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Abstract

Background: Hypokalemia induces abnormal spontaneous pacemaker activities of cardiomyocytes, which is strongly associated with
fatal cardiac arrhythmias caused by hypokalemia. However, the mechanism remains unclear. Methods: For the study of the mechanisms
associated with hypokalemia, optical mapping recordings were performed on isolated murine hearts perfused with hypokalemia solutions,
which allows for the concurrent examination of membrane potential and calcium transient morphology and arrhythmogenesis. Human
Kir2.1, Kir2.1-E224G mutant, or Kir4.1 channels were constructed with lentiviral vectors. Patch clamp recordings were performed to
verify the corresponding currents of these constructed channels in the heterologous expression system chinese hamster ovary (CHO)
cells, and to explore how Kir2.1 channels influence the resting membrane potentials of human iPSC-derived cardiomyocytes (hiPSC-
CMs) when exposed to low [K+]e. Results: Isolated murine hearts perfused with hypokalemia solution (1 mmol/L) developed a high
frequency of spontaneous ventricular tachycardia (VT), which was initiated as an after-depolarization triggered activity associated with
Ca2+ overload. The VT was maintained by abnormal spontaneous pacemaker activities caused by membrane potential depolarization.
In response to 1 mmol/L [K+]e, hiPSC-CMs overexpressing Kir2.1 channels exhibited membrane potential depolarization, leading to
the induction of abnormal pacemaker activities. The cells overexpressing rectification-deficient Kir2.1-E224G mutant channels or weak
rectification Kir4.1 channels exhibited membrane potential hyperpolarization without the occurrence of abnormal pacemaker activities.
Conclusions: Kir2.1 channel-mediated membrane potential depolarization contributes to hypokalemia-induced abnormal spontaneous
pacemaker activities of cardiomyocytes. The inward rectification of Kir2.1 channels plays a critical role in this process.
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1. Introduction

Hypokalemia (blood serum potassium levels lower
than 3.5 mmol/L) is one of the most prevalent electrolyte
disturbances, which can result in cardiac ectopic auto-
maticity leading to life-threatening cardiac arrhythmias
[1]. Hypokalemia-induced cardiac ectopic automaticity has
been attributed to inducing after-depolarization triggered
activities and abnormal spontaneous pacemaker activities
in cardiomyocytes [2]. Hypokalemia increased the propen-
sity for both early and delayed after-depolarizations of car-
diomyocytes, due to the inhibitory effects of hypokalemia
on potassium channels and the sodium-potassium pump,
which causes prolonged action potential duration and Ca2+
overload [3,4]. The hypokalemia-induced spontaneous
pacemaker activities of cardiomyocytes have been thought
to be a result of the abnormal depolarizing effects of hy-
pokalemia on the membrane potential. The membrane po-
tential of cardiomyocytes should be hyperpolarized in re-
sponse to low [K+]e as predicted by the Nernst equation.
Human cardiomyocytes show abnormal membrane depo-

larization instead of hyperpolarization in response to low
[K+]e [5–10]. Robinson et al. [11] reported that the mem-
brane potential of murine cardiomyocytes also significantly
depolarized, and suggested that the depolarized membrane
potential induced by low [K+]e may be due to a combina-
tion of reduced conductance of the Ik1 channel. However,
the depolarizing effects of hypokalemia in whole organ sys-
tems are still unclear.

The Kir2.1 channel is thought to be responsible for
the membrane depolarization caused by hypokalemia. This
channel displays classical inward rectification, manifested
by a strong voltage-dependent decline of potassium conduc-
tance upon membrane depolarization, producing a distinc-
tive region of negative slope conductance [12,13]. We have
previously reported that under hypokalemia conditions, Ik1
currents mediated by Kir2.1 nonlinear channels balanced
with cation currents (such as TWIK-1 two-pore domain
K+ channels mediated leak cation currents), cause mem-
brane potential depolarization of human iPSC-derived car-
diomyocytes (hiPSC-CMs) [14]. Based on these results, we
hypothesize that Kir2.1 channel-mediated membrane po-
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tential depolarization contributes to hypokalemia-induced
abnormal spontaneous pacemaker activities of human car-
diomyocytes, and that the strong inward rectification of
Kir2.1 channels plays a critical role in this process. In order
to test this hypothesis, we utilized two more Kir channels
(Kir4.1 channels and Kir2.1•E224G mutant channels) as
controls. Kir4.1 channels display intermediate inward rec-
tification [15], whereas the Kir2.1•E224G mutation abol-
ishes the inward rectification of Kir2.1 channels [16,17].

