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Introduction: Hypokalaemia, defined as an extracellular concentration of K+ below 3.5 mM, can cause cardiac arrhythmias by triggered or re-entrant mechanisms. Whilst these effects have been reported in animal and human stem cell-based models, to date there has been no investigation in more complex structures such as the human ventricular cardiac anisotropic sheet (hvCAS). Here, we investigated arrhythmogenicity, electrophysiological, and calcium transient (CaT) changes induced by hypokalaemia using this bioengineered platform.
Methods: An optical mapping technique was applied on hvCAS derived from human pluripotent stem cells to visualize electrophysiological and CaT changes under normokalaemic (5 mM KCl) and hypokalaemic (3 mM KCl) conditions.
Results: Hypokalaemia significantly increased the proportion of preparations showing spontaneous arrhythmias from 0/14 to 7/14 (Fisher’s exact test, p = 0.003). Hypokalaemia reduced longitudinal conduction velocity (CV) from 7.81 to 7.18 cm⋅s−1 (n = 9, 7; p = 0.036), transverse CV from 5.72 to 4.69 cm⋅s−1 (n = 12, 11; p = 0.030), prolonged action potential at 90% repolarization (APD90) from 83.46 to 97.45 ms (n = 13, 15; p < 0.001), increased action potential amplitude from 0.888 to 1.195 ΔF (n = 12, 14; p < 0.001) and CaT amplitude from 0.76 to 1.37 ΔF (n = 12, 13; p < 0.001), and shortened effective refractory periods from 242 to 165 ms (n = 12, 13; p < 0.001).
Conclusion: Hypokalaemia exerts pro-arrhythmic effects on hvCAS, which are associated with alterations in CV, repolarization, refractoriness, and calcium handling. These preparations provide a useful platform for investigating electrophysiological substrates and for conducting arrhythmia screening.
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INTRODUCTION
Hypokalaemia is defined as an extracellular concentration of K+ below the normal range of 3.5–5.3 mM (Macdonald and Struthers, 2004; Unwin et al., 2011). It is a common biochemical abnormality in cardiac patients that may represent a side effect of diuretic therapy or result from endogenous activation of the renin-angiotensin system and high adrenergic tone. Transient hypokalaemia is also induced by intense exercise during recovery (Atanasovska et al., 2018). It is a risk factor for ventricular arrhythmias that can predispose patients to sudden cardiac death (Osadchii, 2010; Chen et al., 2021). The mortality rate of hospitalized patients with hypokalaemia is tenfold higher than in the generalized hospital population, illustrating its potentially life-threatening consequences (Paltiel et al., 2001). Low levels of K+ are replaced with supplements through oral or intravenous routes.
Hypokalaemia can induce several electrophysiological abnormalities, such as delayed ventricular repolarization, which in turn predisposes patients to triggered activity through the development of early afterdepolarizations (EADs) and re-entrant arrhythmias by increasing the dispersion of repolarization (Schulman and Narins, 1990; Macdonald and Struthers, 2004; Osadchii, 2010). Its pro-arrhythmic effects and mechanisms have been demonstrated in previous studies in animal and human stem cell-based models (Tse et al., 2016b; Kuusela et al., 2017). However, to date, there have been no investigations into more complex structures such as the human ventricular cardiac anisotropic sheet (hvCAS). hvCAS is a micro-patterned substrate that is specifically designed to reproduce the anisotropy of native human ventricles and allows for direct visualization of arrhythmic spiral re-entry (Chen et al., 2011; Luna et al., 2011; Wang et al., 2013; Shum et al., 2017; Wong et al., 2019). In this study, we investigated the electrophysiological and calcium transient (CaT) changes induced by hypokalaemia using this bioengineered platform (Wang et al., 2013; Shum et al., 2017). An optical mapping technique was applied on hvCAS derived from human pluripotent stem cells to investigate electrophysiological and CaT changes on normokalaemic (5 mM KCl) and hypokalaemic (3 mM KCl) preparations.
MATERIALS AND METHODS
This study has been approved by the University of Hong Kong/Hospital Authority Hong Kong West Cluster Institutional Review Board. Informed consent was given by the subject.
Reprogramming and Cell Culture
A peripheral blood sample was obtained from a normal healthy adult person. CD34+ cells were isolated from peripheral blood mononuclear cells (>95% purity) by using human CD34 Microbead Kit (130-046-702; Miltenyi Biotec) and MACS system (130-042-201; 130-098-308; 130-042-303; Miltenyi Biotec). They were expanded for 3 days in StemSpan™ H3000 (Stemcell Technologies) with the cytokine cocktail CC100 (Stemcell Technologies).
Nucleofection was performed on them with the non-integrated episomal vectors pCXLE-hOCT3/4-shp53, pCXLE-hSK, and pCXLE-hUL (Okita et al., 2011) using the Human CD34 Cell Nucleofector™ kit (Amaxa) according to the manufacturer’s protocol for reprogramming.
Cells were then seeded to Geltrex (A1413302; Gibco)-coated plates in E8 medium (Life Technologies). After a few days, morphological changes were observed and human induced pluripotent stem (iPS) cell colonies typically started to appear on day 7. Tra-1-60 enrichment was performed on day 13 after nucleofection.
