

It has been described that some compounds are more potent hERG-inhibitors at physiological temperature as compared to room temperature: measurements at the (higher) physiological temperature might affect the IC50s for the many open-state hERG channel blockers (e.g., methanesulfonanilides), as the faster kinetics at the higher temperature would make more of the channel available for open-state blockade (Zhou et al., 1998). This is especially relevant for safety investigations, where compounds could be incorrectly classified as non-hERG active if they are investigated at room temperature. It has therefore become good practice to perform hERG investigations (especially the relatively late-stage GLP) at (or near) physiological temperature. While the first automated patch-clamp instruments were only capable of operating at room temperature, some manufacturers of automated patch-clamp equipment have responded to this need for automated patch-clamp investigations at (or near) physiological temperature (Farre et al., 2007; Golden et al., 2011).

AUTOMATED PATCH-CLAMPING OF CARDIOMYOCYTES PROVIDES PHYSIOLOGICALLY RELEVANT ACTION POTENTIAL DATA

As discussed above, the cardiac AP is comprised of a well-orchestrated ensemble of individual ion channel currents. Considering only selected ion channels for cardiac risk assessment can therefore give a false picture, as effects of compounds on several channels can potentiate or alleviate a potential arrhythmic effect (Witchel et al., 2003; Fenichel et al., 2004; Moeller, 2011). Patch-clamp recordings in cardiomyocytes have been shown to provide a picture of the effect of compounds on the whole ensemble of cardiac ion channel currents, and to reproduce the effects of selected reference compounds on the AP. With improved protocols to differentiate stem-cells of various sources into a homogenous cardiomyocyte population, the availability of cardiomyocytes increases, and the suitability of stem-cell derived cardiomyocytes for pharmacological investigations by patch-clamping has been convincingly demonstrated (Harding et al., 2007; Zhang et al., 2009; Kuryshev et al., 2010; Foldes et al., 2011). Recently, stem-cell derived cardiomyocytes from mouse have been applied to planar patch-clamp chips, and the pharmacology of a set of reference compounds was reproduced in AP recordings (Stoelzle et al., 2011). Also, data from human iPS-derived cardiomyocytes were shown (Anson, 2011). This proves the potential of such recordings and certainly represents an extremely interesting and physiologically potentially highly relevant approach. It should however be considered that (automated) AP recordings from myocytes still require a more thorough validation before their sensitivity and the correlation of the data to adult cardiac physiology and pharmacology is better understood. In particular two potential problems with data from stem-cell derived cardiomyocytes need to be considered: (1) Studies have given evidence that iPS and ES derived cardiomyocytes, depending on their age, most likely represent a neonatal state, and thus contain an ion channel population that most likely does not represent the adult one (Binah et al., 2007; Xi et al., 2010). This would certainly also influence the AP response and pharmacology. (2) While stem-cell derived cardiac myocytes certainly represent a more physiological test system than heterologous expression systems, it must be considered that in automated patch-clamp setups the cells reside out of their physiological surrounding, in (more or less) artificial buffer solutions. Also, the cells have lost their cell–cell network contacts, and therefore require an artificial stimulation to activate their AP.

AUTOMATED CARDIAC SAFETY ION CHANNEL PATCH-CLAMP ELECTROPHYSIOLOGY: QUO VADIS?

The automated patch-clamp electrophysiology technology has been referred to as an “enabling technology” for ion channel drug discovery and research. Never before has it been practically possible for pharmaceutical companies to screen compounds on the order of tens of thousands against an ion channel target by use of a direct functional readout, and thus avoiding the potential false positives and/or negatives associated to other, more indirect (such as fluorescence assay or binding techniques), high-throughput screening methods. This has allowed drug developers to move cardiac ion channel safety screening earlier into the drug development pipeline, and to mitigate potential cardiac safety liabilities of potent compound series (Davenport et al., 2010; Riether et al., 2011; Tye et al., 2011).

The two currently known instruments with the highest rate of parallelization and the largest throughput are – at the time of writing this manuscript – the SyncroPatch 96 (Nanion Technologies) and the IonWorks Barracuda (MDS). While the SyncroPatch is capable of handling up to 96 parallel high-quality Gigaseal recordings under continuous voltage control (using 96 well plates), the Barracuda can perform 384 parallel recordings – albeit potentially at the price of reduced data quality or limited voltage control, as the Barracuda relies on low-resistance seals and employs the population patch-clamp (PPC) technology (Finkel et al., 2006).

Furthermore, customer suggestions have led to other new developments to the existing automated patch-clamp robots. Recently there have been further improvements of the seal rates and seal stabilities (e.g., by optimizing chip substrates) as well as the addition of more sophisticated automated cell culture preparations on board of some instruments (Mathes et al., 2009). In the future there is likely to be even further increases in throughput, which could be achieved by an additional increase in parallelization.

Other expected development steps concern the biological side, as well as the pharmacological relevance of the data obtained by automated patch-clamping: at the time of writing this manuscript, only a few of the amplifiers from automated patch-clamp instruments are capable of operating in current clamp mode, and thus are able to perform AP recordings from cardiomyocytes, which are of great interest to the safety pharmacology community. Although neither drug-induced prolongation nor triangulation of AP in cardiac myocytes (e.g., Purkinje fibers) are perfect surrogates of risk (Gintant et al., 2001; Martin et al., 2006), if affordable and capable of high-throughput, these measures might become valuable complementary surrogates for QT prolongation (or for the need to provide a warning label) compared to hERG safety margins alone (Gintant, 2011). With improved robust protocols to differentiate stem-cells into cardiomyocytes, and increasing availability of cardiomyocytes from commercial sources, we expect that more comparative and validation data from these cells will be published. This will certainly help the safety pharmacology community to better assess the physiological relevance of automated AP recordings by patch-clamping, and evaluate the implications of these data for safety pharmacology investigations.
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The Patchliner® temperature-controlled automated patch clamp system was evaluated for testing drug effects on potassium currents through human ether-à-go-go related gene (hERG) channels expressed in Chinese hamster ovary cells at 35–37°C. IC50 values for a set of reference drugs were compared with those obtained using the conventional voltage clamp technique. The results showed good correlation between the data obtained using automated and conventional electrophysiology. Based on these results, the Patchliner® represents an innovative automated electrophysiology platform for conducting the hERG assay that substantially increases throughput and has the advantage of operating at physiological temperature. It allows fast, accurate, and direct assessment of channel function to identify potential proarrhythmic side effects and sets a new standard in ion channel research for drug safety testing.
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INTRODUCTION

The cardiac proarrhythmic liability of new pharmacological entities is a major concern for pharmaceutical companies and regulatory agencies. Remarkably, many if not most compounds exert their arrhythmogenic effects through the same electrophysiological mechanism: blockade of repolarizing currents through human ether-à-go-go related gene (hERG) K+ channels located in ventricular myocytes (Sanguinetti and Tristani-Firouzi, 2006). As a result, in-vitro hERG assay has been introduced into the drug development process to test the proarrhythmic potential of small molecules (International Conference on Harmonisation, 2005). The assay evaluates the acute effects of new therapeutic agents on hERG channels stably expressed in mammalian cell lines (such as HEK293 and CHO cells). By directly measuring a compound’s ability to block hERG K+ channels it evaluates the proarrhythmic liability associated with this fairly common arrhythmogenic mechanism.

The gold standard for assessing ion channel functionality is the patch clamp technique. The high-resolution conventional manual method involves a glass micropipette filled with an ionic solution that electrically connects an electrode wire to a small patch of cell membrane. Considerable expertise is needed and throughput is low as only one cell can be recorded at a time. In addition, accurate drug safety assessment requires a highly sensitive temperature-controlled patch clamp since the current kinetics is temperature-dependent and inappropriate experimental temperature may compromise the pharmacological properties of the hERG current (Vandenberg et al., 2006). Thus thorough analysis of hERG liabilities under physiological conditions has only been possible to date for advanced compounds using the conventional manual patch clamp technique. However, the high attrition rate due to cardiovascular adverse effects indicated a strong need for a high-quality electrophysiological method for early hERG profiling of a larger number of drug candidates.

Fortunately, automation has entered the area of experimental electrophysiology over the past few years. The first automated patch clamp instruments focused on increasing throughput by the parallel formation of high-resistance seals using the planar patch clamp at ambient temperature (reviewed in Möller, 2010). Various companies have recently launched second-generation automated platforms, including the Patchliner® (Nanion Technologies GmbH, Munich, Germany), a fully automated patch clamp system with integrated temperature control. The planar NPC® chip electrode combined with temperature control add-on is designed to control giga-Ohm seal formation at 35–37°C and accurately maintain temperatures over an experiment. By recording from up to eight cells simultaneously at physiological temperature, the Patchliner® claims to substantially increase through put without compromising data quality.

The objective of the present study was to transfer the hERG assay at physiological temperature to the Patchliner® and evaluate the automated platform for its ability to correctly determine potency and IC50 values for reference compounds including known hERG blockers and negative controls.

MATERIALS AND METHODS

CELL CULTURE

The CHO crelox hERG cell line (ATCC reference Nr. PTA-6812) was generated and validated at Roche (Guthrie et al., 2005). Recombinant hERG K+ channels originally cloned from human heart were stably expressed in CHO cells grown in sterile tissue flasks in DMEM/F-12 (1:1) medium (Invitrogen, USA) supplemented with 10% (v/v) heat-inactivated fetal calf serum (FCS) (Hyclone, USA) and 500 μg/ml gentamycin solution (Gibco, UK) at 35–37°C in 5% CO2.

Confluent cell cultures were subcultured every 2–3 days using Accumax (Innovative Cell Technologies Inc., USA). Before electrophysiological experiments, cells were treated with Accumax for 3–5 min at 42°C, harvested, and centrifuged at 1000 rpm for 1 min. The pellet was gently resuspended in the extracellular solution and directly used for electrophysiological recording.

SOLUTIONS

The extracellular solution contained (mM): NaCl 150; KCl 4; CaCl2 1.2; MgCl2 1; HEPES 10; pH 7.2–7.6 with NaOH, osmolarity 290–330 mOsm. The internal solution contained (mM): KCl, 50; KF, 60; NaCl, 10; HEPES, 10; EGTA, 20; pH 7.0–7.4 with KOH, osmolarity 260–300 mOsm.

All solutions were filtered through 0.2 μM GP Millipore Express PLUS membrane and stored in aliquots at +2–8°C.

COMPOUNDS

Olanzapine was synthesized by Roche (Basel, Switzerland). Amiodarone, astemizole, bepridil, clemastine, haloperidol, terfenadine, and verapamil were purchased from Sigma (USA), cisapride from Research Diagnostic Inc. (USA), E-4031 from Wako Chemicals (Japan), quinidine from Aldrich Chemicals (USA), D,L-Sotalol from Bristol-Myers-Squibb (USA), amoxicillin, fluoxetine, isradipine, and tamoxifen from USP (USA), glyburide/glibenclamide from Calbiochem (USA), ibuprofen from ICN Biomedicals Inc. (USA), moxifloxacin from APIChem Technologies Co. (China), and erythromycin and captopril from Fluka (Switzerland).

Selection of test concentrations for each compound was done based on the hERG potency data and the solubility in the extracellular solution. Stock solutions of compounds were freshly prepared in DMSO. Test solutions were made such that solvent concentrations were kept constant throughout the experiment (0.1%). Compound solutions were transferred to 4 mL glass vials that were placed in the compound plate holder of the patch clamp system (Figure 1).
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Figure 1. The Patchliner® is shown at the top panel and a closer view of the working area is presented below.



AUTOMATED PATCH CLAMP PROCEDURES ON THE PATCHLINER®

On the day of the experiment, an aliquot of the cell suspension in the extracellular solution was placed in the cell hotel (Figure 1). Cells were added to each chip well and attracted to the holes by suction applied by a pressure controller. Once a stable whole-cell configuration was obtained, the experimental protocol was initiated. K+ currents were measured with a patch–voltage-clamp technique in the whole-cell configuration at 35–37°C using the QuadroEPC-10 amplifier (HEKA Elektronik GmbH, Germany) and associated software (Patch MasterPro). Currents were low-pass filtered using the internal Bessel filter of the EPC-10 and digitized at 50 kHz. Series resistance was typically 2–4 MΩ and compensated 70–80%.

Cells were held at a resting voltage of −80 mV and stimulated by a voltage pattern to activate hERG channels and conduct outward IKhERG current (Figure 2, bottom panel), at a stimulation frequency of 0.1 Hz (6 bpm). The reported current amplitudes represent the maximal peak tail current. After the cells stabilized for a few minutes and currents were steady, IKhERG amplitude and kinetics were recorded under control conditions (vehicle control) for 3–5 min. Thereafter, a single test item concentration was added and incubated for at least 3 min until a new steady state current level was reached (see Figures 3 and 4 for the experimental procedure). At the end of the compound incubation, a 1 μM solution of standard IKhERG blocker E-4031 was applied twice to each cell for 1 min to suppress IKhERG entirely.
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Figure 2. The top panel shows typical outward K+ current traces elicited in CHO-hERG cells by the voltage pulse depicted at the bottom panel (the area for the peak current measurement is highlighted in red).
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Figure 3. Time course of hERG K+ current amplitude recorded in a representative vehicle control experiment on the Patchliner®. Cells were exposed sequentially to vehicle (0.1% v/v DMSO), compound (0.1% v/v DMSO), and 1 μM E-4031. Arrows indicate compound additions.
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Figure 4. Examples of pharmacological experiments on the Patchliner®. Recordings from four cells were performed in parallel. Original traces are shown in the middle with the on-line analysis window showing the time course of a compound effect on the peak hERG K+ current to the right. Arrows indicate compound additions for vehicle (0.1% v/v DMSO), test item single concentration [0.3 μM quinidine in (A) and 6 μM glibenclamide in (B)] and positive control (1 μM E-4031).



IKhERG amplitudes were recorded at four to five drug concentrations. The hERG current was measured as the average current from five sweeps collected at the end of vehicle or compound addition. After subtracting current levels from that of full block (i.e., positive control) they were compared to the vehicle control values (taken as 100%) to define fractional blocks. The fractional block values at single concentrations were saved in the appropriate.xls file generated by PatchControlHT software (Nanion). Data were expressed as mean ± SEM for each drug concentration and were used to determine the concentration–response relationship for the test compounds. The effect of the solvent (DMSO) on the hERG K+ current was studied in a vehicle control group.

DATA ANALYSIS

If the effect of a drug on the currents was ≤20% at the highest concentration tested, IC50 was reported as exceeding the highest concentration value. If the effect of a drug on the currents exceeded 20% at the highest concentration tested, then concentration–response data from three to five cells were normalized to vehicle and 100% blocking levels and the resulting data fitted with the following relationship:

[image: www.frontiersin.org]

where C was the concentration, IC50 the 50% inhibitory concentration, h the Hill coefficient.

Concentration–response curves were fitted by non-linear regression analysis using the XL fit add-in (IDBS Ltd., UK). Data were fitted using a four-parameter logistic model [fit = (A + (B/(1 + ((x/C)∧D)))], where A = 0 and B = 100).

Statistical analysis was performed using two-way ANOVA with the Bonferroni post-test, applying the correction for multiple comparison at a significance level of p < 0.05 with GraphPad Prism 5 for Windows (GraphPad Software, USA). Correlation between assays [Pearson’s coefficient (r)] and values for statistical significance (p) were determined using GraphPad Prism.

RESULTS

The Patchliner® work station shown in Figure 1 uses NPC-16 borosilicate glass chips with a microfluidic cartridge for parallel seal formation and patch clamp recordings from up to eight different wells. In this study, a simultaneous recording from four cells exposed to the same compound concentration was performed, resulting in a four-point dose–response curve with one chip cartridge, containing 16 recording wells in total. After priming, cells were captured on the holes of the chip by applying continuous vacuum pressure. After allowing current to stabilize in the whole-cell configuration, a quality control check was performed before starting treatment to ensure that only recordings with true giga-Ohm-seals and a minimum current of 300 pA were included in the experiment. The seal resistance varied between 3.9 ± 2.6 GΩ at the start and 3.2 ± 2.1 GΩ at the end of the experiment while the average current amplitude was 0.9 ± 0.6 nA (mean ± SD, n = 297 cells). Typical examples of the hERG current traces are shown in Figure 2. The recordings remained stable for over 30 min at physiological temperature enabling subsequent conduction of compound incubation followed by exposure to the positive control at each concentration with an overall success rate >70%. Cells were maintained in suspension for over 2 h in a cell hotel with no associated decline in patch properties. The sealing quality was very high with the giga-Ohm-seal formation and the whole-cell transition rates almost reaching 100% on the Patchliner®. On average, three out of four cells maintained giga-Ohm-seals and stable currents until the end of the experiments.

Vehicle effect (0.1% v/v DMSO) on the hERG current was studied in time-matched vehicle control groups (Figure 3). These control measurements were performed once a week during the validation period. The largest reduction in the outward K+ current magnitude (mean ± SEM) produced by the subsequent application of a vehicle alone to the CHO cells expressing recombinant hERG K+ channels was 6 ± 1% (Table 1). This indicates that exposure to solvent may produce only a slight significant effect on the current with time. Therefore, the relative current values were corrected appropriately to the mean vehicle effect at each test item concentration as follows:

Table 1. Effects of 0.1% (v/v) DMSO on the hERG K+ current.
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where I was the relative current amplitude.

To validate the utility of the Patchliner® for the hERG assay, the actions of reference drugs on the hERG current were examined at physiological temperature. A set of 21 compounds including known hERG blockers and negative controls was evaluated. Examples of pharmacological experiments on the Patchliner® are shown in Figure 4. Obtained IC50 values (Table 2) were plotted against those obtained using the conventional voltage clamp technique. Manual patch clamp data for reference drugs were either generated in-house using the CHO–hERG cells and identical experimental conditions (solutions and voltage step protocol) or taken from published literature. Literature hERGIC50 values were carefully selected to match such key experimental parameters as temperature, expression system, and voltage protocol.