In this study, we first performed optical mapping
recordings on isolated murine hearts perfused with a hy-
pokalemia solution (1 mmol/L), which allows for the con-
current examination of action potentials and calcium tran-
sient morphology and arrhythmogenesis to study the mech-
anisms associated with hypokalemia. We next performed a
patch clamp to monitor the membrane potential response to
low [K+]e by using hiPSC-CMs with enhanced expression
of Kir2.1 channels, rectification-deficient Kir2.1-E224G
mutant channels, or weak rectification Kir4.1 channels. We
demonstrated that hypokalemia depolarized cardiac mem-
brane potential induces cardiac ectopic automaticity and
that Kir2.1 channel-mediated membrane potential depolar-
ization contributes to hypokalemia-induced cardiac ectopic
automaticity. The inward rectification of Kir2.1 channels
plays a critical role in this process.

2. Methods
2.1 Animals

Eight-week-old C57BL6/J mice weighing ~25 g were
purchased from Chongqing Tengxin Biotechnology Co.,
Ltd., China, and housed in a temperature- and humidity-
controlled animal facility. The procedures were approved
by the Institutional Animal Ethics Committee at South-
west Medical University (Approval No. 20240903-003) in
Luzhou, China, in accordance with the institution’s national
guidelines that align with the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals.

2.2 Optical Mapping Recordings
Mice were humanely anesthetized by the administra-

tion of ketamine (80 mg/kg) and xylazine (5 mg/kg). Anes-
thesia was confirmed by no obvious reflex response to
hind feet pinching. After deep anesthesia, animals were
euthanized by cervical dislocation. Hearts were imme-
diately excised and loaded onto a Langendorff perfusion
system. Electrophysiological abnormalities and arrhyth-
mias of the intact hearts perfused with hypokalemia so-
lution (1 mmol/L) were assessed by an optical mapping
system, as previously described [18]. Briefly, the murine
hearts were quickly removed and loaded onto a Langen-
dorff perfusion system, and were perfused with an oxygen-
containing physiological salt solution at a constant rate of
3 mL/min at 37 °C for 10 min. The hearts were then incu-
bated with Rhod-2 AM (a Ca2+ dye), 10% Pluronic F127,
and RH237 (a voltage-sensitive dye) for 10–20 min. Rhod-

2 AM and RH237 were stimulated using four light-emitting
diode macro LED lights (530 nm, Kane Research). The
fluorescence signal was captured by an optical mapping
system and fitted with a custom-designed EMCCD camera
(Evolve 512 Photometrics, Tucson, AZ, USA). The mem-
brane potential and Ca2+ were measured at maximum res-
olution (512 × 512 pixels; the pixel area was 125 × 125
µm) at a rate of 1000 frames per second. Spiky2 (version
2, University of Tours, Tours, Indre et Loire, France) was
used to monitor synchronous electrocardiograms (ECGs)
for the entire duration of the experiment. Baseline elec-
trophysiological parameters were measured during sinus
rhythm. The optical mapping analysis software ElectroMap
and OMapScope5 (version 5, University of Birmingham,
Birmingham, West Midlands, UK) were used for data anal-
ysis.

2.3 Cell Culture and Lentiviral Transduction
Lentiviral vectors encoding human Kir2.1, Kir2.1-

E224G mutant, and Kir4.1 channels were engineered
and packaged into corresponding lentiviruses (titer 1 ×
1011 TU/L, Cyagen Biosciences, Suzhou, China). Chi-
nese hamster ovary (CHO) cells (Cyagen Biosciences,
Suzhou, China) were maintained in DMEM (dulbecco’s
modified eagle’s medium) medium supplemented with 1%
penicillin–streptomycin and 10% fetal bovine serum (FBS)
(Invigentech, Irvine, CA, USA).

hiPSC-CMs were purchased from Help Therapeutics
(Nanjing, China) and cultured according to the instructions
[14]. All cell lines were validated by STR (short tan-
dem repeat) profiling and tested negative for mycoplasma.
Cells were transduced with lentiviral vectors encoding GFP
(green fluorescent protein)-Kir2.1, GFP-Kir2.1-E224G, or
GFP-Kir4.1 at concentrations between 1.8 and 3 × 107
PFU/mL. Following a 48 h transduction period, cells that
were GFP-positive were used for patch clamp recordings.
We only performed analysis on the electrically quiescent
cells with resting membrane potentials of at least –70 mV.