Human embryonic stem cells (hES2) (ESI, NIH code ES02) (passages 35–80) and human iPS cell (passages 50–90) lines were maintained in feeder- and serum-free conditions in mTeSR1 medium (STEMCELL Technologies) on Matrigel™ (BD Biosciences) and E8 medium on Geltrex respectively at 37°C in 5% CO2 and 21% O2 in a humidified normoxic environment and cell passaging was performed every 3, 4 days at 70–80% confluence using Accutase (A11105; Gibco). A tissue culture-treated six-well plate (3,506; Coster) was enrolled. The cells were negative in the mycoplasma test.
Human iPS Cells Validation
The human iPS cell colonies were treated with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min for fixation and then permeabilized by treating with 0.1% Triton X-100 for 15 min. They were then washed with PBS three times. Staining with anti-OCT4, SSEA-4, and Tra-1-81 for 2 h at room temperature were performed on the fixed samples. They were then treated with flurochrome-conjugated goat anti-rabbit or anti-mouse secondary antibodies for 1 h. For the pluripotency test, human iPS cells were differentiated to form Embroid Bodies (EB). The EB medium used was DMEM/F12 (Life Technologies) with 20% Knockout Serum Replacement (Life Technologies), 2 mM nonessential amino acids, 2 mM l-glutamine, and 0.1 mM β-mercaptoethanol. EBs were stained at day 15 for three germ layer markers (ie., Tuji, SMA, and AFP). Karyotyping was performed as described by Bates (Bates, 2011).
Directed Cardiomyocyte Differentiation and Characterization
Human embryonic stem (ES) and iPS cells were digested into single-cells by Accutase and seeded onto Matrigel-coated and Geltrex-coated plates respectively at ∼ 3 × 105 cells/10 cm2. An established directed cardiomyocyte differentiation protocol was used (Weng et al., 2014). ES cells were put in mTeSR1 medium and iPS cells were put in E8 medium for 4 days until ∼ 80–90% confluence. They were digested into single-cells by Accutase and transferred to ultralow-attachment six-well plates (Corning) for non-adherent culture in mTeSR1 medium (for ES cells) and E8 medium (for iPS cells), with Matrigel (40 μg/ml) with BMP4 (1 ng/ml; Invitrogen) and Rho kinase inhibitor (RI) (10 μM; R&D) under hypoxic conditions with 5% O2. This was termed Day (D) 0 as it was the initiation of cardiomyocyte differentiation. On D1 (24 h later), the culture was changed to StemPro34 SFM (Invitrogen) with ascorbic acid (AA, 50 μg/ml; Sigma), 2 mM GlutaMAX-1 (Invitrogen), BMP4 (10 ng/ml), and human recombinant activin-A (10 ng/ml; Invitrogen). On D4, the culture was changed to StemPro34 SFM + AA, 2 mM GlutaMAX-1, IWR-1, a Wnt inhibitor (5 μM; Enzo Life Sciences). Contracting clusters could be observed on D8 or later. On D8, the culture was changed to StemPro34 SFM + AA, 2 mM GlutaMAX-1, and transferred to a normoxic environment. From D8 onwards, cells were maintained in StemPro34 SFM + AA, 2 mM GlutaMAX-1, and replenished every 3–4 days for further characterization and downstream functional assays.
Flow cytometry analysis was performed on differentiated cells collected at D16–18 to quantify cTnT+ cells resembling cardiomyocyte yield.
Fabrication of hvCAS
hvCAS substrates were fabricated according to a published protocol (Shum et al., 2017). The mold was obtained from Ming Wai Lau Centre for Reparative Medicine, Karolinska Institutet of groove dimensions 15 µM (R) × 5 µM (D) × 5 µM (W). Each substrate was 15 mm in diameter. Polystyrene shrink films (Clear Shrink Dinks) were hot-embossed at 180°C for 30 min. They were then treated with ultraviolet ozone (UVO) for 8 min (Jetlight UVO). Finally, they were submerged in 70% ethanol and kept under UV light for at least 15 min for sterilization. The substrates were coated with Matrigel and suctioning was performed for at least 15 min to remove air bubbles. The substrates were kept in a four-well plate (6900A07; Thermo Scientific Nunc) using vaseline.
Cardiomyocyte clusters (cTnT+ cells >60%) were digested into single-cells on D18-20 by treatment with 0.025% Trypsin-EDTA, phenol red (Gibco, Cat. No. 25300062, 500 ml, stored at –20°C) (4 ml per six-well plate) in PBS for 12 min at 37°C in a water bath with shaking at 90 rpm, which was then blocked by H1 medium with 20% Fetal Bovine Serum using twice the volume of 0.025% Trypsin-EDTA used. H1 medium with 20% Fetal Bovine Serum (FBS) medium was prepared by mixing 20% of FBS (Gibco, Cat. No. 1027016, 500 ml, stored at –20°C) in Dulbecco’s Modified Eagle Medium (DMEM) (High Glucose) (Gibco, Cat. No. 11965118, 500 ml, stored at 4°C) with Penicillin-Streptomycin (P/S)(1X) (Gibco, Cat. No. 15140122, 100 ml, stored at –20°C), GlutaMAX (1X) (Gibco, Cat. No. 35050061, 100 ml, stored at room temperature) and MEM Non-Essential Amino Acids (NEAA) (1X) (Gibco, Cat. No. 11140-035, 100 ml, stored at 4°C). The solution was then filtered through a 0.22 µM PES membrane. The digested cells were passed through 40 μM cell strainer (BD Biosciences). Cell seeding on the Matrigel-coated polystyrene substrate was done