Table 2. Effects of reference drugs on the hERG K+ current.
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The hERG potencies of all reference drugs were correctly identified. Amiodarone, astemizole, cisapride, clemastine, E-4031, and terfenadine were by far the strongest hERG inhibitors of the compounds tested, with IC50 values in the low and mid-nanomolar range. Some drugs, such as olanzapine, moxifloxacin, sotalol, tamoxifen, and verapamil, showed an intermediate effect on the hERG current. Captopril, ibuprofen, and glibenclamide did not affect the hERG current up to the highest concentration tested. Comparison of the results showed statistically significant correlation (r = 0.9989, p < 0.0001) between the data obtained at physiological temperature on the Patchliner® and those using the conventional patch clamp rigat the same temperature (Figure 5).
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Figure 5. Correlation of the hERG IC50 values obtained in the automated temperature-controlled Patchliner® system (PL) with those measured using the conventional manual patch clamp (PC) at 37°C.



DISCUSSION

The hERG test has become the routine in vitro approach for assessing the cardiac safety of new drugs in early development. Since some compounds exhibit temperature-dependent potency shifts (Yao et al., 2005), performing experiments at physiological temperature improves the relevance of pharmacological data and ensures more accurate cardiac risk assessment in vivo. Until recently, the manual patch clamp was the only technique for conducting temperature-controlled electrophysiological measurements. However, its low throughput hampered functional early profiling of large compound series for proper clinical candidate selection. The availability of a predictive cost–effective hERG assay based on efficient high-resolution technology is thus of major importance for the pharmaceutical industry. A recent publication by Golden et al. (2011) described a first attempt to evaluate the hERG channel physiology at 37°C using an automated sub-giga-Ohm planar patch clamp IonFlux system from Fluxion with a satisfactory outcome. The present study aimed to evaluate the Nanion Patchliner®, a novel automated electrophysiological workstation, for hERG testing under physiological conditions.

The Patchliner® has been successfully introduced as a high-quality medium throughput automated planar patch clamp platform for ion channel research in drug discovery and safety (review in Farre et al., 2009). A unique feature is its ability to conduct stable recordings at different temperatures in the 22–60°C range. The results of the present study showed that the Patchliner® gives high-quality patch clamp recordings in CHO-hERG cells, with a high success rate of giga-Ohm-seals lasting up to an hour at 37°C. Such performance makes the system a powerful tool for studying hERG channel pharmacology at physiological temperature.

In this work, a systematic comparison of diverse panel of reference drugs spanning a broad hERG potency range was performed to validate the Patchliner® for temperature-controlled hERG assay. The obtained IC50s values were compared with their manual patch clamp counterparts. The main finding was that the potency data generated on the Patchliner® matched those obtained by the conventional method (Pearson r = 0.9989, p < 0.0001). It is important to note that among the drugs tested, the inhibitory effects of D,L-sotalol and erythromycin (Kirsch et al., 2004) were correctly identified at 37°C. The Patchliner® system allowed fast and accurate electrophysiological characterization of ion channels, e.g., for determining the IC50 values of ion channel blockers.

In addition to the standard test, the Patchliner® could be a useful tool for studying temperature-dependent potency shifts and new mechanisms of compound action, e.g., the kinetics of recovery after full inhibition of the hERG current that may provide valuable guidance for drug candidate identification (Swinney, 2009). An additional advantage of the system is that experiments can be preprogrammed and executed in a stand-alone mode. Thus the results of the present study indicate that the Patchliner® can be successfully used to produce high-quality data similar to those obtained by means of the current gold standard, the manual patch clamp. The system is unique in combining the features of high-quality patch clamp recordings with increased physiological relevance of the collected data, resulting in the enhanced safety profiling of new chemical entities.

CONCLUSION

The Patchliner® workstation provides stable currents and high-quality giga-Ohm-seal recordings at 37°C. Based on the validation results, this automated electrophysiology workstation can be used for conducting an advanced hERG assay for new compounds at physiological temperature and may eventually become a new gold standard for ion channel research in safety pharmacology.
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Action potentials reflect the concerted activity of all electrogenic constituents in the plasma membrane during the excitation of a cell. Therefore, the action potential is an integrated read out and a promising parameter to detect electrophysiological failures or modifications thereof in diagnosis as well as in drug screens. Cellular action potentials can be recorded by optical approaches. To fulfill the pre-requirements to scale up for, e.g., pharmacological screens the following preparatory work has to be provided: (i) model cells under investigation need to represent target cells in the best possible manner; (ii) optical sensors that can be either small molecule dyes or genetically encoded potential probes need to provide a reliable read out with minimal interaction with the naive behavior of the cells and (iii) devices need to be capable to stimulate the cells, read out the signals with the appropriate speed as well as provide the capacity for a sufficient throughput. Here we discuss several scenarios for all three categories in the field of cardiac physiology and pharmacology and provide a perspective to use the power of light in screening cardiac action potentials.
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INTRODUCTION

Pharmacological screening of ion channels is traditionally performed by the patch-clamp technique, related tools, and their automated incarnations or indirect fluorescence as well as luminescence based end-point measurements. There are good reasons why the patch-clamp technique is the gold standard in investigating ion channels, such as the possibility to isolate specific currents or to characterize single channels. However, there are scientific questions, pharmacological approaches, or medical requirements, when the concert of electrogenic membrane transport entities are of particular interest. Such a situation is, e.g., the measurement of action potentials for cardiac safety issues. The action potential duration can be regarded as a cellular equivalent of the QT-Interval in electrocardiograms (Arrigoni and Crivori, 2007). Since the investigation of action potential considers all electrogenic elements and is thus not limited to a single entity, e.g., hERG channels, the screening of action potentials bears a conceptional advantage. Action potentials can be measured optically for almost four decades (Salzberg et al., 1973). Beside the measurement of action potentials in isolated primary cells, optical methods can follow cellular action potentials and their interplay in tissue slices and entire organs (e.g., Jin et al., 2002; Lee et al., 2011). Here we describe recent advances and promising perspectives in screening cardiac action potentials.

CELLULAR SYSTEMS

When it comes to cellular systems for cardiac safety screens we find an inherent conflict; on one hand cells should be as close as possible to human situation and on the other hand simplicity of operation. Since optical approaches operate contact free, they bear the potential to screen even very fragile cells like human atrial myocytes as depicted in Figure 1A. Human cardiomyocytes, either atrial myocytes from appendages after surgery involving heart–lung machines (Kaestner and Lipp, 2007) or ventricular myocytes taken from biopsies, facilitate screening drugs for personalized medication. However, for pharmacological safety screens one would need to switch to animal models: for adult ventricular myocytes we recently described a reliable isolation procedure (Kaestner et al., 2009) as well as optimized culture conditions (Viero et al., 2008; Hammer et al., 2010). Furthermore we compared neonatal and adult cardiomyocytes in a basic pharmacological profiling (Tian et al., 2011), showing that neonatal cells do not reflect the adult situation at all. The present guidelines of FDA and EMEA for cardiac safety screens (Food and Drug Administration, HHS, 2005) explicitly exclude rodents for such investigations because adult animals almost completely lack hERG expression. However, neonatal cardiomyocytes express hERG (Kaestner et al., 2011a; Tian et al., 2011) and therefore the guidelines may need a revision. Furthermore, it might have to be considered that during aging and many cardiac diseases re-expression of fetal and/or neonatal genes might change this situation. Very promising are the ongoing developments and refinements to differentiate cardiac myocytes from embryonic or pluripotent stem cells (e.g., Kettenhofen and Bohlen, 2008) and (Moretti et al., 2010), respectively. The years to come will show to what extend stem cell derived cardiomyocytes will enter cardiac safety screens – the potential is enormous.


[image: image]

Figure 1. (A) Depicts isolated human atrial myocytes loaded with the membrane potential dye di-8-ANEPPS. Image (a) displays a max. intensity projection of a confocal z-stack of two atrial myocytes, while image (b) depicts a cut open 3D-reconstruction of the same cells. The cells are virtually cut open along the lines c,d in image (b) and the view into the cells from that position is displayed in images (c,d), respectively. (B) Illustrates that the patch-clamp technique (black line) and the optical sensor (red line) measure exactly the same potential. Even the stimulation artifact of the patch-clamp technique to induce an action potential translates into the optical signal (black arrow). (C) Shows that the di-8-ANEPPS, when applied at a concentration of 5 μM for 7 min, does not disturb the naive action potential. (a) Displays action potentials recorded by patch-clamp before and after the di-8-ANEPPS staining procedure. (b) Depicts a statistical analysis of action potential duration in cells measured by the patch-clamp technique (n = 94) and measured by the optical di-8-ANEPPS read out (n = 214). (B,C) are reproduced from Tian et al. (2011) with friendly permission of S. Karger AG (Basel, Switzerland).



OPTICAL SENSORS

Since action potentials in cardiomyocytes are convolved by cellular contraction artifacts optical read out need to be performed in a quantitative manner, e.g., based on ratiometric or fluorescence lifetime approaches. Alternatively, contractions can be suppressed, but this is problematic since compounds such as BDM or cytochalasin D prolong the action potential in the required concentrations (discussed in Tian et al., 2011). Blebbistatin is a more promising drug, but is easily photoconverted (Tian et al., 2011). For quantitative read-out fluorescence lifetime imaging is inherently too slow (Kaestner et al., 2011b). Therefore we regard ratiometric approaches as the method of choice. Small molecule dyes such as di-4-ANEPPS or di-8-ANEPPS can be used in an excitation or emission ratiometric manner. Although, with the availability of diode based light sources switching times between excitation wavelengths can be fairly short (Lee et al., 2011), emission ratiometric scenarios generate both channels simultaneously allowing at least two times the acquisition speed. For di-8-ANEPPS it was shown that (a) it resembles action potentials from current clamp recordings (e.g., Figure 1B) and (b) the naive action potential is not influenced by the probe, if applied appropriately (Figure 1C; Tian et al., 2011). A promising development is a novel dye, called di-4-ANBDQPQ (Matiukas et al., 2007; Lee et al., 2011), that shows bathochromely shifted spectra and therefore may be used in the presence of GFP, that is often expressed, e.g., as cardiac marker in stem cell environments.

Yet another approach to potential sensitive sensors are genetically encoded potential probes. We published a recent review with particular emphasize on their application in cardiac myocytes (Kaestner et al., 2011b). One of the most promising candidates, the FRET based “Mermaid,” is introduced in Figure 2. The use of novel fluorescent proteins (Figure 2A) requires unusual detection channels when compared to the “classical” FRET pair CFP/YFP (Figure 2B). Especially since the mKusabira orangeκ is prawn to rapid bleaching it is not easy to get the best out of Mermaid (Atsushi Miyawaki and Hidekatzu Tsutsui, personal communication). Since there have been conflicting reports about the amino acid sequence of the linker in Mermaid (Tsutsui et al., 2008; Mutoh et al., 2009), we provide the sequence of the construct (Figure 2C) that was used in our previous studies (Kaestner et al., 2011a; Tian et al., 2011) as well as in Figure 2D. However, genetically encoded potential sensors bear a potential for further improvements, especially with respect to their kinetic properties (Kaestner et al., 2011b).


[image: image]

Figure 2. (A) Is a schematic illustration of the FRET based sensor Mermaid containing two coral derived fluorescence proteins, wheras the voltage sensor containing a phosphatase of the sea squirt Ciona intestinalis, provides the base for the conformational change. The spectral properties of these fluorescent proteins are given in (B) (mUmi-Kinoko green lines and mKuabira orangeκ orange lines; excitation spectra dashed lines and fluorescence spectra solid lines). (A,B) are reprinted by permission from Macmillan Publishers Ltd: Nature Methods (Tsutsui et al., 2008), copyright (2008). Since there have been conflicting reports concerning the linker sequences of Mermaid (Tsutsui et al., 2008; Mutoh et al., 2009), in (C) we provide the linker sequence of the construct used for our investigations [cp. (D)]. (D) Depicts action potential recordings from viral transduced Mermaid in isolated ventricular myocytes. (a,b) Are traces of the fluorescence intensity of the two spectral channels, while (Dc) presents the ratio of (a,b). (D) Is a reprint from Tian et al. (2011) with friendly permission of S. Karger AG (Basel, Switzerland).



DEVICES

To perform optical screens there are several requirements for the hardware, comprising three major components: (i) cell substrate and cavity that meet the conditions for optical screens, (ii) a microscope for imaging and (iii) a robotic system that handles the workflow:

(i) A suitable substrate with oleophobic properties compatible with oil immersion objectives on the outside and elastic coating to mimic extracellular matrix on the inside was introduced recently (Muller et al., 2010). This was implemented in 24-well plates, as shown in Figure 3A, but would need further integration into 96 well plates and beyond. For electrical field stimulation of the cells this particular model used carbon electrodes incorporated into the lid. This method has the disadvantage of producing unwanted electrolytic by-products that need to be taken care of, e.g., by more frequent change of the medium. Alternative concepts include cell stimulation by electromagnetic fields with an appropriate coil. Since such a coil would need proximity to the cells there are spatial conflicts with the objective. Another promising alternative to excite cardiomyocytes is the optogenetic manipulation by the expression of channelrhodopsin, a light-activated cation channel, that can induce action potentials (Bruegmann et al., 2010).

(ii) As mentioned above fast read out of membrane potentials requires emission ratiometric approaches that in the past were only performed with photometric techniques (e.g., Hardy et al., 2009; Kaestner et al., 2011a,b). To increase the throughput many cells need to be measured simultaneously. Such properties are offered by systems employing array detectors. Figure 3B depicts a design of a microscope with an integrated image splitter projecting two spectral channels on one camera chip. Recent developments of CMOS camera chips (Coates et al., 2009; Figure 3Ca) provide a technology unifying high acquisition speed (Figure 3Bb) and good quantum efficiency (Figure 3Bc). Within the near future the latter parameter will improve even further since back thinned scientific CMOS chips will become available.

(iii) To perform screens an automated plate and liquid handling, electrical stimulation (see above), and a complex microscopy protocol are compulsory. Although each of the elements is readily available on its own, a device combining the necessary hardware and an advanced software allowing online analysis and feedback into the acquisition procedure remains to be developed.
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Figure 3. Hardware enabling optical action potential screens. (A) Depicts a 24-well plate allowing an electrical field stimulation of cardiac myocytes under the application of high numerical aperture oil immersion objectives. For a detailed description refer to Muller et al. (2010)). (B) Shows a design of a prototype microscope, which is representative for a new generation of microscopes allowing a precise screen of standard multi-well plates and be able to detect two emission channels simultaneously on array detectors like CCD or CMOS based cameras. (B) Is a courtesy from Prof. Rainer Uhl (TILL I.D. GmbH, Gräfelfing, Germany). (C) Shows the state of the art scientific CMOS sensor (a) and key specifications of that sensor, what are frame rates in the range of 1 kHz (b) and a quantum efficiency of 60% around 550 nm (c). (D) Is modified from Coates et al. (2009).



CONCLUSION

Beside the conceptional advantages of screening action potentials as outlined in the introduction, optical screens have a minimal requirement for the cellular system, since cells do not need to be mechanically manipulated. Therefore it is a very flexible screening approach and eventually the only one that can be applied to intact adult cardiomyocytes, in addition to model cells and stem cell derived cardiomyocytes. Action potential screening can be combined with other optical measurements, such as those employing GFP for identifying stem cell derived cardiomyocytes (see above) or for imaging calcium (Lee et al., 2011). Additionally, optical screening that takes advantage of genetically encoded potential sensors allows experimental regimes in which cells can be revisited, even after a couple of days. Taken together, the possibilities of optical action potential screening may enable novel fields of application beyond cardiac safety.
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G protein-coupled inward rectifier K+ (GIRK) channels represent novel targets for the development of new therapeutic agents. GIRK channels are activated by a large number of G protein-coupled receptors (GPCRs) and regulate the electrical activity of neurons, cardiac myocytes, and β-pancreatic cells. Abnormalities in GIRK channel function have been implicated in the patho-physiology of neuropathic pain, drug addiction, cardiac arrhythmias, and other disorders. However, the pharmacology of these channels remains largely unexplored. In this paper we describe the development of a screening assay for identifying new modulators of neuronal and cardiac GIRK channels. Pituitary (AtT20) and cardiac (HL-1) cell lines expressing GIRK channels were cultured in 96-well plates, loaded with oxonol membrane potential-sensitive dyes and measured using a fluorescent imaging plate reader. Activation of the endogenous GPCRs in the cells caused a rapid, time-dependent decrease in the fluorescent signal; indicative of K+ efflux through the GIRK channels (GPCR stimulation versus control, Z′-factor = 0.5–0.7). As expected this signal was inhibited by addition of Ba2+ and the GIRK channel toxin tertiapin-Q. To test the utility of the assay for screening GIRK channel blockers, cells were incubated for 5 min with a compound library of Na+ and K+ channel modulators. Ion transporter inhibitors such as 5-(N,N-hexamethylene)-amiloride and SCH-28080 were identified as blockers of the GIRK channel at sub-micromolar concentrations. Thus, the screening assay will be useful for expanding the limited pharmacology of the GIRK channel and in developing new agents for the treatment of GIRK channelopathies.
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INTRODUCTION

G protein-coupled inward rectifier K+ (GIRK) channels function as cellular mediators of a wide range of hormones and neurotransmitters and are expressed in the brain, heart, skeletal muscle, and endocrine tissue (Hibino et al., 2010; Lusscher and Slesinger, 2010). GIRK channels are members of the super-family of proteins known as inward rectifier K+ (Kir) channels (Hibino et al., 2010; Lusscher and Slesinger, 2010) that function to stabilize the cell resting membrane potential near the K+ equilibrium potential (EK). Four GIRK channel subunits are expressed in mammals: GIRK1 (Kir3.1), GIRK2 (Kir3.2), GIRK3 (Kir3.3), and GIRK4 (Kir3.4; Hibino et al., 2010; Lusscher and Slesinger, 2010). The GIRK1, GIRK2, and GIRK3 subunits are expressed in a number of regions of the brain including the hippocampus, cerebellum, substantia nigra, locus coeruleus, and ventral tegmental area (Lusscher and Slesinger, 2010). In addition, GIRK1 and GIRK2 subunits are expressed in the superficial layers of the spinal dorsal horn and are enriched in the postsynaptic membranes of substantia gelatinosa neurons (Lusscher and Slesinger, 2010). In neuronal tissue GIRK subunits combine to form both heterotetrameric (e.g., GIRK1/GIRK2, GIRK1/GIRK3, etc.) and homotetrameric (GIRK2/GIRK2) channels. In the atrial myocardium and sinus and atrioventricular nodes of the heart, GIRK channels are composed of heteromers of GIRK1 and GIRK4 subunits (Hibino et al., 2010).