2.4 Immunocytochemical Staining
hiPSC-CMs plated on slides were treated as follows:

they were fixed in 4% paraformaldehyde for 10 min, per-
meabilized using 0.5% Triton X-100 for 15 min, and
then blocked with 1% bovine serum albumin in phos-
phate buffered saline (PBS) for 30 min. Following the
blocking step with 10% normal goat serum, the cells were
subsequently incubated with primary antibodies target-
ing cTnT (Cardiac troponin T, Abcam, Cambridge, UK,
ab8295, 1:100) overnight at 4 °C. The following day, the
cells were incubated with the secondary antibody for 1
h. The nuclei were then stained with 4′,6-Diamidino-2-
phenylindole, Dihydrochloride (DAPI, C1005, Beyotime
Biotechnology, Shanghai, China). A fluorescence micro-
scope (Leica DM2500, Leica Optical, Wetzlar, Germany)
was used to capture the images.
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Fig. 1. Hypokalemia-induced various types of ventricular ectopic beats in a murine whole heart. Langendorff preparation. (A)
Representative pseudo-ECG of sinus rhythm under 5.4 mM [K+]e conditions. (B–D) Representative pseudo-ECG of isolated VPB, Salvo
(B), MVT (C), and PVT (D). (E) Typical pseudo-ECG (a), membrane potential (b), and Ca2+ transient trace (c) simultaneously recorded
from a spontaneously beating isolated heart during VT onset after exposure to a hypokalemia solution. n = 6. EAD, early afterdepo-
larization; MPD, membrane potential depolarization; ECG, electrocardiograms; VPB, ventricular premature beat; MVT, monomorphic
ventricular tachycardia; PVT, polymorphic ventricular tachycardia.

2.5 Electrophysiology
A HEKA patch-clamp system (EPC10, HEKA Elek-

tronik, Reutlingen, Germany) was used to record the rest-
ing membrane potentials and the whole-cell currents of the
cells. A standard voltage ramp protocol lasting 2.2 seconds,
ranging from –120 mV to +20 mV, was applied. analysis
of the patch clamp data was performed with a PatchMaster
version 2 × 91 (HEKA Elektronik, Lambrecht, Germany)
and IGOR Pro version 6.05 (WaveMetrics, Portland, OR,
USA).

Internal solutions for CHO cells contained (mmol/L):
140 KCl, 1 MgCl2, 10 EGTA, 1 K2-ATP, and 5 Hepes (pH
7.4); external solutions contained (mmol/L): 135 NaCl, 5
KCl, 2 CaCl2, 1 MgCl2, 15 glucose, and 10 Hepes (pH 7.4).
Internal solutions for hiPSC-CMs contained (mmol/L): 20
KCl, 120 K aspartate, 1 MgCl2, 5 Na2-ATP, 0.5 Na2-GTP,
10 EGTA, and 5 Hepes (pH 7.4); external solutions con-
tained (mmol/L): 140 NaCl, 5.4 KCl, 1.8 CaCl2, 1 MgCl2,
10 glucose, and 10 Hepes (pH 7.4). Bath solutions contain-
ing low [K+]e were prepared by decreasing the [K+]e and
supplementing it with equimolar Na+. Voltage-gated Ca2⁺
and Na⁺ currents were blocked by adding 2 mM CoCl2 and
3 µM TTX (tetrodotoxin) to the bath solutions [14].

2.6 Statistical Analysis
Statistical analysis was performed using GraphPad

Prism software version 9 (GraphPad Software, San Diego,

CA, USA). Data are presented as mean± SD. Significance
of differences between the two groups was assessed using
Student’s t-tests.

3. Results
3.1 Hypokalemia-induced Cardiac Ectopic Automaticity in
Langendorff-perfused Murine Hearts Was Mediated by
Cardiac Membrane Potential Depolarization

We performed pseudo-ECG recordings to monitor the
extracellular potentials of isolated hearts of the mice. Un-
der 5.4 mM [K+]e conditions, all isolated hearts maintained
sinus rhythm (n = 6) (Fig. 1A). Within 30 minutes of per-
fusion with 1 mM [K+]e, all hearts consistently exhibited
ventricular premature beats (VPBs, defined as 3 or more
sinus beats between two consecutive ectopic beats), salvo
(difined as 2 or 3 consecutive ectopic beats), monomor-
phic ventricular tachycardia (MVT, VT was defined as 4
or more consecutive ectopic beats), and polymorphic ven-
tricular tachycardia (PVT) (Fig. 1B–D) (n = 6).