at 250 K cm−2 termed day 0 of hvCAS. The hvCAS were maintained on high glucose DMEM-based medium containing heat-inactivated 10% FBS, GlutaMAX (1X), MEM NEAA (1X) for 2 days at 37°C in 5% CO2 in a humidified normoxic environment. The medium was changed to RPMI 1640 medium (72,400; Gibco) with B-27 (17,504; Gibco) with P/S (1X) on the third day of seeding and replenished every second day. Optical mapping was performed from D7–D11 post hvCAS fabrication for electrophysiological examination after the formation of intercellular electrical junctions. The experimental timeline from cell culture to data acquisition is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Experimental timeline from human pluripotent stem cell seeding, their directed cardiac differentiation, and hvCAS fabrication to an action potential and calcium transient data acquisition. The photos are of human embryonic stem cells (hES2), which show the cells’ morphology at different time points of directed cardiac differentiation. The photos are taken at 40X magnification. Cardiomyocyte yield from hES2 shows 89.5% cTnT+ cells, which were then used for downstream experiments.
Optical Mapping of hvCAS
Fresh normal Tyrode’s solution consisting of, in × 10–3 M, 140 NaCl, 5 KCl, 1 MgCl2, 1 CaCl2, 10 d-glucose, and 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid at pH 7.4 were prepared. For hypokalaemia, the freshly prepared Tyrode’s solution contained 3 × 10–3 M KCl whereas the other composition remained the same. The solution was consumed for up to 7 days.
hvCAS preparations were loaded with RH237 (5 × 10–6 M; Lot: 1,890,562; Life Technologies, membrane voltage sensitive dye), Rhod-2 AM (10 × 10–6 M; R1245MP; Thermofisher, calcium dye), and Pluronic F-127 (0.04%; P-3000MP; Life Technologies) for 20 min at 37°C in normal Tyrode’s solution (5 mM KCl for normokalaemic hvCAS) and hypokalaemic Tyrode solution (3 mM KCl for hypokalaemic hvCAS), followed by washing once with PBS and incubation for 10 min in Blebbistatin (50 × 10–6 M, B0560; Sigma-Aldrich) containing normal Tyrode’s solution and hypokalaemic Tyrode’s solution for the two subsets to minimize potential motion artifacts during optical mapping.
hvCASs were washed once with PBS and changed to normal Tyrode’s solution (for normokalaemia hvCAS) and hypokalaemic Tyrode’s solution (for hypokalaemia hvCAS) and maintained at 35–37°C using a culture dish incubator (Warners Instruments) for optical mapping. High-resolution optical mapping was performed using a MiCAM05 (SciMedia, CA, United States) for Action Potential (AP) and CaT parameters. The field of view was 17.6 mm by 17.6 mm obtained by using 1× objective and a 1× condensing lens. The input light source was a high-powered LED illumination system (LEX2, SciMedia, CA, United States) filtered by a 515 ± 35 nm band-pass excitation filter, and the light was split into two using a splitter. One was passed through a >700 nm long-pass emission filter for RH237 (voltage sensitive dye) and the other through a 590 nm band-pass emission filter for Rhod2-AM (calcium sensitive dye). Data acquisition was done at a sampling rate of 5 ms/frame and BVAna software (SciMedia) was used for data analysis followed by clampfit (Axon Instruments). A programmable electrical stimulator (Master9; AMPI, Israel) was used for pacing (10 V, 10 ms pulse duration) through a unipolar point-stimulation electrode (Harvard Apparatus, MA, United States). The point-stimulation electrode was positioned perpendicular to the hvCAS surface at its center. Optical mapping was performed once per sample and unpaired.
Pacing Protocol for hvCAS
1) Steady state pacing was eight trains from 0.5 to 3 Hz (i.e., 30-180 bpm) at an increment of 0.5 Hz unless there was a loss of 1:1 capture. If they captured all the frequencies without arrhythmia, they were subjected to Programmed Electrical Stimulation (PES).
2) PES used eight trains of 1.5 Hz (S1) followed by a premature trigger (S2), where S1-S2 intervals were gradually shortened to find the Effective Refractory Period (ERP). The starting S1-S2 interval was 550 ms, which was then consecutively shortened in steps by 50 ms until capture had failed. S1-S2 interval was then increased by 20 ms, and then by 2 ms decrements until the ERP was achieved, which is the maximum S1-S2 interval that failed to lead to AP propagation (Figure 5C).
hvCAS Subsets
Acute hypokalaemia: Optical mapping was performed on hvCAS for simultaneously measuring AP and CaT in normokalaemic and hypokalaemic conditions. All the hvCAS were maintained in the normokalaemic medium until optical mapping day (D7-D11 post hvCAS fabrication). On optical mapping day, normal Tyrode’s solution was used for one of the subsets (normokalaemia) and hypokalaemic Tyrode’s solution was used for another subset (hypokalaemia). The hvCAS were in respective Tyrode’s solution from dye loading to data acquisition (30 min to <60 min). The unpaired test was chosen as repeated measurement, which led to a significant decrease in the signal to noise ratio.