G protein-coupled inward rectifier K+ channels become activated following the binding of ligands to their cognate G protein-coupled receptors (GPCRs). This binding causes the dissociation of the βγ subunits of pertussis toxin-sensitive G proteins which subsequently bind to and activate the GIRK channel. Once opened the GIRK channel allows the movement of K+ out of the cell causing the resting membrane potential to become more negative. As a consequence, GIRK channel activation in neurons decreases spontaneous action potential formation and inhibits the release of excitatory neurotransmitters. In the heart, activation of the GIRK channel inhibits pacemaker activity thereby slowing the heart rate.

G protein-coupled inward rectifier K+ channels represent novel targets for the development of new therapeutic agents for the treatment neuropathic pain, drug addiction, cardiac arrhythmias, and other disorders. However, the pharmacology of these channels remains largely unexplored. Although a number of drugs including anti-arrhythmic agents, antipsychotic drugs, and antidepressants block the GIRK channel (Kobayashi and Ikeda, 2006), this inhibition is non-selective and occurs at relatively high drug concentrations. In this paper we describe the development of a screening assay for identifying new modulators of neuronal and cardiac GIRK channels. Pituitary (AtT20) and cardiac (HL-1) cell lines expressing GIRK channels were analyzed using patch clamp recording procedures and fluorescent imaging plate reader measurements. Application of the GPCR ligands somatostatin (AtT20 cells) and carbachol (HL-1 cells) activated whole-cell GIRK currents that were blocked by the Kir channel selective toxin tertiapin-Q. In cells loaded with the membrane potential-sensitive fluorescent dye HLB 021-152, GPCR stimulation caused a rapid, time-dependent decrease in the fluorescent signal. This GPCR-induced decrease in fluorescence was block by BaCl2 and tertiapin-Q. A preliminary screen of the GIRK channel fluorescent assay identified several ion transporter inhibitors as blockers of the channel. Thus, the GIRK channel screening assay will be useful for expanding the limited pharmacology of the channel and for developing new agents for the treatment of GIRK channelopathies.

MATERIALS AND METHODS

CELL CULTURE AND PLATING

The immortalized cardiac HL-1 cell line was generously supplied by Dr. William Claycomb (LSU Medical Center, New Orleans, LA, USA). HL-1 cells were maintained in Claycomb/DMEM media supplemented with 10% fetal bovine serum, penicillin/streptomycin, and L-glutamine (Sigma-Aldrich). The AtT20 pituitary cell line was obtained from Dr. Ken Mackie (Indiana University) and grown in DMEM media with 10% horse serum. Cells were platted on gelatin- (HL-1 cells) or poly L-lysine- (AtT20 cells) coated glass coverslips (5,000 cells per coverslip; patch clamp recording) and in black 96-well plates (Corning; 30,000 cells per well; plate reader measurements). Cells were stored in an incubator at 37°C (5% O2/95% CO2) and used on days 2–4 after plating.

PATCH CLAMP RECORDING OF GIRK CURRENTS

The patch clamp method (Hamill et al., 1981) was used to record the whole-cell, GIRK currents using L/M EPC-7 (Adams and List Associates) and Axopatch 200 (Axon Instruments) amplifiers. Our procedures for measuring K+ channels have been described (Walsh and Zhang, 2008; Walsh, 2010). Pipettes were made from borosilicate glass capillaries (World Precision Instruments) and had resistances of 1–2 Mohm when filled with internal solution. All experiments were conducted on isolated, non-coupled cells at room temperature (22–24°C). For the measurement of GIRK currents, cells were placed in a normal buffer solution consisting of; 132 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM dextrose, 5 mM HEPES, pH 7.4 (with NaOH; 280 mOsm). The internal solution consisted of; 50 mM KCl, 60 mM K+–glutamate, 2 mM MgCl2, 1 mM CaCl2, 11 mM EGTA, 3 mM ATP, 0.1 mM GTP, 10 mM HEPES, pH 7.3 (with KOH; 280 mOsm). Upon establishment of the whole-cell configuration, the cell was perfused with a high K+ buffer solution containing; 107 mM NaCl, 30 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM dextrose, 5 mM HEPES, pH 7.4. Following the measurement of the cell background current, GIRK channels were activated by the addition of the GPCR ligands carbachol (10 μM; HL-1 cells) or somatostatin (200 nM; AtT20 cells) using a rapid perfusion system. In each case the GIRK current was defined as the BaCl2-sensitive current (see Figure 1).
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Figure 1. Expression of GIRK channels in AtT20 cells. Left panel: Currents were measured before (control) and after the addition of somatostatin (200 nM) during voltage steps applied from the holding potential of −40 to −60, −80, and −100 mV. Addition of tertiapin (500 nM) inhibited the current (bottom records). The solid lines represent zero current. Top right panel: I/V relationship for the somatostatin activated current (Som) displayed inward rectification and a reversal potential of −40 mV. Current values were obtained by subtracting the currents by records obtained in the presence of 1 mM BaCl2. Each point represents the mean ± SE current (pA/pF) measured in three to five cells. Bottom right panel: dose versus response curve for tertiapin-Q block of the AtT20 cell GIRK current. Each point represents the mean ± SE inhibition obtained from three to six experiments. The calculated IC50 value for tertiapin-Q block was 60 nM.



GIRK CHANNEL FLUORESCENT PLATE READER ASSAY

For measuring changes in the membrane potential, cells were incubated for 1 h in normal buffer solution containing the oxonol dye HLB 021-152 (5 μM; AnaSpec) and fluorescent signals recorded using a Synergy2 microplate reader (Biotek) at 28°C. Test compounds were dissolved in DMSO at a stock concentration of 10 mM, diluted to various concentrations and applied to the cells for 5 min prior to the fluorescent measurements. DMSO, up to 1% in normal buffer solution, had no adverse effects on the cell response. Carbachol, somatostatin, or control solution (20 μL) was added to each well (total volume = 220 μL) at time zero using the Synergy2 injector system. Data points were collected at 10 s intervals over a 300-s sampling period at excitation and emission wavelengths of 520 and 560 nm, respectively. Z′-factors (Zhang et al., 1999) were obtained by (1) comparing the fluorescent signal between wells injected with control solution and wells injected with the GPCR ligand and (2) comparing the signal in wells injected with the GPCR ligand in the presence and absence of 2 mM BaCl2. The Z′-factor is defined as: Z′ = 1 − (3σP + 3σN)/| μP − μN |, where μP and μN are the means of the positive control and negative control signals, and σP and σN are the SD of the positive control and negative control signals, respectively (Zhang et al., 1999). Plates used for Z′-factor determination contained two rows each of positive and negative controls. Dose–response curves for selected compounds were obtained and drug potencies determined by fitting the data with the curve: Max/(1 + ([drug]/IC50)k), where the IC50 is the concentration of the compound producing a 50% decrease in the maximal GPCR response (Max) and k is the slope factor. Interference of the test compounds with the HLB 021-152 fluorescence was determined in the absence of cells by adding various concentrations of the compounds to buffer solution containing the dye.

DRUGS AND CHEMICALS

Carbachol, somatostatin, and a Na+, K+ channel modulator kit (catalog # LO2220), containing 68 compounds, were purchased from Sigma-Aldrich Chemical Corp. Tertiapin-Q (synthetic formulation) was obtained from Alomone Labs.

RESULTS

MEASUREMENT OF GIRK CURRENTS IN ATT20 CELLS

G protein-coupled inward rectifier K+ channels are highly expressed in the central and peripheral nervous system as well as in endocrine tissue. The AtT20 cell line was originally derived from a mouse pituitary tumor and expresses the somatostatin type 2 and 5 receptors (SSTR2 and SSTR5), voltage-gated Ca2+ channels, and GIRK1/GIRK2 channels (Mackie et al., 1995; Kuzhikandathil et al., 1998). Although the AtT20 cells were first thought to be related to pituitary corticotrophs, recent evidence indicates that these cells have functional and structural features more in common with neuropeptide-secreting neurons. Thus, the AtT20 cells provide a good model system for studying neuronal signaling.

Figure 1 displays GIRK currents measured in the AtT20 cells using the whole-cell arrangement of the patch clamp technique. Cells were bathed in the high K+ buffer solution (30 mM KCl) and the internal (pipette) solution contained KCl/K+–glutamate (140 mM K+) with GTP. Application of somatostatin to the recording chamber resulted in the activation of a Ba2+-sensitive, inward rectifying current (Figure 1). The somatostatin–activated current was blocked by addition of the GIRK channel blocker tertiapin-Q (Jin and Lu, 1998; Figure 1). Tertiapin-Q blocked the current with an IC50 of 60 nM (Figure 1). The reversal potential (Erev) for the current (−40 mV) was close to the calculated Nernst equilibrium potential (EK; −39 mV) for a K+-selective channel under the conditions of the experiment. Thus, the inward rectifying current versus voltage relationship, the tertiapin-Q-sensitivity, and the K+ selectivity of the channel are all consistent with the expression of GIRK channels in the AtT20 cells (Mackie et al., 1995; Kuzhikandathil et al., 1998).

DEVELOPMENT OF A GIRK CHANNEL SCREENING ASSAY

Having confirmed the presence of GIRK channels in the AtT20 cell line, it was determined if these cells could be used for drug screening. The experimental design of the screening assay is outlined in Figure 2. AtT20 cells were cultured in 96-well plates and loaded with the fluorescent membrane potential-sensitive dye HLB 021-152 (AnaSpec). Membrane potential-sensitive dyes such as HLB 021-152 (D) distribute across the plasma membrane when cells are in the rested state and reach equilibrium (Figure 2, top panel). The dye molecules inside the cells become strongly fluorescent upon binding to intracellular proteins and other cytoplasmic components. Treatment of the cells with somatostatin (Som), which binds to the somatostatin receptor (SSTR), activates the G inhibitory protein (Gi) stimulating the GIRK channels to open (Figure 2, bottom panel). The resulting efflux of K+ out of the cell (resting potential of −50 to −60 mV for AtT20 cells) causes the resting membrane potential (Rm) to become more negative and the HLB 021-152 molecules to redistribute to the outside of the cell. As a result the cell fluorescent signal is decreased.
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Figure 2. Development of a screening assay for identifying new neuronal GIRK channel blockers.



The applicability of the GIRK channel fluorescent assay for drug discovery was evaluated in the experiments displayed in Figure 3. Each figure plots the HLB 021-152 fluorescence signal measured over time in the 96-well plates using a microplate reader. As predicted by the experimental model, addition of somatostatin (200 nM) to the AtT20 cells caused a rapid, time-dependent decrease in the HLB 021-152 fluorescent signal (Figure 3). In contrast, addition of control solution produced only a small instantaneous rise in the fluorescence (Figure 3). Comparison of peak fluorescent values in wells injected with control and somatostatin solutions gave a Z′-factor of 0.7. The Z′-factor is used to quantify the reliability of the assay (Zhang et al., 1999). Z′-factors in the range of 0.5–1.0 indicate that the quality of the assay is excellent (Zhang et al., 1999). In order to quantify the GIRK channel fluorescent signal, the averaged control measurement, obtained in each 96-well plate, was subtracted from the records measured in the presence of somatostatin (Som – Con; Figure 3). This control-subtracted fluorescent signal (i.e., the somatostatin-sensitive component) was subsequently obtained and analyzed throughout the rest of the study. As shown in the top panel of Figure 3, somatostatin activated the AtT20 cell GIRK channel in a concentration dependent manner with a half-maximal effective concentration (EC50) of 4 nM. At a concentration of 200 nM somatostatin caused a fluorescent change (F/FO) of −0.088 (n = 6 wells). In comparison, addition of 10, 20, and 30 mM KCl, to depolarize the cell membrane, produced fluorescent changes of 0.058, 0.13, and 0.15, respectively (n = 6 wells for each KCl concentration). It was also determined if stimulation of other Gi-coupled GPCRs might activate the AtT20 cell GIRK channels. Application of the muscarinic agonist carbachol resulted in a peak fluorescent change of −0.037 (n = 6 wells; Figure 3, bottom panel). The EC50 for carbachol activation of the channel was 1 μM (Figure 3, bottom panel). In contrast, application of 10 μM adenosine caused no change in the fluorescent signal.
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Figure 3. Development of a GIRK channel blocker screening assay. Top left panel: HLB 021-152 fluorescent intensities obtained in AtT20 cells in the presence or absence of somatostatin. The ratio of the fluorescent intensity (F/FO) was calculated by dividing the signal in the presence (F) of somatostatin (or control solution) by the baseline signal measured before (FO) addition of somatostatin (or control solution). Each point represents the mean ± SE obtained in six to eight wells. Somatostatin was added at time zero (↓). Top right panel: dose–response curve for the somatostatin-sensitive fluorescent signal (EC50 = 4 nM). Each point represents the mean ± SE of six measurements. Bottom left panel: changes in fluorescent signal obtained during injection of somatostatin, carbachol, and adenosine. Each point represents the mean ± SE obtained in six wells. Bottom right panel: dose–response curve for the carbachol-sensitive fluorescent signal (EC50 = 1 μM). Each point represents the mean ± SE of six measurements.



IDENTIFICATION OF GIRK CHANNEL BLOCKERS IN ATT20 CELLS AND CARDIAC HL-1 CELLS

It was next determined if the fluorescent assay system could be utilized for screening drugs that block GIRK channels. Inhibition of the GIRK channel should reduce somatostatin-mediated changes in Rm by preventing K+ efflux from the cells. To provide proof of concept, the AtT20 cells were incubated for 5 min with either BaCl2 or tertiapin-Q prior to somatostatin addition. As expected for a signal arising from GIRK channel activation, treatment with BaCl2 (2 mM) or tertiapin (500 nM) produced a complete inhibition of the somatostatin-mediated fluorescent change (Figure 4). BaCl2 at concentrations of 0.5 and 1 mM reduced the fluorescent change by 67 ± 4% and 92 ± 2% (n = 6 wells each), respectively.
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Figure 4. Block of GIRK channels by Ba2+ and tertiapin-Q. Top panel: somatostatin-sensitive fluorescent signal measured in AtT20 cells pretreated for 5 min with either 2 mM BaCl2 or 500 nM tertiapin-Q. Each point represents the mean ± SE value obtained in six wells in one plate. Bottom panel: dose versus response curve for tertiapin-Q block of the HL-1 cell (carbachol stimulation) or AtT20 cell (somatostatin stimulation) GIRK fluorescent signal. Each point represents the mean ± SE inhibition obtained from three to five experiments. Calculated IC50 values for tertiapin-Q block were HL-1 cells = 1.4 nM, AtT20 cells = 102 nM.



We previously demonstrated that the GIRK channel fluorescent assay could be utilized to study the pharmacology of the GIRK1/GIRK4 channel in cardiac HL-1 cells (Walsh, 2010). The HL-1 cells are an immortalized atrial cell line that displays an adult-like cardiac genotype and contracts spontaneously in cell culture (Whit et al., 2004). The cardiac GIRK channel is strongly blocked by tertiapin (Nobles et al., 2010; Walsh, 2010). In Figure 4 the concentration versus inhibition response of tertiapin-Q on the GIRK channel fluorescent signal was compared in the AtT20 and HL-1 cells. Tertiapin-Q was nearly a 100-fold more potent in blocking the GIRK channel in the HL-1 cells (IC50 = 1.4 nM) as compared to the AtT20 cells (IC50 = 102 nM).

G protein-coupled inward rectifier K+ channels are non-specifically blocked by a number of drugs including anti-arrhythmic agents, antipsychotic drugs, and antidepressants (Kobayashi and Ikeda, 2006). As a first step in expanding the limited pharmacology of the channel, the AtT20 and HL-1 cells were screened against a small compound library of Na+ and K+ channel modulators. Dose versus response curves were obtained for compounds producing a 50% or greater inhibition of the GPCR ligand-induced signal when tested at a concentration of 1 μM. Several ion transporter inhibitors were identified as GIRK channel blockers. The Na+/H+ exchange inhibitors 5-(N,N-hexamethylene)-amiloride (HMEA; Figure 5) and 5-(N-ethyl-N-isopropyl)-amiloride (EIPA) blocked the GIRK channel with IC50s of 1 μM in both the AtT20 and HL-1 cells. In contrast, the parent compound amiloride had no blocking effect when tested up to a concentration of 10 μM. The gastric H+/K+ transport inhibitor SCH-28080 (2-methyl-8-(phenylmethoxy)imidazo[1,2-A]pyridine-3-acetonitrile) potently reduced the GPCR-sensitive fluorescent signal (IC50 = 0.2 μM for the AtT20 cells; IC50 = 0.3 μM for the HL-1 cells; Figure 5). However, no change in fluorescence was measured during treatment with the structurally related transport inhibitor omeprazole (Figure 5).


[image: image]

Figure 5. Block of GIRK channels by ion transporter inhibitors. Top panel: somatostatin-sensitive fluorescent signal measured in AtT20 cells pretreated for 5 min with drug vehicle solution (DMSO; Som) and either 1 μM 5-(N,N-hexamethylene)-amiloride (HMEA) or 0.5 μM SCH-28080. Each point represents the mean ± SE value obtained in six wells in one plate. Bottom panel: dose versus response curve for drug block of the somatostatin (AtT20 cells) or carbachol (HL-1 cells) signal. Each point represents the mean ± SE inhibition obtained from three to six experiments. Calculated IC50 values were HMEA = 1 μM (AtT20 and HL-1 cells) and SCH-28020 (200 nM for AtT20 cells and 300 nM for HL-1 cells).