The mechanisms of the initiation and maintenance of
VT in the isolated murine hearts under hypokalemic condi-
tions were analyzed. Fig. 1E shows a typical episode of VT,
which was initiated by after-depolarization triggered activ-
ity associated with Ca2+ overload, and was maintained by
abnormal spontaneous pacemaker activities caused by car-
diac membrane potential depolarization.
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Fig. 2. hiPSC-CMs with enhanced expression of Kir2.1 channels exhibited hyperpolarized resting membrane potentials and
became electrically quiescent. (A–C) Representative images of fluorescent immunohistochemistry staining for cTnT and DAPI with
hiPSC-CMs. Scale bar: 50 µM. (D,E) Representative RMP of hiPSC-CMs (D) and hiPSC-CMs that overexpress Kir2.1 channels (E) at
5.4 mmol/L [K+]e are shown. (F) Representative whole-cell ramp currents of hiPSC-CMs (blue) and hiPSC-CMs overexpressing Kir2.1
channels (red). (G) Average RMP of hiPSC-CMs and hiPSC-CMs that overexpress Kir2.1 channels at 5.4 mmol/L [K+]e. Mean ± SD,
n = 13. ∗∗p< 0.01 relative to hiPSC-CMs. RMP, resting membrane potential; hiPSC-CMs, human iPSC-derived cardiomyocytes; cTnT,
Cardiac troponin T; DAPI, 4′,6-Diamidino-2-phenylindole.

3.2 hiPSC-CMs With Enhanced Overexpression of Kir2.1
Channels Exhibit Abnormal Spontaneous Pacemaker
Activities in Response to Low [K+]e

The hiPSC-CMs were verified by immunofluores-
cence staining with cardiomyocyte-specific markers cTnT
(Fig. 2A–C). hiPSC-CMs exhibit electrophysiological
properties that are similar to those of human native car-
diomyocytes. However, due to the lack of expression of
the Kir2.1 channels, hiPSC-CMs have lower resting mem-
brane potential levels (–49.7 ± 2.1 mV) and show spon-
taneous pacemaker activity [19] (Fig. 2D,G). Therefore,
to mimic the effects of low [K+]e on human native car-
diomyocytes, we used hiPSC-CMs with enhanced expres-
sion of Kir2.1 channels, as previously reported [20,21].
The typical whole-cell ramp currents of hiPSC-CMs and

Kir2.1-overexpressing hiPSC-CMs are shown in Fig. 2F,
which shows that Ik1 currents are overexpressed in Kir2.1-
overexpressing hiPSC-CMs. hiPSC-CMs overexpressing
Kir2.1 channels had a resting membrane potential of –73.7
± 2.4 mV and did not exhibit spontaneous pacemaker ac-
tivities (Fig. 2E,G).

When [K+]e was decreased from 5.4 mmol/L to 1
mmol/L, current clamp results showed that the membrane
potentials of hiPSC-CMs overexpressing Kir2.1 channels
initially hyperpolarized from –73.7 ± 2.4 mV to –87.6
± 3.7 mV (1st phase), and when the perfusion time of
the low [K+]e solution was prolonged, the membrane po-
tentials suddenly depolarized to a steady state (–39.7 ±
4.8 mV) (2nd phase) and led to the generation of abnor-
mal spontaneous pacemaker activities (Fig. 3A,B). The
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Fig. 3. Low [K+]e induced abnormal pacemaker activities in hiPSC-CMs overexpressing Kir2.1 channels. (A,B) Representative
RMPs of hiPSC-CMs overexpressing Kir2.1 channels are shown when bath solutions were reversibly changed from 5.4 (black bar) to 1
mmol/L [K+]e (red bar). (C) Representative current traces recorded at 1 mmol/L [K+]e corresponding to the first phase (blue) and the
second phase (red) in hiPSC-CMs overexpressing Kir2.1 channels. (D) Average RMP of hiPSC-CMs overexpressing Kir2.1 channels
at 5.4 and 1 mmol/L [K+]e. Mean ± SD, n = 15. ∗∗p < 0.01 relative to hiPSC-CMs at 5.4 mmol/L [K+]e. RMP, resting membrane
potential.

voltage-clamp results showed that hiPSC-CMs overex-
pressing Kir2.1 channels exhibited “N” shaped I–V rela-
tionships at the 2nd phase (Fig. 3C). Average RMP of
hiPSC-CMs overexpressing Kir2.1 channels at 5.4 and 1
mmol/L [K+]e were shown in Fig. 3D.