Chronic hypokalaemia: The fabricated hvCAS were divided into two subsets (Subset I: control, Subset II: experimental). Both groups were kept at normokalaemic condition until D7 post hvCAS fabrication. From D7–D10, optical mapping was performed for AP and CaT in which subset I was in normakalaemic condition throughout the experiment, whereas subset II was changed to hypokalaemic condition on D7–D10.
AP and CaT Parameters
The following parameters were obtained from the experimental records:
1) Activation Latency or time-to-peak: The time interval from the start of the stimulus to the peak of the AP or CaT;
2) Amplitude: The height of the peak;
3) AP Duration (APDx) and CaT Duration (CaTDx): The time interval from the peak of the AP or CaT at x = 30, 50, 70, and 90% repolarization or decay respectively;
4) ERP: The maximum S1-S2 interval that failed to elicit an AP;
5) Upstroke Velocity: The velocity at which the fluorescence reaches the peak from baseline;
6) Conduction Velocity (CV): The velocity at which AP propagates between two points;
7) Anisotropic Ratio (AR): The ratio of longitudinal CV to transverse CV.
Statistical Analysis
Prism (Version 7.0) and Microsoft Excel (Version 16.31) were used for statistical analysis. Values are in the median with lower and upper 95% Confidence Intervals. Different experimental groups were compared by Mann Whitney Test. Fisher’s exact test was used to analyze spiral induction. p < 0.05 was considered statistically significant. Data analysis was performed for 1.5 Hz electrical stimulation recordings.
RESULTS
Acute Hypokalaemia Leads to Higher AP and CaT Amplitudes, and Longer APD and CaTD
Arrhythmogenicity and its relationship to AP and CaT activation and recovery properties were examined under normokalaemic and hypokalaemic conditions in hvCAS using optical mapping. During regular steady-state pacing, reproducible AP waveforms could be observed under normokalaemic conditions. By contrast, acute hypokalaemia led to the generation of premature APs that likely reflected triggered activity. Moreover, an S1S2 protocol, which delivered a successively premature S2 extra-stimulus after a regular train of S1 stimuli, was used to provoke arrhythmogenesis. With this protocol, an increase in the proportion of preparations exhibiting spiral wave re-entry was observed during hypokalaemia (hypokalaemia = 7/14, 50%; normokalaemia = 0/14, 0%; asterisks, p = 0.003 (Fisher’s exact test); Figure 2).
[image: Figure 2]FIGURE 2 | (A) Upper panel shows the steady state pacing at 1.5 Hz and the bottom panel shows programmed electrical stimulation. The perpendicular lines along the x-axis are the pacings from the external stimulator. Arrows over the peaks show premature action potentials (APs). (B) Representative AP tracings of normokalaemic and hypokalaemic samples. (C) Isochronal maps of the normokalaemic sample (left panel) with normal AP propagation from the center towards the edges and the hypokalaemic sample (right panel) showing spiral AP propagation circulating the center. (D) Re-entry percentages of normokalaemic and hypokalaemic samples.
Acute hypokalaemia significantly increased AP amplitude (p < 0.001), and CaT amplitude (p < 0.001; Figure 3A). It also produced AP prolongation, as reflected by increases in APD30 (p < 0.001), APD50 (p < 0.001), APD70 (p < 0.001) and APD90 (p < 0.001; Figure 3B). CaTs were similarly prolonged during hypokalaemia, as reflected by higher CaTD. Thus, hyokalaemia increased CaTD30 (p = 0.001), CaTD50 (p = 0.003), CaTD70 (p = 0.009) and CaTD90 (p = 0.002; Figure 3C).
[image: Figure 3]FIGURE 3 | Human embryonic stem cell (hES2)-derived human ventricular cardiac anisotropic sheet (hvCAS) paced at 1.5 Hz during acute hypokalaemic (hypoK) experiment where the treatment was for 15 min before data acquisition. Number of samples is represented by n where the first number refers to control (5 mM KCl in Tyrode solution) samples and the second number refers to hypoK (3 mM KCl in Tyrode solution) samples. (A) Action Potential (AP) Amplitude (n = 12, 14) and Calcium Transient (CaT) Amplitude (n = 12, 13). ΔF represents the change in fluorescence intensity. (B) AP Duration (APD) at 30, 50, 70 and 90% fluorescence decay intervals from the peak fluorescence intensity represented by APD30, APD50, APD70 and APD90. (n = 13, 15). (C) CaT Duration (CaTD) at 30, 50, 70 and 90% fluorescence decay intervals from the peak fluorescence intensity represented by CaTD30, CaTD50, CaTD70 and CaTD90. (n = 11, 10). Amplitude of AP and CaT increased in hypokalaemic condition (asterisks, p < 0.001) and also for the APD and CaTD at 30, 50, 70 and 90% decay (asterisks, p < 0.001 for APD and p < 0.005, p < 0.05 for CaTD).
Acute Hypokalaemia Prolongs AP and CaT Time-To-Peak, Increases AP and CaT Upstroke Velocities
The AP Time-to-peak was significantly increased during hypokalaemia (p < 0.001; Figure 4A). CaT Time-to-peak was also significantly altered in hypokalaemia (p = 0.045; Figure 4B).