DISCUSSION

GIRK CHANNELS AS TARGETS FOR DRUG THERAPY

The goal of this study was to develop a screening assay for identifying modulators of neuronal and cardiac GIRK channels. For this purpose immortalized pituitary AtT20 and cardiac HL-1 cells were cultured in 96-well plates, loaded with an oxonol membrane potential-sensitive dye and analyzed with a fluorescent plate reader. Activation of the endogenous GPCRs in the cells, through application of either somatostatin or carbachol, caused a rapid, time-dependent decrease in the fluorescent signal. This change in the fluorescent signal was blocked by treatment with the GIRK channel blockers Ba2+ and tertiapin-Q. Thus, the GIRK channel fluorescent assay provides a fast, reliable, and inexpensive procedure for identifying drugs that modulate GIRK channels.

G protein-coupled inward rectifier K+ channel dysfunction has been implicated in the patho-physiology of a number of disorders including neuropathic pain, drug addiction, and cardiac arrhythmias. Support for a role of GIRK channels in these disorders has come primarily from studies with GIRK channel knockout mice. For example, GIRK channel knockout mice display a reduced sensitivity to analgesics (Lusscher and Slesinger, 2010). Dose–response curves for morphine-induced analgesia are shifted to higher doses in both GIRK2 and GIRK1 subunit knockout mice (Marker et al., 2004). Anti-nociceptive effects of ethanol, oxotremorine (muscarinic agonist), nicotine, baclofen (GABA agonist), clonidine (α2-adrenergic agonist), and WIN 55,212 (cannabinoid agonist) are also diminished in GIRK2 null mice (Blednov et al., 2003; Mitrovic et al., 2003). Kovoor et al. (2001) demonstrated that mice lacking the GIRK4 subunit are less susceptible to the development of atrial fibrillation. This finding is supported by recent studies indicating that the GIRK channel is constitutively activated in patients with atrial fibrillation (Dobrev et al., 2005). Therefore, although GIRK channels represent desirable targets for pharmacological therapy, drug development has been hampered by the absence of a cell-based screening system.

DEVELOPMENT OF A GIRK CHANNEL SCREENING ASSAY

The traditional approach to ion channel drug discovery has involved the expression of recombinant channels in heterologous cell lines such HEK-293 and CHO cells. However, these cells often lack the relevant “physiological environment” that is present in native tissues, and required for normal pharmacological responses (Numann and Negulescu, 2001; Eglen and Reisine, 2010). Of particular concern, the expression profile of G proteins and ion channels in HEK-293 cells differs from that found in muscle and nerve (Numann and Negulescu, 2001; Eglen and Reisine, 2010). Thus, recent interest has focused on the suitability of primary cells, embryonic stem cells and clonal cell lines for drug discovery (Eglen and Reisine, 2010).

In the present study, GIRK channels were screened using the membrane potential-sensitive dye HLB 021-152. Membrane potential-sensitive dyes have previously been used to study Kir channels (Wolff et al., 2003). More recently, HEK-293 cells overexpressing GIRK channels were successfully utilized to screen for metabotropic glutamate receptor ligands using the thallium flux assay (Niswender et al., 2008). During the course of our experiments we performed preliminary experiments using the thallium flux assay with the fluorescent dye BTC–AM. Application of the thallium containing solution to the HL-1 and AtT20 cells produced large non-linear background increases in the BTC fluorescence. This background signal was larger than the subsequent fluorescent change produced by addition of the GPCR ligand. HL-1 cells express the ether-à-go-go related gene (ERG) channel and other K+ channels (Whit et al., 2004) that may allow thallium influx under basal conditions. Therefore, the thallium influx assay is not currently suitable for the AtT20 and HL-1 cell lines.

The AtT20 and Hl-1 cell lines represent ideal systems for GIRK channel drug discovery. AtT20 cells express the GIRK1 and GIRK2 subunits as well as SSTR2 and SSTR5. HL-1 cells express the GIRK1 and GIRK4 subunits along with the muscarinic type2 (M2) receptor. Whole-cell acetylcholine-activated K+ currents (IK,Ach; GIRK1/GIRK4 channel) are blocked by 100 nM tertiapin-Q in the HL-1 cells (Nobles et al., 2010; Walsh, 2010). In the present study, tertiapin-Q was nearly 100-fold more potent in blocking the HL-1 cell GIRK channel fluorescent signal (Figure 4). Lu and colleagues (Jin and Lu, 1998; Ramu et al., 2004) identified a short sequence of amino acids (approximately 10 amino acid residues), located in the M1–M2 linker of Kir subunits, that determines the binding affinity of tertiapin. Slight variances in this region greatly alter the potency of tertiapin in blocking Kir channels (Ramu et al., 2004). When expressed in Xenopus oocytes, homomeric GIRK1 and GIRK4 channel constructs are blocked by tertiapin-Q with Kd values of 20 μM and 2 nM, respectively (Ramu et al., 2004). Variances in this linker sequence may also account for the different IC50s that were measured with tertiapin in the AtT20 and HL-1 cells.

Despite the different potencies of GIRK channel inhibition produced by tertiapin-Q in the two cell lines, both cell types displayed a similar sensitivity to the ionic transport inhibitors HMEA, EIPA, and SCH-28080. GIRK channels are blocked by a wide range of pharmacological agents including volatile anesthetics (halothane, isoflurane, and enflurane), antipsychotic drug (clozapine, pimozide, and haloperidol), and antidepressants (imipramine, amitriptyline, and clomipramine; Kobayashi and Ikeda, 2006; Lusscher and Slesinger, 2010). Furthermore, a number of anti-arrhythmic agents including amiodarone, flecainide, quinidine, and propafenone block GIRK channels in primary cultures of atrial myocytes (Inomata et al., 1993; Watanabe et al., 1996; Hashimoto et al., 2006) and in HL-1 cells (Walsh, 2010). However, GIRK channel inhibition by these agents typically requires drug concentrations in the micromolar range. Recently, two benzopyran derivatives, NIP-151 and NTC-801, were demonstrated to block GIRK1/GIRK4 channels at nanomolar concentrations (Hashimoto et al., 2008; Machida et al., 2011). When tested in a canine model of atrial fibrillation, both compounds decreased atrial excitability and converted AF to sinus rhythm (Hashimoto et al., 2008; Machida et al., 2011). While the clinical efficacy of these agents is yet to be established, the results of these studies support the further development of new and selective GIRK channel modulators.
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The eukaryotic inward rectifier potassium (Kir) channel family is part of an ancient class of ion channels evolved in prokaryotes (Durell and Guy, 2001). Kir proteins have two transmembrane domains encompassing the pore loop region. Subunit tetramerization, either homo- or hetero-typic, results in the formation of a functional channel. The 16 known mammalian Kir channel proteins are divided over seven different families, each having their own specific expression pattern and functional characteristics (De Boer et al., 2010; Hibino et al., 2010). In general, Kir channels allow more inward potassium flow at membrane potentials negative from the potassium equilibrium potential (EK) than outward flow at equivalent membrane potentials positive of EK, a characteristic known as inward rectification. Within the superfamily, strong and weak rectifiers exist. Strong rectifying channels are most apparent in excitable tissues, where they are responsible for a stable and negative resting membrane potential, and due to their strong rectification, prevent extensive potassium loss during action potential formation. Weak rectifiers are expressed in numerous other tissue types and organs and have a role in processes like potassium homeostasis, insulin release, and signal transduction. Despite the long evolutionary history only a few inhibitors are known, of which most show limited specificity at their best. One of the most widely used Kir inhibitors is Ba2+. However, as it blocks all Kir channels at concentrations differing not even two orders of magnitude, its severe effects in whole animal studies or poisoning cases are difficult to ascribe to a given Kir family member (De Boer et al., 2010). Given the fact that most cell types express more than one Kir channel protein, lack of specific inhibitors therefore strongly hinders our understanding of their contribution and working mechanism in normal physiology and pathology. The presence of disease causing mutations in human Kir channels that lead to severe syndromes, e.g., Bartter’s syndrome (Kir1.1), Andersen Tawil syndrome (Kir2.1), SeSAME syndrome (Kir4.1), neonatal diabetes (Kir6.2), Snowflake vitreoretinal degeneration (Kir7.1) illustrate their importance in human pathology, while many more milder Kir related channelopathies probably remain unaccounted for at this moment. An excellent illustration of the potential of inward rectifier channel inhibitors comes from the field of neonatal diabetes where recognition of disease causing gain-of-function mutations in Kir6.2 (Gloyn et al., 2004) and its regulatory subunit Sur1 (Ellard et al., 2007) provided new insights to treat the disease with Kir6/Sur inhibitors (Pearson et al., 2006). One of the diseases that affects significant numbers of the aging human population, and has been correlated to Kir2.X and Kir3.X dysfunction, is atrial fibrillation. Increased Kir channel activity in the atria shortens atrial action potential durations and thereby allows formation of multiple re-entry circuits in the atrial tissue fueling rapid arrhythmia. Furthermore, ventricular Kir2.1 overexpression in mice results in rotor driven tachycardia’s. These mechanisms are likely to have a role in initiation and perpetuation of the process of atrial fibrillation. Therefore, pharmacological intervention by means of Kir channel modifying drugs may be a new and valuable treatment option in this disease (Ehrlich, 2008).

Standard single cell patch clamp methods allow highly detailed characterization of the inhibiting capacity and its underlying mechanisms of new compounds for virtually every ion channel of interest, including Kir channels. However, procedures are time consuming and therefore not compatible with large screening procedures. Automated patching techniques to a large extent overcome these throughput limitations (Dunlop et al., 2008). Alternatively, the last decade, a number of non-electrophysiological Kir assay systems have been developed that allow large scale screening assays also. Systems are either based on membrane potential sensitive dyes (e.g., Walsh, 2011) or thallium flux (e.g., Niswender et al., 2008). The latter makes use of a thallium sensitive fluorescent probe loaded into Kir expressing cells. Upon stimulation of channel opening, thallium from the bath medium enters the cell through Kir channels, resulting in increased fluorescence. Co-application of different test compounds to the bath medium than enables identification of potent Kir channel inhibitors, and dependent on the assay conditions, activators. New lead compounds for every Kir class will likely be derived from screening efforts of public, academic, or private owned compound libraries (e.g., Wang et al., 2011), or from development of existing drugs displaying Kir channel block as an apparent side effect (Van der Heyden and Sánchez-Chapula, 2011).

In this issue of Frontiers in Pharmacology of Ion Channel and Channelopathies, Raphemot et al. (2011) describe the results from a screen for compounds that can inhibit Kir3.X channels. For this purpose, they used a thallium flux assay in combination with a compound library originally used for discovery of new Kir1.1 inhibitors. They identified a lead compound, named VU573 that besides blocking Kir3.X, also demonstrate specificity for Kir2.3 channels over Kir2.1. Subsequent cross validation using patch clamp assays in Xenopus oocytes and HEK293 cells reached similar conclusions. However, VU573 showed also inhibiting action on Kir7.1. Next, making clever use of a Kir7.1 mutant, they developed and validated a Kir7.1 thallium flux assay, and in combination with a medicinal chemistry approach, this yielded a VU573 analog that lost affinity for Kir7.1 and Kir1.1, but retained reasonable inhibition of Kir3.X and Kir2.3. This makes an interesting combination from the perspective of atrial fibrillation therapy, since Kir3.1/3.4 and Kir2.3 are predicted channels involved in atrial fibrillation (Ehrlich, 2008) as mentioned before.

New questions are arising now. What is the nature of Kir inhibition by VU573? As pointed out by the authors, drugs can directly plug the channel pore inhibiting potassium flow, interfere with lipid [i.e., phosphatidylinositol 4,5-bisphosphate (PIP2)] dependent Kir activation or both. The preference of VU573 for Kir2.3 over Kir2.1 might indicate a role for PIP2 interference, but extensive studies using channel structure models, Kir mutations affecting PIP2 binding, and application of PIP2 during patch clamp experiments are required first to answer this intriguing question. Secondly, what is the long term effect of VU573 or its derivatives on ion channel trafficking? An increasing number of drugs, regardless whether they block the channel directly, affect channel protein trafficking resulting in decreased amounts of functional channels on the plasma membrane which may pose an arrhythmogenic risk (Van der Heyden et al., 2008). Thirdly, is a combined Kir3.X and Kir2.3 block effective indeed against atrial fibrillation without affecting ventricular electrophysiological parameters? Dedicated in vitro and in vivo models are essential here to answers these questions.

The data reported by Raphemot et al. (2011) are another step in the development of subtype specific IK1 modifiers that eventually will provide valuable insights into the roles of IK1 in normal physiology and may offer clinicians new treatment options for a diverse set of genetic syndromes and acquired diseases.
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The inward rectifier family of potassium (Kir) channels is comprised of at least 16 family members exhibiting broad and often overlapping cellular, tissue, or organ distributions. The discovery of disease-causing mutations in humans and experiments on knockout mice has underscored the importance of Kir channels in physiology and in some cases raised questions about their potential as drug targets. However, the paucity of potent and selective small-molecule modulators targeting specific family members has with few exceptions mired efforts to understand their physiology and assess their therapeutic potential. A growing body of evidence suggests that G protein-coupled inward rectifier K (GIRK) channels of the Kir3.X subfamily may represent novel targets for the treatment of atrial fibrillation. In an effort to expand the molecular pharmacology of GIRK, we performed a thallium (Tl+) flux-based high-throughput screen of a Kir1.1 inhibitor library for modulators of GIRK. One compound, termed VU573, exhibited 10-fold selectivity for GIRK over Kir1.1 (IC50 = 1.9 and 19 μM, respectively) and was therefore selected for further study. In electrophysiological experiments performed on Xenopus laevis oocytes and mammalian cells, VU573 inhibited Kir3.1/3.2 (neuronal GIRK) and Kir3.1/3.4 (cardiac GIRK) channels with equal potency and preferentially inhibited GIRK, Kir2.3, and Kir7.1 over Kir1.1 and Kir2.1.Tl+ flux assays were established for Kir2.3 and the M125R pore mutant of Kir7.1 to support medicinal chemistry efforts to develop more potent and selective analogs for these channels. The structure–activity relationships of VU573 revealed few analogs with improved potency, however two compounds retained most of their activity toward GIRK and Kir2.3 and lost activity toward Kir7.1. We anticipate that the VU573 series will be useful for exploring the physiology and structure–function relationships of these Kir channels.

Keywords: GIRK, pharmacology, screening, thallium flux, fluorescence, electrophysiology, high throughput

INTRODUCTION

The inward rectifier family of potassium (Kir) channels is comprised of at least 16 family members exhibiting unique functional and regulatory properties that enable them to carry out important functions in most organ systems (Hebert et al., 2005; Hibino et al., 2010). Kir channels preferentially pass current in the inward direction at voltages more negative than the Nernst electrochemical equilibrium potential for potassium (EK). Unlike their voltage-gated potassium channel counterparts, Kir channels lack discrete voltage-sensing domains that regulate pore opening. Rather, the rectification of the channel conductance-voltage relationship is due to voltage-dependent pore block by magnesium and polyamines at potentials more positive than EK. The degree of rectification varies widely between family members and is used to categorize them functionally into groups of strong versus weak rectifiers. In general, strong rectifiers are expressed in excitable cells such as neurons and muscle cells, whereas weak rectifiers are expressed in epithelial and other non-excitable cell types (Hibino et al., 2010). Some Kir channels are postulated therapeutic targets for common diseases (Bhave et al., 2010). Consequently, we have been working to develop small-molecule probes of clinically relevant Kir channels to provide sharper pharmacological tools with which to study their physiological roles and therapeutic potential.

The founding Kir channel family member Kir1.1, is a weak rectifier encoded by the gene KCNJ1 (Ho et al., 1993; Zhou et al., 1994). Kir1.1 is expressed almost exclusively in epithelial cells of the renal tubule where it critically regulates salt and water balance and hence blood volume and pressure (Welling and Ho, 2009). Autosomal recessive mutations in KCNJ1 give rise to antenatal Bartter syndrome, a severe salt and water wasting disorder characterized by hypokalemic metabolic alkalosis and low to normal blood pressure (Simon et al., 1996). In contrast, heterozygous carriers of KCNJ1 mutations have lower blood pressure but no overt evidence of disease (Ji et al., 2008). These genetic data raise the intriguing possibility that Kir1.1 represents a drug target for a novel class of diuretic. Consequently, our group recently employed high-throughput screening and medicinal chemistry to develop the first publicly disclosed small-molecule inhibitors of Kir1.1 (Lewis et al., 2009; Bhave et al., 2011). These, as well as inhibitors recently disclosed by investigators at Merck (Pasternak et al., 2010), should be instrumental in assessing the therapeutic potential of Kir1.1 for the management of hypertension.

Another emerging drug target in the Kir channel family is the G protein-coupled inward rectifier potassium (GIRK) channel, which is expressed in the heart and throughout the nervous system (Hibino et al., 2010). The major cardiac form of GIRK is a heterotetrameric channel comprised of Kir3.1 and Kir3.4 subunits, which is expressed primarily in atrial but not ventricular myocytes. In the nervous system, heteromeric GIRK channels are primarily formed by Kir3.1 and Kir3.2. In the basal state, GIRK channels exhibit a low open-state probability and therefore contribute little to the resting membrane potassium conductance and potential. In the heart, sympathetic release of acetylcholine (ACh) onto M2 muscarinic receptors leads to G protein-dependent opening of GIRK channels, potassium efflux, and consequent membrane hyperpolarization. The ACh-induced increase in potassium conductance slows the rate of membrane depolarization, action potential generation, and heart rate. In patients with chronic atrial fibrillation, GIRK channels become constitutively active in atrial cardiomyocytes through mechanisms that are incompletely understood (Dobrev et al., 2005; Voigt et al., 2007; Makary et al., 2011). This background current hyperpolarizes the membrane potential, abbreviates the action potential, and increases the availability sodium channels for activation. A growing body of experimental and clinical data support the notion that electrical remodeling sets up high-frequency re-entrant current sources that perpetuate atrial fibrillation, suggesting that a specific blocker of GIRK could have anti-arrhythmic actions without the ventricular side effects commonly associated with current therapies (reviewed in Wakili et al., 2011). Similarly, the other Kir channel family member Kir2.3 is enriched in atrial cardiomyocytes and may also be a pharmaceutical target for atrial fibrillation (Ehrlich, 2008).