3.3 Inward Rectification of Kir2.1 Channels is Required
for Generation of Abnormal Spontaneous Pacemaker
Activities in hiPSC-CMs Overexpressing Kir2.1 Channels
in Response to Low [K+]e

We constructed human Kir2.1, Kir2.1-E224G mutant,
and Kir4.1 channels with lentiviral vectors and verified the
corresponding currents in a heterologous expression system
of CHO cells. Fig. 4A–C show the typical whole-cell cur-
rents of Kir2.1, Kir2.1-E224Gmutant, and Kir4.1 channels.
CHO cells expressing Kir2.1, Kir4.1, or the Kir2.1-E224G
mutant channels exhibited similar resting membrane poten-
tials at 5.4 mmol/L [K+]e (Fig. 4D).

To assess the contribution of the Kir2.1 inward rectifi-
cation to the induction of abnormal spontaneous pacemaker
activities in human cardiomyocytes under hypokalemic
conditions, we observed the effects of low [K+]e on hiPSC-
CMs that overexpress Kir2.1, Kir4.1, or Kir2.1-E224Gmu-

tant channels. Under 5.4 mmol/L [K+]e conditions, the
resting membrane potentials of hiPSC-CMs that overex-
press Kir2.1, Kir4.1, or Kir2.1-E224G mutant channels
have similar resting membrane potential levels. When
[K+]e was reduced from 5.4 mmol/L to 1 mmol/L, the
resting membrane potentials of hiPSC-CMs that overex-
press Kir4.1 or Kir2.1-E224G mutant potassium channels
were hyperpolarized (Fig. 5F), and the reversal potentials
of the whole-cell currents were maintained at –101.3 ± 5.3
mV and –96.0 ± 4.0 mV, respectively (Fig. 5A–D). Av-
erage RMP of hiPSC-CMs that overexpress Kir2.1, Kir2.1-
E224G, or Kir4.1 channels at 5.4 and 1 mmol/L [K+]e were
shown in (Fig. 5E,F).

4. Discussion
In this study, we first showed that Langendorff-

perfused murine hearts replicate hypokalemia-induced ar-
rhythmias and demonstrated that spontaneous VT devel-
oped in the intact murine hearts when hypokalemia was me-
diated by cardiac membrane potential depolarization. To
the best of our knowledge, this is the first report on iso-
lated heart models to demonstrate that hypokalemia causes
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Fig. 4. Identification of Kir2.1, Kir2.1-E224G, andKir4.1 currents in CHOheterologous expression systems. (A–C) Representative
whole-cell ramp currents of Kir2.1 (A) Kir2.1-E224G (B), and Kir4.1 channels (C) at 5.4 mmol/L [K+]e. (D) Average RMP of CHO
cells that overexpress Kir2.1, Kir2.1-E224G, or Kir4.1 channels at 5.4 mmol/L [K+]e. n = 9. CHO, chinese hamster ovary.

cardiac membrane potential depolarization, thereby induc-
ing cardiac ectopic automaticity. We then showed that
hiPSC-CMs overexpressing Kir2.1 channels recapitulate
the abnormal pacemaker activity response to low [K+]e,
and demonstrated that inwardly rectifying Kir2.1 channels
mediated membrane potential depolarization, contributing
to hypokalemia-induced abnormal pacemaker activities of
human cardiomyocytes.