[image: Figure 4]FIGURE 4 | Human embryonic stem cell (hES2)-derived human ventricular cardiac anisotropic sheet (hvCAS) paced at 1.5 Hz during acute hypokalaemic (hypoK) experiment where the treatment was for 15 min before data acquisition. Number of samples is represented by n where the first number refers to control (5 mM KCl in Tyrode solution) samples and the second number refers to hypoK (3 mM KCl in Tyrode solution) samples. (A) Action Potential (AP) Time-to-peak. (n = 14, 17). (B) Calcium Transient (CaT) Time-to-peak. (n = 12, 11). (C) AP Upstroke Velocity measured by the change in fluorescence intensity per millisecond. ΔF represents the change in fluorescence intensity. (n = 9, 10). (D) CaT Upstroke Velocity measured by the change in fluorescence intensity per millisecond. ΔF represents the change in fluorescence intensity. (n = 11, 10) Time-to-peak of AP and CaT increased in hypokalaemic condition (asterisks, p < 0.001, p < 0.05 respectively). Similarly Upstroke Velocity of AP and CaT increased in hypokalaemic condition (asterisks, p < 0.05, p < 0.001 respectively).
Hypokalaemia increased AP upstroke velocity (p = 0.023; Figure 4C) and CaT upstroke velocity (p < 0.001; Figure 4D).
The AP and CaT values are summarized in Tables 1, 2 respectively.
TABLE 1 | hES2-hvCAS Action Potential (AP) Parameters in acute hypokalaemia. Data analysis was performed for 1.5 Hz electrical stimulation recordings.
[image: Table 1]TABLE 2 | hES2-hvCAS Calcium Transient (CaT) Parameters in acute hypokalaemia. Data analysis was performed for 1.5 Hz electrical stimulation recordings.
[image: Table 2]Hypokalaemia Decreases Both Longitudinal and Transverse CVs of AP Without Altering the AR and Decreases ERPs
There was a significant lowering of longitudinal CV of AP in hypokalaemia versus normokalaemia from 7.81 (7.01, 10.6) (n = 9) to 7.18 (4.99, 7.62) cm·s−1 (centimetre per second, n = 7; asterisk, p = 0.036; Figure 5A) and transverse CV of AP from 5.72 (4.83, 7.02) (n = 12) to 4.69 (3.93, 6.34) cm·s−1 (n = 11; asterisk, p = 0.030). However, the AR was not altered (normokalaemia: 1.47 (1.14, 1.77) (n = 9) vs. hypokalaemia: 1.38 (1.11, 2.09) a. u. (n = 8; ns, p = 0.444; Figure 5B). By contrast, ERPs were shortened from 242 (200, 275) (n = 12) to 165 (156, 220) ms significantly (n = 13; asterisks, p < 0.001; Figure 5C). Similar results were observed in chronic hypokalaemia for hES2-hvCAS as well as in hvCAS derived from N-iPSC (healthy control iPS cells) in both acute and chronic hypokalaemia except slight deviation. These results are summarized in Supplementary Tables SI–SVI).
[image: Figure 5]FIGURE 5 | Human embryonic stem cell (hES2)-derived human ventricular cardiac anisotropic sheet (hvCAS) paced at 1.5 Hz during acute hypokalaemic (hypoK) experiment where the treatment was for 15 min before data acquisition. Number of samples is represented by n where the first number refers to control (5 mM KCl in Tyrode solution) samples and the second number refers to hypoK (3 mM KCl in Tyrode solution) samples. (A) Action Potential (AP) Longitudinal Conduction Velocity (LCV) (n = 9, 7)and Transverse Conduction Velocity (TCV) (n = 12, 11). The velocity was measured by calculating the speed of AP propagation from one point to the other. (B) AP Anisotropic Ratio (AR) which is the ratio of LCV to TCV. (n = 9, 8). (C) AP Effective Refractory Period (ERP). (n = 12, 13) Conduction Velocity decreased in hypokalaemic condition (asterisk, p < 0.05 for both LCV and TCV). ERP of hvCAS paced at 1.5 Hz (8 trains) followed by an extra premature stimulus which was gradually shortened to find ERP was decreased in hypokalaemic condition (asterisk, p < 0.001). AR is between 1.4 and 1.8, resembling more closer to the native human ventricle (AR = 3) in normokalaemia as well as in hypokalaemia.
Together all of the findings associate increased re-entrant arrhythmias observed in the form of spiral waves with depolarization, repolarization, and calcium handling abnormalities in the hypokalaemia model using our stem cell-derived bioengineered platform.
DISCUSSION
The main findings of this study are that hypokalaemia can induce arrhythmogenesis, which is associated with depolarization, repolarization, and calcium handling abnormalities in stem cell-derived bioengineered platforms. These confirm that hvCAS preparations can be used as a model system for studying human arrhythmic syndromes, providing opportunities for efficient drug screening programs for pro-arrhythmic effects.
Low extracellular K+ levels lead to a steeper transmembrane voltage gradient and membrane hyperpolarization (Tse et al., 2021). This low level also reduces the repolarization reserve by suppressing the rapid delayed rectifier (IKr) channel, producing APD prolongation (Osadchii, 2010; Pezhouman et al., 2015). APD prolongation can in turn lead to the re-activation of L-type Ca2+ channels, causing EAD phenomena and triggering activity (Killeen et al., 2007). Moreover, it can predispose patients to re-entry through reduced CV, reduced tissue refractoriness, increased transmural dispersion of repolarization, and increased steepness of electrical restitution that can generate electrical alternans (Surawicz, 1985; Sabir et al., 2008; Tse et al., 2016a; Tse et al., 2016b). Reduction in CV is more likely due to APD prolongation. The membrane hyperpolarization also causes an increase in the availability of fast Na+ channels that leads to an increase in upstroke velocity (Osadchii, 2010). Despite the higher upstroke velocity, time-to-peak is prolonged, which is possibly due to higher amplitude caused by hyperpolarization. In our study, greater AP amplitudes, reduced CV, and longer APDs were observed in hvCAS. Moreover, both longitudinal and transverse conduction velocities were decreased to similar extents, leading to no significant alteration in the AR. This took a mean value between 1.4 and 1.8 in both under normokalaemic and hypokalaemic conditions, which is fairly close to the AR value for the human ventricle of 3 (Camelliti et al., 2011).