The molecular pharmacology of GIRK and most other inward rectifiers is limited. A high-throughput screen using a voltage-sensitive dye identified analogs of amiloride (a K+ sparing diuretic) and propafenone (a class 1c anti-arrhythmic) that inhibit GIRK with sub-micromolar potencies (Walsh, 2010). These and several cardiac and neurological drugs exhibiting weak off-target activity toward GIRK (reviewed in Bhave et al., 2010) may be useful lead compounds for developing more specific inhibitors of GIRK. The bee venom toxin tertiapin is a nanomolar affinity GIRK antagonist that also inhibits Kir1.1 (Jin and Lu, 1998; Kitamura et al., 2000). Hashimoto et al. (2006) demonstrated that administration of tertiapin to cannulated dogs terminated induced atrial fibrillation, providing some of the first experimental evidence that GIRK is a target for anti-arrhythmic therapeutics (Hashimoto et al., 2006). Nissan Chemical Industries developed a benzopyrene derivative, termed NIP-142, which inhibits Kir3.1/3.4 GIRK channels with sub-micromolar affinity and the cardiac Kv1.5 delayed rectifier current with equal potency (Matsuda et al., 2006; Tanaka and Hashimoto, 2007). NIP-142 has shown efficacy in terminating induced atrial fibrillation in dogs, but it is unknown whether the improvement in sinus rhythm is due to inhibition of GIRK, Kv1.5, or both. However, the low nanomolar inhibitor NTC-801, which is highly selective for GIRK over other cardiac channels, was shown recently to be effective in several models of atrial fibrillation (Machida et al., 2011).

In an effort to further expand the molecular pharmacology of GIRK, we employed a Tl+ flux-based fluorescence assay to screen a Kir1.1 inhibitor focus library for antagonists of GIRK. One compound termed VU573 was found to preferentially inhibit GIRK (cardiac and neuronal forms), Kir2.3 and Kir7.1 over Kir1.1 and Kir2.1. We anticipate that VU573 and its analogs will be useful for investigating the physiology and structure–function relationships of inward rectifier potassium channels.

MATERIALS AND METHODS

EXPRESSION VECTORS

Plasmids used in this study are from the following sources: rat Kir1.1 (NM_017023; Chun Jiang, Georgia State University, Atlanta, GA, USA), human Kir2.1 (NM_000891.2; Al George, Vanderbilt University School of Medicine, Nashville, TN, USA), human Kir7.1 (NM_002242.2; David Clapham, Harvard Medical School, Cambridge, MA, USA). Human Kir1.1 (NM_000220), Kir3.1 (NM_002239.2), Kir3.2 (NM_002240.2), Kir3.4 (NM_000890.3), and Kir2.3 (NM_152868) were purchased from OriGene Technologies (Rockville, MD, USA). The M125R mutant of Kir7.1 was created using the QuickChange Site-Directed Mutagenesis Kit (Agilent Technologies). The open reading frame of Kir7.1 was fully sequenced to ensure that no spurious mutations were introduced during mutation of the intended codon.

CELL LINES

Monoclonal mGluR8/GIRK/HEK cells stably expressing Kir3.1/3.2, the M4 muscarinic receptor and rat mGlu8a were cultured as described previously (Niswender et al., 2008). Polyclonal stable T-REx-HEK-293 cell lines expressing Kir2.3 and Kir7.1-M125R under the control of a tetracycline-inducible promoter were established essentially as described in detail elsewhere (Fallen et al., 2009; Lewis et al., 2009). Monoclonal Kir2.3 cell lines were isolated through limiting dilution in 384-well plates and testing for tetracycline-inducible Tl+ flux, as described below. Polyclonal Kir7.1-M125R cells were used in this study. The development of monoclonal C1 T-REx-HEK-293 cells expressing Kir1.1 (S44D) was described previously (Lewis et al., 2009). T-REx-HEK-293 lines were cultured in DMEM growth medium containing 10% FBS, 50 U/mL Penicillin, 50 μg/mL Streptomycin, 5 μg/mL Blasticidin S, and 250 μg/mL Hygromycin.

TWO-ELECTRODE VOLTAGE-CLAMP ANALYSIS

Stage V–VI oocytes were isolated from gravid Xenopus laevis frogs using sterile surgical techniques under tricaine anesthesia. All methods were in accordance with the guidelines for the use of laboratory animals of Vanderbilt University School of Medicine. The oocyte follicle layer was removed by manual dissection following enzymatic treatment with 1 mg/mL collagenase (Type 1A Sigma) dissolved in calcium-free OR-2 of the following composition (in mM): 82.5 NaCl, 2 KCl, 1 MgCl2, 5 HEPES, with pH 7.5 adjusted with NaOH. Oocytes were allowed to recover overnight at 16°C in modified L-15 media containing gentamicin sulfate (25 mg/mL).

pcDNA3.1(+) vectors carrying Kir1.1, human Kir2.1, 2.3, and 7.1 cDNA were used to synthesize channel cRNA from a T7 RNA polymerase and nucleotides provided in the mMESSAGE mMACHINE kit (Ambion, Austin, TX, USA) after linearization of the expression constructs. cRNA was purified by LiCl precipitation, diluted in RNAase-free water and used for injections. The oocytes were injected with 0.5–10 ng of cRNA of Kir1.1, Kir2.1, Kir2.3, and Kir7.1 using a Drummond digital microdispenser. Oocytes were incubated at 16°C in modified L-15 for 24–72 h prior to Kir channel recordings.

Whole-cell currents were recorded from Xenopus oocytes injected with Kir channel cRNA using the two-electrode voltage-clamp (TEVC) technique. Current and voltage commands were generated with a GeneClamp 600 amplifier, a Digidata 1200 A/D converter, and pCLAMP 8.0 software (Molecular Devices, Sunnyvale, CA, USA). The bath was actively clamped to 0 mV using a VG-2A bath clamp (Molecular Devices). Electrodes pulled from borosilicate glass (Sutter Instruments, Novato, CA, USA) using a PP-830 vertical puller (Narishige International, Narishige, Japan) had resistances of 0.5–5.0 MΩ when filled with 3 M KCl. The standard bath solution contained (in mM): 85 NaCl, 5 KCl, 10 HEPES, 2 MgCl2, pH 7.4 with NaOH. After achieving stable current amplitude, VU573 was applied continuously. This was followed by application of the non-specific potassium channel blocker barium. For Kir current recordings, cells were voltage-clamped and stepped every 5 s from a holding potential of −70 to −100 mV for 200 ms, then ramped at a rate of 1.6 mV/ms to 60 mV before returning to −80 mV. All recordings were made at room temperature (20–23°C).

WHOLE-CELL PATCH CLAMP ELECTROPHYSIOLOGY

T-REx-HEK-293-Kir2.3 cells were patch clamped after overnight induction with tetracycline (1 μg/mL). GIRK (Kir3.1/3.2) and wild type Kir7.1 were studied in HEK-293 cells transiently co-transfected with the respective channel expression vectors and pcDNA3.1-EGFP (transfection marker) using Lipofectamine LTX/Plus reagent according to manufacturer’s protocol (Invitrogen, Carlsbad, CA, USA). The standard intracellular solution contained 135 mM KCl, 2 mM MgCl2, 1 mM EGTA, 10 mM HEPES-free acid, and 2 mM Na2 ATP (Roche), pH 7.3, adjusted to 275 mOsmol/kg with sucrose. For Kir2.3 recordings, MgCl2 was reduced to 1 mM to prevent channel rundown (Chuang et al., 1997). The standard bath solution contained 135 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM glucose, and 10 mM HEPES-free acid, pH 7.4, 290 mOsmol/kg. In some experiments, a high-K+ bath was used that contained 90 mM NaCl, 50 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM glucose, and 10 mM HEPES-free acid, pH 7.4, 290 mM mOsmol/kg. Kir current recordings were collected as previously described (Bhave et al., 2011). After achieving stable whole-cell currents, VU573 was applied intermittently or continuously for 2–10 min, followed by application of 2 mM BaCl2. Data acquisition and analysis were performed using pClamp 9.2 software (Molecular Devices). All recordings were made at room temperature (20–23°C).

TEST COMPOUND AND STIMULUS PLATE PREPARATION

Compound master antagonist plates were created by serial diluting compounds 1:3 from 10 mM stock in 100% DMSO using the BRAVO liquid handler (Agilent Technologies, Santa Clara, CA, USA). Assay daughter plates were created using the ECHO 555 liquid hander (Labcyte, Sunnyvale, CA, USA), transferring 240 nL from the master plate to the daughter plate for each well followed by addition of 40 μL of assay buffer resulting in antagonist compound concentration–response curves (CRC) starting at 60 μM (2× final concentration). Glutamate was diluted in Tl+ buffer [125 mM sodium bicarbonate (added fresh the morning of the experiment), 1 mM magnesium sulfate, 1.8 mM calcium sulfate, 5 mM glucose, 12 mM Tl+ sulfate, and 10 mM HEPES, pH 7.3] at 5× the final concentration to be assayed.

KINETIC IMAGING, DATA ANALYSIS, AND STATISTICS

Cells were loaded with the Tl+ sensitive fluorescent dye FluoZin-2 and plated in clear-bottom 384-well plates essentially as described previously (Lewis et al., 2009; Bhave et al., 2011). Cell plates and daughter compound plates were loaded onto a kinetic imaging plate reader (FDSS 6000; Hamamatsu Corporation, Bridgewater, NJ, USA). All recordings were made at room temperature (20–23°C). Appropriate baseline readings were taken (10 images at 1 Hz; excitation, 470 ± 20 nm; emission, 540 ± 30 nm) and 20 μL test compounds were added followed by 50 images at 1 Hz additional baseline. Following a 20-min incubation period, baseline readings were taken for 30 s followed by addition of 10 μL Glutamate at an EC80 concentration. An additional 170 images were taken at 1 Hz. Glutamate EC80 concentration was determined the day of the assay.

Data were analyzed using Excel (Microsoft Corp, Redmond, WA, USA). Raw data were opened in Excel and each data point in a given trace was divided by the first data point from that trace (static ratio). For experiments in which antagonists were added, data were again normalized by dividing each point by the fluorescence value immediately before the glutamate addition to correct for any subtle differences in the baseline traces after the compound incubation period. The slope of the fluorescence increase beginning 5 s after Tl+/glutamate addition and ending 15 s after Tl+/glutamate addition was calculated. The data were then plotted in Prism software (GraphPad Software, San Diego, CA, USA) to generate CRC after correcting for the slope values determined for baseline waveforms generated in the presence of vehicle controls. Potencies were calculated from fits using a four-parameter logistic equation.

CHEMICAL SYNTHESIS

General

All NMR spectra were recorded on a 400-MHz AMX Bruker NMR spectrometer. 1H chemical shifts are reported in δ values in part per million downfield with the deuterated solvent as the internal standard. Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br = broad, m = multiplet), integration, coupling constant (Hz). Low resolution mass spectra were obtained on an Agilent 1200 series 6130 mass spectrometer with electrospray ionization. High-resolution mass spectra were recorded on a Waters Q-TOF API-US plus Acquity system with electrospray ionization. Analytical thin layer chromatography was performed on EM Reagent 0.25 mm silica gel 60-F plates. Samples were analyzed for ≥95% purity using LC-UV/Vis-MS. Analytical HPLC was performed on an Agilent 1200 series with UV detection at 214 and 254 nm along with ELSD detection. LC/MS: method 1 = J-Sphere80-C18, 3.0 mm × 50 mm, 4.1 min gradient, 5%[0.05%TFA/CH3CN]:95%[0.05%TFA/H2O] to 100%[0.05%TFA/CH3CN]; method 2 = Phenomenex-C18, 2.1 mm × 30 mm, 2 min gradient, 7%[0.1%TFA/CH3CN]:93%[0.1%TFA/H2O] to 100%[0.1%TFA/CH3CN]; method 3 = Phenomenex-C18, 2.1 mm × 30 mm, 1 min gradient, 7%[0.1%TFA/CH3CN]:93%[0.1%TFA/H2O] to 95%[0.1%TFA/CH3CN]. Preparative purification was performed on a custom HP1100 purification system (Leister et al., 2003) with collection triggered by mass detection. Solvents for extraction, washing, and chromatography were HPLC grade. All reagents were purchased from Aldrich Chemical Co. and were used without purification.

Reagents. Substituted phenols were purchased from various commercial sources, 2-Amino-1-benzylbenzimidazole and 2-Amino-1-methylbenzimidazole were purchased from Acros Organics. 1-(4-Chlorophenylmethyl)-2-aminobenzimidazole was made using published procedures (Caroti et al., 1986).

General synthetic procedure

The desired phenol (2 mmol) was dissolved in 0.4 mL NaOH (5 M) and then treated with epichlorohydrin (0.32 mL, 3.7 mmol; Scheme 1). The mixture was heated in a Biotage Initiator microwave reactor at 100°C for a 15-min period. The reaction was cooled to ambient temperature and diluted with dichloromethane. The aqueous layer was removed and the organic layer extracted with water. The mixture was dried and solvent removed under reduced pressure. The crude mixture was then treated with the desired 2-aminobenzimidazole (3 mL, 0.2 mmol, 0.7 M MeOH) dissolved in methanol Scheme 1). The mixture was allowed to stir for 4 days at ambient temperature. The solvent was removed under reduced pressure and the residue was diluted with dichloromethane. The mixture was extracted with water, dried, and concentrated under reduced pressure. The crude was purified using reverse phase chromatography (C18, Acetonitrile/H2O 0.1% TFA).
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Scheme 1. Synthesis of theVU573 scaffold.
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(p-tolyloxy)propan-2-ol (1). Purchased from ChemBridge.
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(2,4-dichlorophenoxy)propan-2-ol (2).

LCMS: Rt = 1.41 min., >98%, m/z = 443 [M + H].
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(4-chlorophenoxy)propan-2-ol (3).

LCMS: Rt = 1.38 min., >98%, m/z = 408 [M + H].
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(m-tolyloxy)propan-2-ol (4).

Purchased from InterBioScreen.
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-phenoxypropan-2-ol (5).

Purchased from ChemBridge.
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(o-tolyloxy)propan-2-ol (6).

Purchased from ChemBridge.
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(3,5-difluorophenoxy)propan-2-ol (7).

LCMS: Rt = 1.05 min., >98%, m/z = 410 [M + H].
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(4-isopropylphenoxy)propan-2-ol (8).

LCMS: Rt = 1.14 min., >98%, m/z = 416 [M + H].
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-morpholinopropan-2-ol (9).

LCMS: Rt = 0.67 min., >98%, m/z = 367 [M + H].
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(4-benzylphenoxy)propan-2-ol (10).

LCMS: Rt = 1.19 min., >98%, m/z = 464 [M + H].
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(4-(benzyloxy)phenoxy)propan-2-ol (11).

LCMS: Rt = 1.16 min., >98%, m/z = 480 [M + H].
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4-(3-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-2-hydroxypropoxy)benzonitrile (12).

LCMS: Rt = 1.00 min., >98%, m/z = 399 [M + H].
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(4-methoxyphenoxy)propan-2-ol (13).

LCMS: Rt = 1.00 min., >98%, m/z = 404 [M + H].
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(3-methoxyphenoxy)propan-2-ol (14).

LCMS: Rt = 1.01 min., >98%, m/z = 404 [M + H].
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(2-chlorophenoxy)propan-2-ol (15).

LCMS: Rt = 1.08 min., 90%, m/z = 408 [M + H].
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(4-bromo-3-methylphenoxy)propan-2-ol (16).

LCMS: Rt = 1.13 min., >98%, m/z = 466 [M + H].
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3-(3-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-2-hydroxypropoxy)-4-fluorobenzonitrile (17).

LCMS: Rt = 0.99 min., >98%, m/z = 417 [M + H].
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(3-chlorophenoxy)propan-2-ol (18).

LCMS: Rt = 1.06 min., >98%, m/z = 408 [M + H].
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3-(3-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-2-hydroxypropoxy)-5-fluorobenzonitrile (19).

LCMS: Rt = 1.00 min., 90%, m/z = 417 [M + H].
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(3,5-dimethylphenoxy)propan-2-ol (20).

LCMS: Rt = 1.10 min., 93%, m/z = 402 [M + H].
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1-(3-benzyl-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(2-methoxyphenoxy)propan-2-ol (21).

LCMS: Rt = 0.98 min., >98%, m/z = 404 [M + H].
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1-(3-(4-chlorobenzyl)-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-phenoxypropan-2-ol (22).

LCMS: Rt = 1.33 min., 87%, m/z = 408 [M + H].
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1-(3-(4-chlorobenzyl)-2-imino-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(4-chlorophenoxy)propan-2-ol (23).

LCMS: Rt = 1.38 min., >98%, m/z = 442 [M + H].
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1-(2-imino-3-(3-methoxybenzyl)-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(p-tolyloxy)propan-2-ol (24).

LCMS: Rt = 1.05 min., >98%, m/z = 418 [M + H].
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1-(2-imino-3-methyl-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(p-tolyloxy)propan-2-ol (25).

LCMS: Rt = 0.91 min., >98%, m/z = 312 [M + H].
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1-(2-imino-3-methyl-2,3-dihydro-1H-benzo[d]imidazol-1-yl)-3-(4-(trifluoromethyl)phenoxy)propan-2-ol (26).

LCMS: Rt = 1.11 min., >98%, m/z = 442 [M + H].