The amplitude and time-to-peak of CaTs were higher under hypokalaemic conditions. This can be explained by the suppression of sodium-calcium (Na+-Ca2+) exchanger and sodium-potassium pump during hypokalaemia, which leads to the accumulation of Ca2+ and Na+ in the cytoplasm (Pezhouman et al., 2015). Together with increased Ca2+ influx owing to L-type Ca2+ channel re-activation, this can lead to secondary depolarization events if the activation threshold is reached, an extra premature AP. The suppression of Na+-Ca2+ exchanger leads to the Ca2+ overload in the cytoplasm which in turn prolongs the time taken for Ca2+ to be removed from the cytosol via the following routes: Na+-Ca2+ exchanger to the extracellular space, sarco/endoplasmic reticulum Ca2+-ATPase, into the sarcoplasmic reticulum.
The different electrophysiological mechanisms at play induced by hypokalaemia are summarized in Figure 6.
[image: Figure 6]FIGURE 6 | Diagram showing the changes caused by hypokalaemia in human pluripotent stem cell-derived human ventricular cardiac anisotropic sheet (hvCAS) during acute hypokalaemic (hypoK) experiment where the treatment was for 15 min before data acquisition. Hypokalaemia refers to 3 mM KCl in Tyrode solution on the samples. Those changes make cardiomyocytes prone to arrhythmia in hypokalaemic conditions. The boxes highlighted in grey are adapted from literature research. Those changes leading to arrhythmia can be visualized on the hvCAS.
LIMITATIONS OF THE STUDY
Although the cardiomyocytes (CMs) that we produce through directed cardiac differentiation are mostly ventricular CMs, there are still a small proportion of other subtypes of CMs (Weng et al., 2014). Additionally, stem cell-derived CMs show a relatively immature phenotype as reported in previous studies (Karakikes et al., 2015). By performing optical mapping on the hvCAS, relative values of voltage change and CaT can be obtained from the fluorescence intensity of the fast-responding voltage sensitive and Ca2+ dyes respectively. However, the fluorescence signal is not calibrated and absolute resting membrane potential cannot be determined. Furthermore, hvCAS contains a stack of cells at each pixel and the data presented here are from those multiple cells. This makes the AP upstroke phase appear slow compared to single-cell actual AP measured by patch-clamp or microelectrode array in other studies. Nevertheless, we can see the differences between normokalaemia and hypokalaemia hvCASs, and most importantly, arrhythmia can be visualized as spiral waves by using optical mapping, which is not possible by other techniques.
CONCLUSION
The pro-arrhythmic effects of hypokalaemia are associated with depolarization, repolarization, and calcium handling abnormalities in a human multicellular monolayer model using a stem cell-derived bioengineered platform. This platform can be used as a model system for cardiac arrhythmic risk assessment where arrhythmia can be visualized as spiral waves.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by The University of Hong Kong/Hospital Authority Hong Kong West Cluster Institutional Review Board. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
BG designed, performed the experiments and wrote the manuscript. GT, WK, RL, and WW supervised the experiments and performed critical manuscript editing.
FUNDING
This study was supported by the Hong Kong Research Grants Council Grant ECS (24163117), GRF (14101119), National Natural Science Foundation of China (81970423), and CUHK direct grant.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors would like to thank Joe Lai for his contribution to QC (cTnT staining) in checking cardiomyocytes yield.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.681665/full#supplementary-material
REFERENCES
 Atanasovska, T., Smith, R., Graff, C., Tran, C. T., Melgaard, J., Kanters, J. K., et al. (2018). Protection against Severe Hypokalemia but Impaired Cardiac Repolarization after Intense Rowing Exercise in Healthy Humans Receiving Salbutamol. J. Appl. Physiol. 125, 624–633. doi:10.1152/japplphysiol.00680.2017
 Bates, S. E. (2011). Classical Cytogenetics: Karyotyping Techniques. Methods Mol. Biol. 767, 177–190. doi:10.1007/978-1-61779-201-4_13
 Camelliti, P., Al-Saud, S. A., Smolenski, R. T., Al-Ayoubi, S., Bussek, A., Wettwer, E., et al. (2011). Adult Human Heart Slices Are a Multicellular System Suitable for Electrophysiological and Pharmacological Studies. J. Mol. Cell Cardiol. 51, 390–398. doi:10.1016/j.yjmcc.2011.06.018
 Chen, A., Lieu, D. K., Freschauf, L., Lew, V., Sharma, H., Wang, J., et al. (2011). Shrink-Film Configurable Multiscale Wrinkles for Functional Alignment of Human Embryonic Stem Cells and Their Cardiac Derivatives. Adv. Mater. 23, 5785–5791. doi:10.1002/adma.201103463
 Chen, C., Zhou, J., Yu, H., Zhang, Q., Gao, L., Yin, X., et al. (2021). Identification of Important Risk Factors for All-Cause Mortality of Acquired Long QT Syndrome Patients Using Random Survival Forests and Non-Negative Matrix Factorization. Heart Rhythm. 18, 426–433. doi:10.1016/j.hrthm.2020.10.022
 Karakikes, I., Ameen, M., Termglinchan, V., and Wu, J. C. (2015). Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes. Circ. Res. 117, 80–88. doi:10.1161/circresaha.117.305365
 Killeen, M. J., Gurung, I. S., Thomas, G., Stokoe, K. S., Grace, A. A., and Huang, C. L.-H. (2007). Separation of Early Afterdepolarizations from Arrhythmogenic Substrate in the Isolated Perfused Hypokalaemic Murine Heart through Modifiers of Calcium Homeostasis. Acta Physiol. 191, 43–58. doi:10.1111/j.1748-1716.2007.01715.x
 Kuusela, J., Larsson, K., Shah, D., and Prajapati, C. (2017). Low Extracellular Potassium Prolongs Repolarization and Evokes Early Afterdepolarization in Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes. Biol. Open. 6, 777–784. doi:10.1242/bio.024216
 Luna, J. I., Ciriza, J., Garcia-Ojeda, M. E., Kong, M., Herren, A., Lieu, D. K., et al. (2011). Multiscale Biomimetic Topography for the Alignment of Neonatal and Embryonic Stem Cell-Derived Heart Cells. Tissue Eng. C: Methods. 17, 579–588. doi:10.1089/ten.tec.2010.0410
 Macdonald, J. E., and Struthers, A. D. (2004). What Is the Optimal Serum Potassium Level in Cardiovascular Patients?J. Am. Coll. Cardiol. 43, 155–161. doi:10.1016/j.jacc.2003.06.021
 Okita, K., Matsumura, Y., Sato, Y., Okada, A., Morizane, A., Okamoto, S., et al. (2011). A More Efficient Method to Generate Integration-Free Human iPS Cells. Nat. Methods. 8, 409–412. doi:10.1038/nmeth.1591
 Osadchii, O. E. (2010). Mechanisms of Hypokalemia-Induced Ventricular Arrhythmogenicity. Fundam. Clin. Pharmacol. 24, 547–559. doi:10.1111/j.1472-8206.2010.00835.x
 Paltiel, O., Salakhov, E., Ronen, I., Berg, D., and Israeli, A. (2001). Management of Severe Hypokalemia in Hospitalized Patients. Arch. Intern. Med. 161, 1089–1095. doi:10.1001/archinte.161.8.1089
 Pezhouman, A., Singh, N., Song, Z., Nivala, M., Eskandari, A., Cao, H., et al. (2015). Molecular Basis of Hypokalemia-Induced Ventricular Fibrillation. Circulation. 132, 1528–1537. doi:10.1161/circulationaha.115.016217
 Sabir, I. N., Li, L. M., Grace, A. A., and Huang, C. L.-H. (2008). Restitution Analysis of Alternans and its Relationship to Arrhythmogenicity in Hypokalaemic Langendorff-Perfused Murine Hearts. Pflugers Arch. - Eur. J. Physiol. 455, 653–666. doi:10.1007/s00424-007-0327-y
 Schulman, M., and Narins, R. G. (1990). Hypokalemia and Cardiovascular Disease. Am. J. Cardiol. 65, 4E–23E. doi:10.1016/0002-9149(90)90244-u
 Shum, A. M., Che, H., Wong, A. O., Zhang, C., Wu, H., Chan, C. W., et al. (2017). A Micropatterned Human Pluripotent Stem Cell-Based Ventricular Cardiac Anisotropic Sheet for Visualizing Drug-Induced Arrhythmogenicity. Adv. Mater. 29. doi:10.1002/adma.201602448
 Surawicz, B. (1985). Ventricular Fibrillation. J. Am. Coll. Cardiol. 5, 43b–54b. doi:10.1016/s0735-1097(85)80526-x
 Tse, G., Li, K. H. C., Cheung, C. K. Y., Letsas, K. P., Bhardwaj, A., Sawant, A. C., et al. (2021). Arrhythmogenic Mechanisms in Hypokalaemia: Insights From Pre-clinical Models. Front. Cardiovasc. Med. 8, 620539. doi:10.3389/fcvm.2021.620539
 Tse, G., Tse, V., and Yeo, J. M. (2016a). Ventricular Anti-arrhythmic Effects of Heptanol in Hypokalaemic, Langendorff-Perfused Mouse Hearts. Biomed. Rep. 4, 313–324. doi:10.3892/br.2016.577
 Tse, G., Wong, S. T., Tse, V., and Yeo, J. M. (2016b). Restitution Analysis of Alternans Using Dynamic Pacing and its Comparison With S1S2 Restitution in Heptanol-Treated, Hypokalaemic Langendorff-Perfused Mouse Hearts. Biomed. Rep. 4, 673–680. doi:10.3892/br.2016.659
 Unwin, R. J., Luft, F. C., and Shirley, D. G. (2011). Pathophysiology and Management of Hypokalemia: a Clinical Perspective. Nat. Rev. Nephrol. 7, 75–84. doi:10.1038/nrneph.2010.175
 Wang, J., Chen, A., Lieu, D. K., Karakikes, I., Chen, G., Keung, W., et al. (2013). Effect of Engineered Anisotropy on the Susceptibility of Human Pluripotent Stem Cell-Derived Ventricular Cardiomyocytes to Arrhythmias. Biomaterials. 34, 8878–8886. doi:10.1016/j.biomaterials.2013.07.039
 Weng, Z., Kong, C.-W., Ren, L., Karakikes, I., Geng, L., He, J., et al. (2014). A Simple, Cost-Effective but Highly Efficient System for Deriving Ventricular Cardiomyocytes from Human Pluripotent Stem Cells. Stem Cell Development. 23, 1704–1716. doi:10.1089/scd.2013.0509
 Wong, A. O.-T., Wong, G., Shen, M., Chow, M. Z.-Y., Tse, W. W., Gurung, B., et al. (2019). Correlation Between Frataxin Expression and Contractility Revealed by In Vitro Friedreich's Ataxia Cardiac Tissue Models Engineered From Human Pluripotent Stem Cells. Stem Cell Res Ther. 10, 203. doi:10.1186/s13287-019-1305-y
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Gurung, Tse, Keung, Li and Wong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-09-681665-g005.gif