RESULTS

VU573: A WEAK KIR1.1 INHIBITOR THAT PREFERENTIALLY INHIBITS GIRK

We recently performed a high-throughput screen (HTS) for small-molecule modulators of Kir1.1 (Lewis et al., 2009), the founding member of the inward rectifier potassium (Kir) channel family (Ho et al., 1993; Zhou et al., 1994) and putative diuretic target (Simon et al., 1996; Ji et al., 2008; Pasternak et al., 2010). A focused library of reproducibly active inhibitors was assembled from the primary screen, with the goal of mining the library for antagonists of other inward rectifiers. As noted in the Introduction, a growing body of evidence suggests that GIRK channels expressed in atrial cardiomyocytes may represent a viable drug target for the treatment of atrial fibrillation. Given the paucity of potent and selective small-molecule inhibitors of GIRK and therapeutic interest in the channel, we screened the focus library for GIRK modulators using a Tl+ flux-based fluorescence assay developed recently at Vanderbilt (Niswender et al., 2008). The assay reports Tl+ flux through heteromeric Kir3.1/3.2 channels co-expressed in HEK-293 cells with the group III metabotropic glutamate receptor mGluR8. Intracellular Tl+ concentration is reported using the commercially available Tl+-sensitive fluorescent dye FluoZin-2. As shown in Figure 1A, glutamate addition dose-dependently increased Tl+ flux as GIRK channels are activated by mGluR8 stimulation. The focused library was screened at a single concentration of 10 μM using an 80% maximally effective concentration (EC80) of glutamate. Several compounds were identified that preferentially inhibited GIRK over Kir1.1 (data not shown). One of these compounds, termed VU573, was selected for further study.
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Figure 1. VU573 inhibits mGluR8-activated Kir3.1/3.2 channel activity in thallium flux assays. (A) Representative FluoZin-2 fluorescence traces recorded from HEK-293 cells stably expressing mGluR8 and Kir3.1/3.2 before and after co-application of thallium and different doses of glutamate (shaded box). From an 11-point glutamate concentration–response curve (not shown), the glutamate concentration evoking approximately 80% (EC80) of the maximal response (ECmax) was determined and used for subsequent experiments. (B) Representative traces for changes of Tl+-induced FluoZin-2 fluorescence following 20 min pre-treatment of cells with the indicated concentrations of VU573 and subsequent thallium and glutamate-EC80 addition (shaded box). (C) Mean ± SEM concentration–response curve for VU573-dependent inhibition of Kir3.1/3.2 (n = 3). The chemical structure of VU573 is shown in the inset. (D) Representative FluoZin-2 fluorescence traces recorded from monoclonal Kir1.1-S44D expressing cells cultured overnight in absence (−Tet) or presence (+Tet) of Tetracycline. (E) Representative traces for changes of Tl+-induced FluoZin-2 fluorescence following pre-treatment of cells with the indicated concentrations of VU573 and then exposed to thallium (shaded box). (F) Mean ± SEM concentration–response curve for VU573-dependent inhibition of Kir1.1-S44D (n = 3).



The chemical structure of VU573 is shown in the inset of Figure 1C. The potency of VU573 was evaluated in 11-point CRC using an EC80 of glutamate to activate GIRK. As shown in Figure 1B, VU573 inhibited GIRK-dependent Tl+ flux in a dose-dependent manner with a 50% inhibition concentration (IC50) of approximately 1.9 μM (Figure 1C).

To verify that VU573 is a more potent inhibitor of GIRK than Kir1.1, a full VU573 CRC was generated using an established Tl+ flux assay for Kir1.1 (Lewis et al., 2009; Bhave et al., 2011). The assay employs an inducible system in which Kir1.1 is expressed from a tetracycline-regulatable promoter. As shown in Figure 1D, extracellular Tl+ addition produced a dramatic increase in FluoZin-2 fluorescence in cells cultured with tetracycline, but not in uninduced cells. Thus, most of the Tl+ flux in tetracycline-induced cells occurs through Kir1.1. VU573 exhibited weak yet dose-dependent inhibition of Kir1.1 (Figure 1F), with an IC50 of approximately 19 μM. Whole-cell patch clamp experiments confirmed that 20 μM VU573 inhibited Kir1.1 by 49.5 ± 0.03% (n = 5). Thus, VU573 is a preferential inhibitor of GIRK over Kir1.1.

VU573 SHOWS PREFERENCE FOR KIR2.3, GIRK, AND KIR7.1 OVER KIR1.1 AND KIR2.1

To further assess the selectivity of VU573, several members of the Kir channel family were expressed in Xenopus oocytes and screened for VU573 sensitivity using the TEVC technique. We first tested whether VU573 discriminates between Kir3.1/3.2 and Kir3.1/3.4 channels, the predominant heterotetrameric forms of GIRK found in the nervous system and heart, respectively (Hibino et al., 2010). Figure 2A illustrates a typical experiment performed on an oocyte co-injected with cRNA encoding Kir3.1 and Kir3.2. Current recorded at −80 mV is shown as a function of time. The oocyte was initially bathed in a potassium-free (0K) solution and then switched to one containing 90 mM K+ (90K) to activate GIRK. The dramatic increase in inward current in the presence of 90K buffer was not observed in water-injected oocytes (data not shown) and therefore largely reflects current through Kir3.1/3.2 channels. Bath application of 10 μM VU573 inhibited GIRK current by approximately 50%, which was significantly lower than expected from Tl+ flux experiments (Figure 1C). The residual current was blocked by Ba2+. Figure 2F shows mean ± SEM percentage block of Kir3.1/3.2 and Kir3.1/3.4 channels by 1, 10, and 25 μM VU573 or Ba2+. The mean ± SEM time constant (τ) for inhibition of Kir3.1/3.2 and Kir3.1/3.4 currents by 25 μM VU573 were 28 ± 4 s (n = 6) and 27 ± 5 s (n = 6), respectively. There were no significant (P > 0.05) differences in the degree of VU573-dependent block of Kir3.1/3.2 and Kir3.1/3.4 channels at any of the concentrations.
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Figure 2. Effect of VU573 on Kir channels expressed in oocytes. (A) Representative Kir3.1/3.2 current traces recorded from an oocyte using the two-electrode voltage-clamp technique. Oocytes were initially bathed in a potassium-free (0K) solution and then switched to one containing 90 mM potassium (90K) to activate Kir3.1/3.2. After reaching a steady-state, the oocyte was exposed to 10 μM VU573 (in 90K) bath to inhibit Kir3.1/3.2. Residual Kir3.1/3.2 currents were inhibited with 2 mM barium (Ba2+). A final switch back to 0K was used to measure leak current at the end of each experiment. Representative whole-cell current traces recorded from oocytes expressing respectively (B) Kir1.1, (C) Kir2.1, (D) Kir2.3, and (E) Kir7.1 before and after application of 50 μM VU573. Residual Kir currents were inhibited with 2 mM barium (Ba2+). (F) Mean ± SEM percent inhibition of current evoked by Kir3.1/3.2, Kir3.1/3.4, Kir1.1, Kir2.1, Kir2.3, and Kir7.1 with the indicated concentrations of VU573 ([image: yes]) or Ba2+ (■) n = 4–6).



GIRK channels are co-expressed with other members of the Kir channel family in a tissue- and cell type-specific manner. As noted in the Introduction, there is growing evidence that inhibitors of cardiac GIRK channels may be therapeutically beneficial in patients with atrial fibrillation. However, Kir2.1 and Kir2.3 are also expressed in the heart (Hibino et al., 2010) and therefore represent potential off-targets for VU573 actions. GIRK, Kir2.1, and Kir2.3 are also co-expressed in various brain regions, as is one of the newest Kir channel family members, Kir7.1 (Krapivinsky et al., 1998). We therefore determined whether VU573 inhibits any of these channels expressed in Xenopus oocytes. Kir1.1 was also expressed to confirm the results from Tl+ flux and patch clamp experiments.

Representative TEVC recordings from oocytes expressing Kir1.1, Kir2.1, Kir2.3, or Kir7.1 are shown in Figures 2B–E. The oocytes were voltage-clamped at −75 mV and stepped for 200 ms every 5 s to −120 mV to evoke inward current. The current amplitude at −120 mV is shown as a function of time. Barium was again used at the end of each experiment as a control blocker. Consistent with the Tl+ flux data showing greater potency toward GIRK than Kir1.1, 50 μM VU573 inhibited Kir1.1 by only 4.3 ± 1.7% with a time constant of 95 ± 15 s (n = 8). Kir2.1 was also relatively insensitive to VU573, and the time constant was very slow (τ = 735 ± 85 s; n = 4; Figure 2C). After 25 min of constant bath perfusion, 50 μM VU573 inhibited Kir2.1 by only 30.2 ± 9.4%. In contrast, Kir2.3 was inhibited comparatively quickly (τ = 154 ± 32 s) by 80.9 ± 5.0% (n = 7). Similarly, Kir7.1 was inhibited by 66.0 ± 6% with a rapid time constant of 38 ± 6 s (n = 8).

PATCH CLAMP ANALYSIS OF VU573 POTENCY IN MAMMALIAN CELLS

GIRK is inhibited by VU573 with an IC50 of approximately 2 μM in Tl+ flux assays in HEK-293 (Figure 1) cells and 10 μM in TEVC experiments in oocytes (Figure 2). To determine if the discrepancy is due to the expression system or assay type, whole-cell patch clamp techniques were used to assess the potency of VU573 toward Kir3.1/3.2 GIRK channels expressed in HEK-293 cells. The cells were voltage-clamped at a holding potential of −75 mV and then stepped to −120 mV for 200 ms, after which the membrane potential was ramped between −120 and 120 mV at a rate of 2.4 mV/ms. As shown in Figure 3B, GIRK activity was low in the presence of 5 mM extracellular K+ (5K), but increased upon elevation of bath K+ to 50 mM (50K), paralleling the behavior of GIRK observed in oocytes. Consistent with Tl+ flux data (Figure 1C), bath application of 30 μM VU573 led to a near complete inhibition of GIRK. As shown in the voltage ramp experiments in Figure 3A, VU573 inhibited GIRK across all potentials tested. The residual current was inhibited by barium (Ba2+; Figure 3B). The mean ± SEM time constant of inhibition was 16 ± 1 s (n = 5). A fit of the CRC data (Figure 3C) from patch clamp experiments yielded an IC50 of 1.3 μM, which is very near that derived from Tl+ flux assays (Figure 1C).
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Figure 3. VU573-dependent inhibition of Kir3.1/3.2, Kir2.3, and Kir7.1 channel activity expressed in HEK-293 cells. (A,D,G) Representative whole-cell Kir3.1/3.2, Kir2.3, and Kir7.1 current traces recorded from transfected HEK-293 cells. The cell was voltage ramped every 5 s between −120 and 120 mV for 200 ms from a holding potential of −75 mV. Normalized Kir3.1/3.2, Kir2.3, and Kir7.1 currents recorded before (black line) and after reaching steady-state inhibition by 30 μM VU573 (gray line) are shown. (B,E,H) Representative time course traces of VU573-dependent inhibition of Kir3.1/3.2, Kir2.3, and Kir7.1 by 30 μM VU573 using the protocol described above. After achieving whole-cell access, the current was allowed to stabilize before adding 30 μM VU573 and then 2 mM barium (Ba2+) to inhibit channel activity. (C,F,I) Mean ± SEM concentration–response curves for Kir3.1/3.2 (n = 4–7), Kir2.3 (n = 4–6), and Kir7.1 (n = 4–7), respectively.



We extended our patch clamp experiments to include Kir2.3 and Kir7.1 due to their strong inhibition by VU573 in oocytes (Figure 2F). A monoclonal stable T-REx-HEK-293 cell line expressing Kir2.3 under the control of a tetracycline-inducible promoter was patch clamped following overnight induction with tetracycline. Kir7.1 was studied in transiently transfected HEK-293 cells (see Materials and Methods). The cells were subjected to the same voltage ramp protocol described above for GIRK. Steady-state Kir2.3 and Kir7.1 currents recorded before (black line) and after (gray line) bath application of 30 μM VU573 are shown in Figures 3D,G, respectively. Both channels were inhibited with a rapid time course (Figures 3E,H) and IC50 values of approximately 1 μM (Figures 3F,I). The mean ± SEM time constants for inhibition of Kir2.3 and Kir7.1 were 23 ± 2 and 14 ± 2 s, respectively (n = 4 each).

DEVELOPMENT OF TL+ FLUX ASSAYS FOR Kir2.3 AND Kir7.1-M125R

We next set out to employ medicinal chemistry in an effort to improve the potency and selectivity of VU573 toward GIRK, Kir2.3, and Kir7.1. Conventional electrophysiological methods are too slow and labor intensive to support a robust medicinal chemistry campaign, leading us to establish high-throughput Tl+ flux assays for Kir2.3 and Kir7.1. As shown in Figure 4A, robust tetracycline-inducible Tl+ flux was observed in monoclonal stable T-REx-HEK-293 expressing Kir2.3. VU573 dose-dependently inhibited Tl+ flux through Kir2.3 with an IC50 of 4.7 μM (Figures 4B,C), a value that is reasonably close to that derived from patch clamp experiments (Figure 3F).
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Figure 4. Development of a thallium flux assay for Kir2.3. (A) Thallium flux-dependent FluoZin-2 fluorescence recorded from monoclonal Kir2.3 T-REx-HEK-293 cells cultured overnight in absence (−Tet) or presence (+Tet) of Tetracycline. The fluorescence emission was recorded before and after the addition of extracellular thallium (shaded box). (B) Representative traces for changes of Tl+-induced FluoZin-2 fluorescence following 20 min pre-treatment of cells with the indicated concentrations of VU573. (C) CRC for VU573-dependent inhibition of Kir2.3 activity. Values are mean ± SEM (n = 3). A fit of the CRC with a single-site four-parameter logistic function yielded IC50 of 4.7.



In contrast, despite numerous attempts on multiple polyclonal and monoclonal cell lines, we were unable to detect Tl+ flux through Kir7.1. Western blot analysis revealed that this was not due to lack of channel protein expression (data not shown), suggesting that other channel properties were responsible. Kir7.1 is unique among Kir channels in that it has a very small unitary conductance, which has been estimated from noise analysis to be on the order of 50 femptoSiemens (fS; Krapivinsky et al., 1998). We reasoned that this could keep Tl+ flux through Kir7.1 below the limit of detection of FluoZin-2. The small conductance of the channel is due at least in part to a non-conserved Methionine (M) residue at position 125 located in the pore. Mutation of the residue to Arginine (R),which occupies the homologous position in all other Kir channels (not shown), has no effect on protein expression or targeting to the plasma membrane, but increases the single-channel conductance by approximately 20-fold (Krapivinsky et al., 1998). We therefore wondered if the M125R mutation could enable measurement of Tl+ flux using FluoZin-2. As shown in Figure 5B, tetracycline-induced robust Tl+ flux in polyclonal stable T-REx-HEK-293 cells expressing Kir7.1-M125R. VU573 induced concentration-dependent inhibition of Tl+ flux with an IC50 of 4.9 μM (Figures 5C,D). The good correlation between IC50 values from patch clamp and Tl+ flux experiments and the fact that the M125R mutation had no effect on the sensitivity to VU573 in patch clamp experiments (Figure 5A) indicated that the Kir7.1-M125R assays could be used as a screening tool to support medicinal chemistry efforts for VU573.
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Figure 5. Development of a thallium flux assay for Kir7.1 (M125R). (A) Mean ± SEM % inhibition of wild type (closed bars; n = 6–7) or M125R mutant (open bars; n = 4–6) Kir7.1 by the indicated concentration of VU573. Note that the wild type data are reproduced from Figure 3. (B) Thallium flux-dependent FluoZin-2 fluorescence recorded from polyclonalKir7.1 (M125R) T-REx-HEK-293 cells cultured overnight in absence (−Tet) or presence (+Tet) of Tetracycline. The fluorescence emission was recorded before and after the addition of extracellular thallium (shaded box). (C) Representative traces for changes of Tl+-induced FluoZin-2 fluorescence following 20 min pre-treatment of cells with the indicated concentrations of VU573. (D) CRC for VU573-dependent inhibition of Kir2.3 activity. Values are mean ± SEM (n = 3). A fit of the CRC with a single-site four-parameter logistic function yielded IC50 of 4.9 μM.



SYNTHESIS AND STRUCTURE–ACTIVITY RELATIONSHIPS OF VU573 ANALOGS

Lead optimization efforts directed at VU573 to improve its potency and selectivity toward Kir2.3, GIRK, and Kir7.1 were initiated by conserving the benzyl moiety and substituting the R group (Table 1). Structure–activity relationships (SAR) revealed few analogs with channel selectivity. Replacement of the phenoxy moiety with a morpholino group to the VU573 scaffold resulted in compound (9), which lost activity (IC50 values > 100 μM) for Kir7.1 and Kir1.1. The IC50 values for Kir2.3 and GIRK were 24 and 15.3 μM, respectively. Substitution of the R group of the VU573 scaffold with a phenoxy benzyloxy functional group led to an analog (11), which was equipotent for Kir2.3 and GIRK, but loss activity toward Kir7.1 (IC50 values > 100 μM). An alternate functional group for the VU573 scaffold, a 4-cyanophenyl (12), led to an analog compound with moderate selectivity for GIRK (IC50 = 5.27 μM) and weak inhibition of Kir2.3 and Kir7.1, with IC50 values of 11.3 and 19.7 μM, respectively. All other analogs in which substitutions were made at both R and R′ groups led to similar potency among the Kir2.3, Kir7.1, and GIRK channels as compared to VU573, but with weak inhibition for Kir1.1. The development of two VU573 analogs, R70 and R5C (Table 1), that retain activity toward GIRK and Kir2.3 but have lost activity toward Kir7.1 suggest that chemically optimized analogs based on the VU573 scaffold can be developed to increase their selectivity.