OPS/images/fcell-09-681665-g006.gif





OPS/images/fcell-09-681665-g003.gif
v
LA

2 Contl (b KC1 i Tode soutn
= oK (3 M K1 Tyrode soutan)






OPS/images/fcell-09-681665-g004.gif
o T SR . e o - B I aauca

ook ]
irreres

eSS hee o

3 Conto (5 mM KCHin Tyrode ohon) aqan it 95 1

= hypoK (3 mM KCl in Tyrode solution) =P <005

P<0001





OPS/images/fcell-09-681665-t001.jpg
Parameters

(@) Amplitude (AF represents the change in fluorescence intensity)

(b) AP Duration (APDx) (Time duration in millisecond from the peak x
fluorescence intensity to the corresponding fluorescence decay intervals)  30%
50%
70%
90%

(c) Time-to-peak/Activation Latency (Time duration in milisecond from the start of the rise of the
fluorescence intensity to the peak fluorescence intensity)
(d) Upstroke Velocity (AF/millisecond; AF represents the change in fluorescence intensity)

(e) Conduction Velocity (CV) (cm-s™"; AP propagation between two points)  Longitudinal
wev
Transverse

mov
(0 Anisotropic Ratio (Ratio of LCV to TCV)

(9) Effective Refractory Period (milisecond)

(h) hvCAS statistics Sample  Spontaneous

NormoK 0% (0/14)

hypoK  21% (3/14)

NormoK, normokalaemia; hypoK, hypokalaemia: NC, non-capture: C, capture.

Sample

Normok
hypok

NormoK
hypok
NormoK
hypok
NormoK
hypoK
NormoK
hypoK
NormoK
hypoK
NormoK
hypoK
NormoK
hypok
NormoK
hypok
NormoK
hypoK

Normok
hypok

Median

0.888
119

2.4
349
43.4
515
59
726
835
97.4
57.4
64.1
00142
0.0162
781
718
572
4.69
147
1.38

242
165

95% CI

Lower

0.81
112

276
33
414
474
544
68
785
922
544
60.9
0.0126
00153
7.01
499
4.83
393
114
1.11

200
156

Upper

95% CI

0.958
1.32

31
37
45.8
55.3
63.7
772
87.5
104
61
66.1
0.0169
0.0168
106
7.62
7.02
6.34
177
2.09

275
220

Maximum Capture Frequency (Hz)

N/A (capture at
higher frequency)

1/14 (NG: 05, 1),
(©:1.5-9

5/14 (NC: 05-1.5 =

1), (NC: 0.5 = 3), (NC:
05-1=1)

1

15

o
14
o/
14

2

o
14
o/
14

25

1/
14
3/
14

N P
Value
2
14 <0.001
13
15 <0.001
13 e
15 <0.001
18
15 <0.001
18
15 <0.001
18 .
17 <0.001
9 b
10 =0.023
9 <
7 =006
12
11 =0.030
9 ns
8
0444
12
13 <0.001
Spiral
3 Induction
12/ 0% (0/14)
14

6/ 50% (7/14)

14





OPS/images/fcell-09-681665-t002.jpg
Parameters

(@) Amplitude (AF represents the change in fluorescence intensity)

(b) CaT Duration (CaTD,) (Time duration in millisecond from the peak fluorescence intensity  x
to the corresponding fluorescence decay intervals) 30%

50%

70%

90%

(c) Time-to-peak/Activation Latency (Time duration in milisecond from the start of the rise of the
fluorescence intensity to the peak fluorescence intensity)
(d) Upstroke Velocity (AF/millisecond; AF represents the change in fluorescence intensity)

NormoK, normokalaemia; hypoK, hypokalaemia.

Sample

NormoK
hypoK

NormoK
hypoK

NormoK
hypoK

NormoK

hypoK
Normok

hypoK

NormoK

hypoK
Normok

hypoK

Median

0.861
1.37

141
161

228
242

292
318
379
403

141
153
0.00498
0.00801

Lower
95% ClI

0.707
128

129
150

213
232

285
306
358
393

129
143
0.00456
0.0073

Upper
95% ClI

1.16
15

153
170

235
252

31
330
392
416

150
158
0.00569
0.00923

12
13

1
10

"
10

1
10
1
10

12
il
1
10

pValue

< 0.001

0.001





OPS/xhtml/nav.xhtml
Contents

		Cover

		Arrhythmic Risk Assessment of Hypokalaemia Using Human Pluripotent Stem Cell-Derived Cardiac Anisotropic Sheets		Introduction

		Materials and Methods		Reprogramming and Cell Culture

		Human iPS Cells Validation

		Directed Cardiomyocyte Differentiation and Characterization

		Fabrication of hvCAS

		Optical Mapping of hvCAS

		Pacing Protocol for hvCAS

		hvCAS Subsets

		AP and CaT Parameters

		Statistical Analysis





		Results		Acute Hypokalaemia Leads to Higher AP and CaT Amplitudes, and Longer APD and CaTD

		Acute Hypokalaemia Prolongs AP and CaT Time-To-Peak, Increases AP and CaT Upstroke Velocities

		Hypokalaemia Decreases Both Longitudinal and Transverse CVs of AP Without Altering the AR and Decreases ERPs





		Discussion

		Limitations of the Study

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Arrhythmic Risk Assessment of
Hypokalaemia Using Human
Pluripotent Stem Cell-Derived
Cardiac Anisotropic Sheets





OPS/images/fcell-09-681665-g001.gif
Experimental Timeline






OPS/images/fcell-09-681665-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
in Cell and Developmental Biology