Table 1. Structure–activity relationships and lead optimization summary.
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To determine if the apparent loss of activity is an artifact of the Tl+ flux assay or the use of the M125R mutant, we examined the effects of the VU573 analog R70 on wild type Kir7.1 currents in whole-cell patch clamp experiments. The cells were voltage-clamped between −120 and 120 mV in 20 mV increments from a −75-mV holding potential (Figure 6E). As illustrated in the average current traces recorded before (Figure 6A) or during bath application of 10 μM R70 (Figure 6B), the analog had no effect on wild typeKir7.1 activity. In contrast, subsequent addition of 10 μM VU573 led to a near complete inhibition of the channel (Figures 6C). The mean ± SEM current–voltage relationships recorded in the three conditions are shown in Figure 6D.
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Figure 6. Lack of effect of R70 on wild type Kir7.1 activity. Average Kir7.1 current traces (n = 4 each) recorded in the absence (A) or presence of (B) 10 μM R70 or (C) 10 μM VU573. (D) Mean ± SEM (n = 4) current–voltage Kir7.1 relationships recorded in the indicated conditions using the voltage-clamp protocol shown in (E).



DISCUSSION

The Tl+ flux assay developed by Weaver et al. (2004) and subsequently commercialized by Invitrogen under the FluxOR© label has had a major impact on high-throughput screening for potassium channels. The assay takes advantage of the fact that Tl+ readily permeates most K+ channel pores. With the exception of wild type Kir7.1, the assay seems to be particularly well suited for inward rectifier K+ channels due to their high open probability near the resting membrane potential of a cell. This obviates the need for depolarizing the cell with a high-potassium step to open voltage-gated K+ channels. To date, Tl+ flux assays have been reported for the inward rectifiers Kir1.1 (Lewis et al., 2009), Kir2.1 (Wang et al., 2010), Kir2.3 (this study), Kir3.1/3.2 (Niswender et al., 2008), and Kir7.1-M125R (this study). Tl+ flux assays have also been developed for some ligand- and voltage-gated potassium channels, including SK3 and KCNQ2 (Weaver et al., 2004), KCNQ4 (Li et al., 2011), and hERG (Titus et al., 2009; Bridal et al., 2010; Huang et al., 2010; Schmalhofer et al., 2010; Zou et al., 2010). A Tl+ flux assay was used to screen for modulators of the potassium-chloride co-transporter KCC2 (Delpire et al., 2009). This is notable because KCC2 is electroneutral and therefore cannot be screened using voltage-sensitive dyes. Thus, the Tl+ flux assay appears to be broadly adaptable to both electrogenic and electroneutral K+ transport proteins.

In the present study, Tl+ flux- and electrophysiological-based counterscreens revealed a preferential inhibitor of GIRK, Kir2.3, and Kir7.1. It is unclear why IC50 values are lower in oocytes compared to mammalian cells, but likely reflects differences in membrane properties or intracellular factors between the two cell types. VU573 inhibits GIRK independent of GPCR stimulation and does not discriminate between cardiac (Kir3.1/3.4) and neuronal (Kir3.1/3.2) forms of the channel. The latter observation suggests that the VU573 binding site is located within the Kir3.1 subunit, which is common to both heteromeric forms, or is shared between all three subunits. Pharmacology experiments on homotetrameric Kir3.1, Kir3.2, and Kir3.4 channels should help resolve the issue. Given the broad tissue distribution and important physiological functions of GIRK channels in multiple organ systems, the development of subtype selective modulators may be important for developing, for example, cardiac-specific drugs to treat atrial fibrillation without toxic side effects on the nervous system. The availability of high-resolution crystal structures of the GIRK cytoplasmic domain (Nishida and Mackinnon, 2002), GIRK-bacterial Kir channel chimeras (Nishida et al., 2007) and now full-length mammalian Kir2.2 (Tao et al., 2009) should be helpful in guiding and interpreting experiments to define the molecular binding site for VU573 and other GIRK antagonists. The relatively flat SAR of VU573 against GIRK, Kir2.3, and Kir7.1 suggests that the VU573 scaffold may be amenable to the addition of diazirine or other light-reactive moieties for photoaffinity labeling of the channels for identification of the binding site using mass spectrometry. A detailed understanding of both unique and overlapping binding sites will provide novel insights into the molecular architecture of GIRK and should facilitate the development of subtype-specific inhibitors.

Members of the Kir2.X subfamily, including Kir2.1, Kir2.2, Kir2.3, Kir2.4, and Kir2.6, are broadly expressed in neurons, cardiac, skeletal and smooth muscle cells, endothelial cells, macrophages, and epithelial cells (De Boer et al., 2010a). Much of our understanding of the physiology of Kir2.X channels comes from studies of disease-causing mutations in humans (Plaster et al., 2001; Ryan et al., 2010) and knockout mice (Zaritsky et al., 2001). While it is clear from this work that Kir2.X channels are essential in many organ systems, pinpointing their individual roles has been difficult due to their overlapping expression profiles, propensity to form Kir2.X heterotetramers and poorly developed pharmacology. The development of subtype selective Kir2.X inhibitors would undoubtedly bolster efforts to understand the physiology and druggability of Kir2.X homo- and heteromeric channels. To date, however, the inhibitor pharmacology of Kir2.X channels is limited to barium, cesium, and a handful of non-specific drugs such as chloroquine (Rodriguez-Menchaca et al., 2008), mefloquine (Lopez-Izquierdo et al., 2011b), quinacrine (Lopez-Izquierdo et al., 2011a), carvedilol (Ferrer et al., 2011), tamoxifen (Ponce-Balbuena et al., 2009), and pentamidine (De Boer et al., 2010b). Pregnenolone sulfate (Kobayashi et al., 2009) and flecainide (Caballero et al., 2010) are activators of Kir2.3 and Kir2.1, respectively. Like VU573 (this study), mefloquine, quinacrine, tamoxifen, and carvedilol preferentially inhibit Kir2.3 over Kir2.1. Electrophysiological analysis of mutagenized channels suggests that chloroquine and pentamidine are cytoplasmic pore blockers, whereas mefloquine and carvedilol appear to disrupt channel interactions with the activating membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2). There is evidence that quinacrine has a complex mechanism of action involving both pore block and disruption of channel-PIP2 interactions. Because VU573 is also a preferential inhibitor of Kir2.3, we are currently testing if it shares a common mechanism of action and binding site(s) with these drugs. Looking ahead, it will be important to determine whether VU573 or any of the aforementioned drugs show preference for homomeric versus heteromeric Kir2.X channels. These studies may help inform medicinal chemistry efforts to develop subtype-specific inhibitors of Kir2.X channels.

To our knowledge, VU573 is only the second and most potent Kir7.1 inhibitor available. We recently reported that the ∼300 nM Kir1.1 inhibitor 7,13-bis[(4-nitrophenyl)methyl]-1,4,10-trioxa-7,13-diazacyclopentadecanedihydrochloride, or VU590, inhibits Kir7.1 with an IC50 of approximately 8 μM, making VU590 the first publically disclosed small-molecule inhibitor of both Kir1.1 and Kir7.1 (Lewis et al., 2009). In the present study, we found that VU573 preferentially inhibits Kir7.1 (IC50 ∼ 1 μM) over Kir1.1 (IC50 ∼ 19 μM).

Kir7.1 is widely expressed in the brain, retinal pigment epithelial cells of the eye, the choroid plexus, and epithelial cells of the intestine, nephron, and inner ear (Krapivinsky et al., 1998; Nakamura et al., 1999; Ookata et al., 2000; Pondugula et al., 2006; Yang et al., 2008). Very little is known about the physiology of Kir7.1 due in part to the unusually small (i.e., ∼50 fS) unitary conductance of the channel. This precludes the use of single-channel recording techniques to study its activity in native cell types, where other inward rectifiers of larger unitary conductances are often co-expressed. Whole-cell patch clamp recordings could conceivably be used to dissect out the relative contributions of Kir7.1 and other Kir channels to the macroscopic current provided that specific blockers were available. This scenario highlights the need for better pharmacological modulators of Kir7.1 and other members of the Kir channel family. The discovery of VU573 and its inactive analogs represent important steps toward filling this gap. Furthermore, and importantly, the development of a robust Tl+ flux assay using the Kir7.1-M125R mutant will enable HTS for chemically diverse modulators of the channel.

Interestingly, heritable mutations in the Kir7.1-encoding gene KCNJ13 were recently found in patients with two forms of retinal disease (Hejtmancik et al., 2008; Sergouniotis et al., 2011). These findings confirm the importance of Kir7.1 in retinal pigmented epithelia of the eye and raise questions regarding the detailed physiological roles of Kir7.1 in the eye and other organ systems. The development of potent and selective Kir7.1 antagonists will greatly facilitate those efforts.
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Alpha7 nicotinic acetylcholine receptors (α7 nAChR) are widely distributed throughout the central nervous system and are found at particularly high levels in the hippocampus and cortex. Several lines of evidence indicate that pharmacological enhancement of α7 nAChRs function could be a potential therapeutic route to alleviate disease-related cognitive deficits. A recent pharmacological approach adopted to increase α7 nAChR activity has been to identify selective positive allosteric modulators (PAMs). α7 nAChR PAMs have been divided into two classes: type I PAMs increase agonist potency with only subtle effects on kinetics, whereas type II agents produce additional dramatic effects on desensitization and deactivation kinetics. Here we report novel observations concerning the pharmacology of the canonical type II PAM, PNU120596. Using patch clamp analysis of acetylcholine (ACh)-mediated currents through recombinant rat α7 nAChR we show that positive allosteric modulation measured in two different ways is greatly attenuated when the temperature is raised to near physiological levels. Furthermore, PNU120596 largely removes the strong inward rectification usually exhibited by α7 nAChR-mediated responses.
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INTRODUCTION

It has long been appreciated that activation of central nervous system (CNS) nicotinic receptors can produce a variety of behavioral changes, including improvements to cognitive function. The most abundant nicotinic acetylcholine receptor (nAChR) subtypes in the mammalian brain are α7-subunit containing homomers (α7 nAChRs) and α4β2 heteromers. Expression of α7 nAChRs receptors is predominantly, but not exclusively, observed in cortex and hippocampus, whereas α4β2 receptors have a somewhat more widespread distribution (Lindstrom, 1996). At the cellular level α7 nAChRs are reported to be found on both neurons and glial cells (Gotti et al., 2006).

Pharmacological and molecular manipulation of both α7- and α4- containing nAChRs has indicated that they both potentially play a role in cognitive processes (Leiser et al., 2009). As a consequence of such findings, both receptors have become enthusiastically pursued drug targets, particularly for those seeking to normalize the cognitive deficits that contribute to the phenotype of devastating CNS diseases, such as schizophrenia and Alzheimer’s disease (Olincy et al., 2006; Leiser et al., 2009; Hajos and Rogers, 2010; Haydar and Dunlop, 2010; Thomsen et al., 2010). These research efforts have produced a growing number of receptor subtype-selective compounds active at either α7 nAChRs or α4β2 nAChRs receptors.

Our own research focus is the α7 nAChR. Evidence specifically implicating this particular nAChR in disease pathophysiology comes from a number of studies. Decreased α7 nAChR expression has been reported in brains from schizophrenia sufferers (Freedman et al., 2001a,b). Genetic linkage studies in schizophrenia implicate the region of the α7 nAChRs gene promoter where polymorphisms result in diminished promoter efficacy to drive receptor expression in vitro (Leonard et al., 2002). Selective α7 nAChRs receptor agonists have also been shown to normalize sensory gating deficits in animal models of schizophrenia (Stevens et al., 1998; Simosky et al., 2001; Hajos et al., 2005), and a recent human study has provided proof-of-concept for the normalization of auditory gating deficits in schizophrenics (Olincy et al., 2006).

The α7 nAChRs is a homomeric Ca2+-permeable ligand-gated channel. It is activated by ACh, choline, and (−)-nicotine and is antagonized by α-bungarotoxin and MLA. Kinetically, α7 nAChRs both activate and deactivate with fast kinetics, they also exhibit a very rapid and profound desensitization that is likely to have important functional consequences. Behavioral experiments suggest that increasing activation of α7 nAChR generates improved cognition in rodents (Arendash et al., 1995a,b; Levin et al., 1999). Recent efforts have lead to the discovery of a number of novel full and partial α7 nAChR agonists that exhibit good selectivity over both other nicotinic receptors and a wide range of other targets (reviewed in Hajos and Rogers, 2010; Haydar and Dunlop, 2010).

An additional pharmacological approach to increasing α7 nAChR activity is through positive allosteric modulation (Bertrand and Gopalakrishnan, 2007). Broad spectrum positive allosteric modulators (PAMs) of nicotinic receptors have been available for some time. More recently agents with good selectivity for α7 nAChRs have been described. Based on their characterization in electrophysiological studies it has recently been proposed that α7 nAChRs PAMs can be subdivided into two classes. Type I PAMs predominantly affect apparent agonist affinity but can also enhance maximum responsiveness, whereas type II PAMs, such as PNU120596 (Hurst et al., 2005), additionally produce profound changes to receptor kinetics, in particular desensitization and deactivation (Gronlien et al., 2007). Recent studies have extended the evaluation of PNU120596 potentiation of α7 nAChRs in some detail to suggest the presence of two distinct desensitization states, one PNU120596 sensitive and the other insensitive to PNU120596 (Williams et al., 2011), although the in vivo significance of such findings remains to be determined. The emerging behavioral properties of α7 nAChRs PAMs in vivo (Hurst et al., 2005; Gronlien et al., 2007; Ng et al., 2007; Timmermann et al., 2007; Dunlop et al., 2009) indicate they share the cognitive-enhancing and normalization of sensory gating properties previously described for α7 nAChR agonists.

In this study we have analyzed in detail the actions at recombinant rat α7 nAChRs of the canonical type II PAM PNU120596. We show for the first time that the pharmacology of these molecules has striking temperature dependence. Furthermore, PNU120596 largely removes the strong inward rectification usually exhibited by α7 nAChRs.

MATERIALS AND METHODS

CELL LINE AND CELL CULTURE

GH4C1 cells stably transfected with rat α7 nAChRs (GH4C1-rα7 cells) were cultured and passaged in standard tissue culture flasks before being transferred to, and cultured on, glass coverslips. The culture medium consisted of Dulbecco’s Modified Eagles Medium (DMEM, Cambrex) supplemented with 10% heat-inactivated fetal bovine serum (FBS, Biosera), 1% penicillin–streptomycin, and 200 μg/ml hygromycin B (Invitrogen) at 37°C in a humidified atmosphere composed of 95% air and 5% CO2.

ELECTROPHYSIOLOGY

A cell-bearing coverslip was broken into numerous pieces and a single shard placed into a continuously perfused chamber on the stage of an inverted microscope (Nikon Eclipse TE300). The extracellular solution was a standard HEPES-buffered saline (HBSS) consisting of: (in mM) NaCl, 135; KCl, 5; HEPES–NaOH, 10; MgCl2, 1; CaCl2, 2; D-glucose, 30; pH 7.3.

Standard whole-cell patch clamp recordings were made using an Axopatch-200B amplifier (Axon Instruments Inc.) under the control of the pClamp 9.2 software suite (Axon Instruments Inc.). Patch clamp electrodes were of resistance of 3–5 MΩ when filled with the intracellular solution which consisted of (in mM): CsCl, 120; HEPES–CsOH, 10; EGTA, 10; QX314-Br, 5; ATP disodium salt, 4; GTP-disodium salt, 0.3; MgCl2, 4; (pH 7.3). The pairing of this solution with HBSS resulted in a calculated liquid junction potential error of 5 mV, which was arithmetically corrected for in analysis. Whole-cell voltage clamp recordings were established in GH4C1-rα7 cells using standard methods. The holding potential was −75 mV except during the determination of current–voltage relationships where the membrane potential was increased stepwise from −75 in 20 mV increments. To permit rapid solution exchange cells were detached from, and lifted above the underlying coverslip and placed adjacent to the control barrel of a fast-switching multibarrel perfusion system (Warner Instruments). To apply drugs the barrels were translated horizontally so the cell was exposed to the drug-containing solution flow from a different, adjacent barrel. The temperature of the solutions applied from all barrels of this device could be set at a single defined level using a commercially available multichannel temperature controller (Warner Instruments). Data are presented as mean ± SEM.

DRUGS

Acetylcholine (ACh), choline, and (−)-nicotine were purchased from Sigma-Aldrich, UK. Methyllycaconitine (MLA), PNU120596 were purchased from Tocris Biosciences, UK.

RESULTS

PATCH CLAMP ANALYSIS OF α7 NACHR-MEDIATED RESPONSES

Application of ACh, (−)-nicotine, and choline all produced the expected inward currents in GH4C1-rα7 cells voltage-clamped at −75 mV. At high concentrations of each of these agonists, inward currents rapidly appeared and then promptly desensitized (Figure 1A). The remaining work in this manuscript employs only ACh as an agonist, since this is likely to be the major physiological activator of alpha7 receptors in vivo.
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Figure 1. Activation of recombinant α7 nAChR stably expressed in GH4C1 cells. (A) Two seconds duration applications of ACh (1 mM), choline (10 mM), and nicotine (100 μM) elicited α7 nAChR-mediated fast inward currents that rapidly desensitize. (B) Pooled peak current versus concentration data from seven cells. All data from each cell were normalized to the response obtained with 3 mM ACh. The dashed line is a logistic fit to the concentration–response curve of ACh-evoked peak current (EC50 = 260 μM; n = 7). (C) ACh-evoked currents (3 mM) are completely abolished by pre-application of the selective α7 nAChR blocker MLA (100 nM). (D) Current–voltage relationships of currents evoked by three different ACh concentrations [30 μM (n = 7), 100 μM (n = 7), and 3 mM, (n = 10)]. Responses are normalized to the response recorded at a holding potential of −75 mV. Note the strong inward rectification at all agonist concentrations.



The concentration–response behavior of ACh-mediated α7 nAChR activation was determined using 2 s agonist applications at concentrations between 10 and 3000 μM. A plot of peak current versus concentration for such data pooled from seven cells is shown in Figure 1B. The mean EC50 determined from fitting these datasets individually was 260 ± 31 μM, while the mean Hill coefficient was 1.4 ± 0.1. The kinetics of current responses were also strongly concentration-dependent with both activation and desensitization being faster at higher agonist concentrations. Deactivation following removal of 30 μM ACh occurred with a mean time constant of 54.5 ± 9.1 ms, n = 7. Responses to 3 mM ACh were completely eliminated by MLA (100 nM; Figure 1C), confirming currents evoked by ACh in these cells are mediated solely by α7 nAChR. This antagonism was reversed upon MLA washout with a time constant of recovery of approximately 240 s (data not shown). An important caveat to note here is that the estimation of α7 nAChR peak current and kinetics of channel activation and desensitization are impacted profoundly by the kinetics of solution exchange. The α7 nAChR is unique among ligand-gated ion channels with respect to its extremely rapid activation and desensitization kinetics. Although we have employed a rapid perfusion system to activate α7 nAChR channels the estimation of ACh potency and kinetic parameters under such conditions is predominantly governed by the leading edge of the solution application.

Current–voltage relationships for α7 nAChR-mediated currents were obtained by varying the holding potential at which ACh was applied. In line with previous observations, under control conditions the peak current versus voltage plot exhibited strong inward rectification, with little outward current observed at positive potentials (Figure 1D). Similarly strong rectification was observed with all three different ACh concentrations, which produced approximately 10, 30, and 100% levels of peak response amplitude.

ELECTROPHYSIOLOGICAL ACTIONS OF PNU120596 AT ROOM TEMPERATURE

PNU120596 was first described as a PAM at α7-AChR receptors by Hurst et al. (2005). It has more recently been put forward as a canonical example of so-called type II PAMs (Gronlien et al., 2007). In addition to enhancing agonist-induced currents and increasing apparent agonist affinity, type II PAMs produce dramatic effects on receptor kinetics. This behavior is illustrated in Figure 2A where responses to 3 mM ACh from the same cell recorded in either the absence (left) or maintained presence (right) of PNU120596 are compared. In the presence of PNU120596, the maximum current was larger, desensitization was largely eliminated and deactivation was massively slowed. The time constant of deactivation in the presence of PNU120596 (1 μM) was 5211 ± 838 ms (n = 10), close to 100× slower than that seen in the absence of this PAM. Application of PNU120596 produced no agonist effects in its own right.
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Figure 2. Modulation of ACh-evoked currents by PNU120596. (A) Responses to ACh (3 mM, gray bar; left) are increased in amplitude and kinetically modified in the presence of preapplied PNU120596 (1 μM, black bar; right). (B) An example trace illustrating PNU120596-mediated dedesensitization. Receptors were initially activated and desensitized by ACh (3 mM, gray bar) following which PNU120596 was applied in the maintained presence of ACh. The initial rapidly desensitizing ACh response is shown in the inset box. Following the removal of PNU120596 α7 nAChRs redesensitize over several seconds. (C) The time course of responses to repeated ACh applications (3 mM, 2 s, every 20 s) from a typical recording. Data for both response area (top) and peak amplitude (bottom) are shown, both normalized to the mean baseline value (as 100%). PNU120596 was continuously applied for the time indicated by the black bars.



In addition to slowing desensitization of agonist responses (Figure 2A), PNU120596 was also able to effectively dedesensitize α7 nAChRs previously completely desensitized by application of a high concentration of ACh. An example of this activity is shown in Figure 2B. Here the receptors were first activated and then desensitized by applying 3 mM ACh for 1 s, PNU120596 was applied then in the maintained presence of ACh. This elicited a large non-desensitizing current response that rose to peak with a time constant of 2300 ± 265 ms (n = 17); a rate that is likely to reflect the association kinetics of PNU120596 with its binding site (formally [PNU]. kon + koff). The peak current generated by such dedesensitization was much larger (8.6 ± 2.0-fold; n = 17) than that produced by the initial desensitizing application of 3 mM ACh (an approximately EC99 agonist concentration when applied alone). Removal of PNU120596, in the maintained presence of ACh, caused the receptors to redesensitize with a mean half time of 1456 ± 175 ms (n = 9). This redesensitization rate is >300 times slower than the initial rate of desensitization (which has a half time below 5 ms), and thus the redesensitization kinetics are likely to predominantly reflect the off-rate of PNU120596 from its binding site. In agreement with the rapid redesensitization of α7 nAChR on PNU removal in the presence of ACh (Figure 2B), the effects of preapplied PNU120596 on both the amplitude and kinetics of ACh-evoked responses were rapidly reversed following PNU120596 washout (Figure 2C).

Using the pre-application protocol described above (Figure 2A) we were able to show that PNU120596 also produced a marked change in the voltage-dependence of α7 nAChR-mediated responses (Figures 3A,B). Thus, although current–voltage relationships of agonist responses (3 mM ACh) exhibited marked inward rectification (Figures 1D and 3B), the current–voltage relationship in the presence of PNU120596 was considerably more linear. This was quantified by calculating the rectification index which was 1.38 ± 0.1 for ACh responses in the presence of PNU120596 (n = 5) compared to 3.82 ± 0.3 for responses to 3 mM ACh alone (n = 10, Figure 3C). Consequently, the fold increase in peak current produced by PNU120596 was strongly voltage-dependent. Like other effects of PNU120596 (Figure 2C), the linearization of the I–V relationship was reversed when this agent was removed.
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Figure 3. PNU120596 alters voltage-dependence of α7 nAChR-mediated responses. (A) Currents from a standard I–V relationships in response to ACh (3 mM) applied in the continuous presence of 10 μM PNU120596 at room temperature. The numbers to the left of the traces are the holding potential in millivolt. (B) Pooled I–V relationships for ACh alone (3 mM; n = 10, squares) and ACh + PNU120596 (n = 5, circles). PNU120596-modulated ACh-evoked currents have a more linear I–V relationship while currents recorded in ACh alone show classically strong inward rectification. (C) A comparison of rectification index of currents evoked by ACh alone (n = 10) and ACh applied in the presence of PNU120596 (n = 5). Rectification index is defined as the chord conductance between −75 and −55 mV divided by that between +45 and +65 mV. Rectification ratios recorded in PNU120596 were different (***P < 0.001, using Student’s T-test) when compared to currents evoked by ACh (3 mM) alone. (D) A graph plotting the voltage-dependence of the deactivation time constant of ACh-induced currents recorded in the maintained presence of PNU120596. Time constant was determined by making single exponential fits to the current decay following ACh removal. As is visibly apparent in (A), deactivation is considerably faster at less negative membrane potentials.



We also noted that the rate of current deactivation on ACh removal in the presence of PNU120596, as well as being massively slowed, was voltage-dependent. Thus around three times faster deactivation being seen at positive membrane potentials than at a holding potential of −75 mV. This is readily apparent in the traces in Figure 3A as well as the pooled results of exponential fits in Figure 3D.

TEMPERATURE DEPENDENCE OF PNU120596 ACTIONS AT α7 nACHRs

The vast majority of patch clamp-based studies of ligand-gated channel pharmacology and biophysics are performed at room temperature, presumably because it is technically much simpler so to do. The findings of such studies are then frequently used to interpret studies in brain slices or in vivo which frequently involve higher temperatures (often around 33°C for brain slices and ~37°C in vivo). PNU120596 has documented in vivo actions and we are ultimately interested in understanding how these actions are generated at a circuit level. Consequently, we were motivated to understand how PNU120596 affected α7 nAChR gating at temperatures around 37°C. To do this we modified our stepping perfusion system such that we could warm the various solution streams, in parallel, to the same temperature.

Increasing the temperature from room temperature (22°C) to physiological temperature (~37°C) produced somewhat variable effects of the amplitude of ACh responses. On average, however, peak amplitude was 20 ± 20% smaller, a non-significant change. Charge transfer over 2 s was significantly reduced by 54 ± 10% (n = 8, Figures 4A,B), due to faster desensitization combined with the slightly reduced peak.


[image: image]

Figure 4. PNU120596-mediated dedesensitization is strongly attenuated at physiological temperatures. (A) ACh-mediated current responses at room temperature and 37°C in the same example cell. (B) A graph plotting the changes in amplitude and charge transfer produced by increasing the recording temperature to 37°C. (C) Example traces showing PNU120596-mediated reversal of ACh-evoked desensitization at room temperature (black trace) and 37°C (gray trace). (D) A histogram showing the ratio between the dedesensitized peak current (P2) evoked by PNU120596 and the initial desensitizing ACh response (P1) at room temperature and 37°C.



We initially studied the temperature dependence of the actions of PNU120596 using the dedesensitization protocol (Figure 4C). As described above (Figure 2B), this involves using a high agonist concentration to completely predesensitize the α7 nAChR population before co-applying PNU120596 to induce recovery (dedesentization) of the receptor response in the maintained presence of agonist. As before, we quantified the effectiveness of a PAM in this assay by plotting the ratio of the dedesensitized response in the presence of the PAM (P2), to that of the initial ACh response prior to desensitization (P1). At room temperature this ratio was 34 ± 20 (n = 4). When we increased the experimental temperature in the same cells it was immediately apparent that PNU120596 became much less effective at dedesensitizing the α7 nAChRs. Thus the P2:P1 ratio fell below 1 (0.86 ± 2; n = 4) at temperature of ~37°C (Figure 4D).

As well as comparing the dedesensitization produced by PNU120596 at room and physiological temperature we also examined the temperature dependence of agonist responses at receptors pre-equilibrated with this PAM. From the example traces shown in Figure 5A, it is clear that the actions of the PNU120597 are greatly curtailed at higher temperatures. This is not only seen in the response amplitude in the presence of PNU120596 but also, for example, in the decreased PAM-mediated slowing of deactivation.


[image: image]

Figure 5. Potentiation of agonist responses at receptors pre-equilibrated with PNU120596 is reduced at higher temperatures. (A) Example responses to 3 mM ACh in the maintained presence of PNU120596 at four different temperatures. (B,C) Pooled data plotting the amplitude (left) and charge transfer (right) of response to ACh in the presence of PNU in three different recording temperature bins. Data are normalized to the corresponding responses recorded at room temperature.



Figures 5B,C plot pooled data from six such experiments. Specifically these graphs plot, for three binned levels of elevated temperature, the relative amplitude (Figure 5B) and charge transfer (Figure 5C) seen in PNU120596 normalized to that seen at room temperature in the same cells. These indicate that the loss of the potentiating effect of the PNU120596 intimately depends on temperature and can be observed with just a few degrees change above room temperature. Together with the dedesensitization measurements in Figure 4 these data provide good evidence that the allosteric actions of PNU120596 are strongly temperature-dependent within the range of standard biological experimentation.

Lastly, we were interested to determine if the temperature dependence of the positive allosteric modulation of α7 nAChR by PNU120596 extended to other structurally diverse α7 nAChR PAMs. We have previously reported on the α7 nAChR PAM activity of SB-206553 (Dunlop et al., 2009), a compound originally characterized as a 5-HT2B/C receptor antagonist. Figure 6 shows the dedesensitization protocol evaluating the effect of SB-206553 on ACh-evoked α7 nAChR currents showing a strongly temperature-dependent effect, similar to PNU120596, with reduced dedesensitization at near physiological temperatures compared to room temperature. Similar to PNU120596, the magnitude of potentiation of α7 nAChR currents in response to ACh in cells pre-equilibrated with SB-206553 was reduced at physiological temperature compared to room temperature (data not shown).


[image: image]

Figure 6. SB-206553-mediated dedesensitization is strongly attenuated at physiological temperatures. (A) Example trace showing SB-206553-mediated reversal of ACh-evoked desensitization at room temperature, and (B) Example trace showing lack of SB-206553-mediated reversal of ACh-evoked desensitization at 37°C, illustrating a strong temperature dependence for this SB-206553 mediated effect.



DISCUSSION

Selective pharmacological manipulation of α7 nicotinic receptors holds considerable promise for the future pharmacotherapy of schizophrenia and other human diseases characterized by significant cognitive deficits (Leiser et al., 2009; Hajos and Rogers, 2010; Haydar and Dunlop, 2010; Thomsen et al., 2010). Furthermore, pharmacological modulation of α7 nAChR also has some potential promise as a neuroprotective strategy (Kihara et al., 2001; Hellstrom-Lindahl et al., 2004; Hu et al., 2007; Roncarati et al., 2009). The current over-arching view is that increasing activity of α7 nAChRs is the required route to improved cognitive function, a supposition that is supported by behavioral data using agonists, and to a lesser extent PAMs. It is this view-point that has shaped the recent extensive drug discovery efforts in many pharmaceutical companies around the world.

At room temperature, the type II PAM PNU120596 produces remarkable effects on gating of α7 receptors. As well as potentiating peak current generated by agonist concentrations that produce near maximal responses in the absence of a PAM, this agent almost eliminates desensitization and slows deactivation by around 100-fold (Figure 2A). Furthermore, this agent can completely dedesensitize α7 nAChRs that have been fully desensitized with a high agonist concentration (Figure 2B). At room temperature these effects are massive compared to the positive allosteric modulation of other neurotransmitter-gated channels by well known drugs, for example, the effects of benzodiazepines on GABAA receptors and the actions of so-called “AMPAkines” on the AMPA sub-class of glutamate receptors. Importantly, all of the effects of PNU120596 we observed in both activation and desensitization assays were substantially reduced as temperature was increased toward physiological levels (Figures 4 and 5). Similarly, the profound temperature dependence for the α7 nAChR PAM activity of PNU120596 was also observed with the structurally distinct PAM SB-206553.

It has been suggested that PAMs like PNU120596 which produce profound effects on the kinetics of α7 nAChRs are unlikely to become useful as clinical therapeutic agents (Ng et al., 2007). The reasoning behind this suggestion is that the elimination of desensitization by such type II PAMs may produce excessive opening of α7 nAChRs leading to cell death through massively enhanced Ca2+ entry (Orrenius et al., 2003). Of course, any such actions will ultimately be dose-dependent. When Ng et al. (2007) compared the cytotoxicity of PNU120596 and a type I PAM, CCMI (also known as Compound 6), they saw significant cell death with the former but not the latter compound. These toxicity assays were, however, performed at room temperature and our work here shows that pharmacological actions of PNU120596 are much greater at room temperature and become substantially attenuated nearer physiological temperature. Notably, another more recent study with PNU120596 revealed no toxic effects of 24 h of PNU120596 treatment on cultured cortical neurons or PC12 cells, although both cell types were clearly shown to express functional α7 nAChRs (Hu et al., 2009). These toxicity studies, unlike those of Ng et al. (2007), were performed at physiological temperatures.

Our recordings also demonstrated that the strong rectification of the I–V relationship that typifies α7 nAChR-mediated currents was considerably reduced in the presence of the PAM. Thus, it seems likely that the presence of the PAM inhibits whatever process generates inward rectification in α7 nAChRs. To our knowledge, however, the molecular basis of the rectification properties of α7 nAChRs is not as well understood as it is for other nicotinic receptors (Haghighiand and Cooper, 1998, 2000).

The loss of strong rectification in the maintained presence of PNU120596 meant it was possible to measure response deactivation kinetics at positive potentials. The combination of two facets of α7 nAChR pharmacology means that such measurements are very difficult to make in the absence of a type II PAM. The first of these is that the strong inward rectification properties seen in the absence of a PAM mean responses at positive potentials are by definition small. Secondly, low agonist concentrations are best for measuring deactivation, because they elicit slower and thus less prior desensitization; but such concentration only elicit small currents. In the presence of PNU120596 it was clear that the rate of deactivation became two to three times faster as the membrane potential was depolarized. Deactivation of many ligand-gated channels reflects agonist unbinding kinetics. Thus our observations may mean ACh unbinding may be more rapid at more positive membrane potentials. The direction of this change suggests that voltage-dependent changes to agonist occupancy are very unlikely to be the cause of the loss of rectification in the presence of PNU120596. In future, it would be informative to examine the details of the voltage-dependence of the concentration-dependence of α7 nAChR activation, i.e., measuring EC50 at different membrane potentials.

Clearly, the temperature dependence we have identified here will have implications for how we need to think about PAM actions at α7 nAChR in vivo. It also means any measures of PAM efficacy generated in vitro at ambient temperatures will need to be considered with caution.

We do not as yet understand the molecular basis of this striking effect of temperature. It is interesting to note that the PNU120596 binding site is located within what is predicted to be the transmembrane region of the α7 nAChR (Young et al., 2008). Consequently, the biophysical or chemical state of the membrane may play a role in determining the actions of PAMs at this site. Raising the temperature the from room temperature to 37°C will have substantial effects on various properties of the plasma membrane not least its fluidity. Lipid interactions are known to affect various aspects of nicotinic receptor function including gating (Barrantes, 2004). With respect to changes in membrane fluidity, it is interesting to note that another key determinant of membrane fluidity, cholesterol content, has a number of effects on nicotinic receptors (Barrantes, 2007). α7 nAChR are reported to be localized in cholesterol rich lipid rafts (Bruses et al., 2001) and changes to membrane cholesterol content seem to cause nAChR to disaggregate from multi-receptor nanoclusters (Kellner et al., 2007). It would be interesting to examine if chemical depletion of cholesterol from cells with agents like methyl-beta-cyclodextrin has any effect on the actions of PAMs such as PNU120596.
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Given errors are standard errors of the mean. Eighty-one percent of the cells had
a membrane resistance of 934+ 191 MY, the seals were stable over 39+ 2 min.
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Parameters of cells recorded at RT and 35°C were pooled since no difference
was observed between those conditions. Given errors are standard errors of the
mean. Sixty-five percent of the cells had a membrane resistance of 2.4+ 0.5 G,
the seals were stable over 194+ 2 min
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Given errors are standard errors of the mean. Forty-six percent of the cells had a
membrane resistance of 1.4+ 0.3 G, the seals were stable over 18.2+ 1 min.
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The remaining cells had a resistance of around 152 M. 43.8% of the cells hav-
ing a giga-ohm seal remained their seal for 20 min, 31.3% had the giga-ohm seal
still after 30 min. 69.8% of the cells having around 783 M as a seal resistance
remained their seal for 20 min, 677 % for 30 min. N= 96 cells, recorded on one
NPC-96 patch clamp chip, given errors are standard errors of the mean.
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The 39 kinases are arranged alphabetically from Abl (top) to SAPK2a (near bot-
tom). The two phosphatases are PTP1B and TCPTP, Except for the rat AMPK, all
enzymes and phosphatases were the human form. Red font is used to highlight
the targets where the inhibition observed was >50%.
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