According to the Nernst equation, cardiomyocytes
should exhibit hyperpolarized membrane potentials in re-
sponse to low [K+]e. However, previous studies demon-
strated that human cardiomyocytes, including ventricular,
atrial myocytes, and Purkinje fibers, exhibited depolarized
resting membrane potentials at low [K+]e [7–9]. Such
an abnormal membrane potential depolarization would in-
crease the propensity of cations (the majority of which are
Ca2+) influx, leading to the generation of abnormal pace-
maker activities. However, these arrhythmogenic effects of
hypokalemia were previously studied in single cardiomy-
ocytes. While the approach was valid, it did not allow
for the study of arrhythmogenic mechanisms in the more
complex cardiac environment. In this study, by using op-
tical mapping techniques that enable simultaneous study of
membrane potential and Ca2+ transient and arrhythmoge-
nesis at the whole heart level, we confirmed that the spon-
taneous VT developed in the intact murine hearts with hy-

pokalemia was mediated by membrane potential depolar-
ization. The results clearly showed that the hypokalemia-
induced VT is a consequence of spontaneous pacemaker ac-
tivities associated with Ca2+ overload, which is caused by
membrane potential depolarization.

In response to low [K+]e, the decreased K+ con-
duction caused by the reduced K+ gradient leads to two
changes in the cardiomyocytes. First, it prolongs the ac-
tion potential duration, subsequently inducing both early
and delayed after-depolarizations. Second, it may depo-
larize the resting membrane potential, which promotes a
transition from quiescent to spontaneous electrical activ-
ity [2]. Both of these factors account for hypokalemia-
induced cardiac ectopic automaticity. The membrane po-
tential of cardiomyocytes is determined by the balance of
outward and inward ionic currents across the cell mem-
brane. In response to low [K+]e, Kir2.1-overexpressing
hiPSC-CMs initially rapidly hyperpolarized (phase 1) due
to the function of Kir2 channels. As the perfusion time
of the low [K+]e solution was prolonged, the conductance
of the Ik1 was further reduced. When the reduced Ik1
currents mediated by nonlinear Kir2.1 channels are bal-
anced with cation currents (such as TWIK-1 two-pore do-
main K+ channels mediated leak cation currents), “N”
shaped I–V relationships are generated and lead to ab-
normal membrane potential depolarization of hiPSC-CMs
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Fig. 5. Impacts of low [K+]e on the RMP and whole-cell currents of hiPSC-CMs that overexpress Kir2.1-E224G or Kir4.1
channels. (A,B) Representative RMPs of hiPSC-CMs that overexpress Kir2.1-E224G or Kir4.1 channels are shown when external
solutions were reversibly switched from 5.4 (black bar) to 1 mmol/L [K+]e (red bar). (C,D) Representative whole-cell currents in hiPSC-
CMs that overexpress Kir2.1-E224G or Kir4.1 channels at 5.4 mM [K+]e (black lines) and 1 mM [K+]e (red lines), respectively. (E)
Average RMP of hiPSC-CMs that overexpress Kir2.1, Kir2.1-E224G, or Kir4.1 channels at 5.4 mmol/L [K+]e. (F) RMP of hiPSC-CMs
that overexpress Kir2.1-E224G or Kir4.1 channel at 1 mmol/L [K+]e. Mean ± SD, n = 7. RMP, resting membrane potential.

(phase 2) [13]. However, the mechanism by which Kir2
channels contribute to abnormal pacemaker activity as-
sociated with membrane potential depolarization induced
by low [K+]e is unknown. We now present evidence
supporting the hypothesis that the inward rectification of
Kir2.1 channels is required for hypokalemia-induced ab-
normal spontaneous pacemaker activities of human car-
diomyocytes. First, the hiPSC-CMs over-expressing Kir2.1
channels exhibited membrane potential depolarization re-
sulting in spontaneous abnormal pacemaker activities, as
observed in human native cardiomyocytes. Second, the
hiPSC-CMs over-expressing rectification-deficient Kir2.1-

E224G mutant channels or weak rectification Kir4.1 chan-
nels exhibited membrane potential hyperpolarization with-
out the occurrence of abnormal pacemaker activities. The
negatively charged residues (E224, D255, D259, and E299)
located at the cytoplasmic domain of Kir2.1 channels de-
termine the strength of inward Ik1 rectification [22]. In
line with our studies, Moreno-Manuel et al. [23] recently
reported that the rectification-deficient Kir2.1-E299V mu-
tation prevented arrhythmias in the ventricles of a mouse
model. Other ionic currents may also contribute to the ab-
normal spontaneous pacemaker activities induced by low
[K+]e in cardiomyocytes. Both inward leak Na+ and
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Ca2+ currents have been suggested to contribute to the
low [K+]e-induced membrane depolarization. Wiggins and
Cranefield [24] reported that Ca2+ currents induced mem-
brane potential depolarization of cardiomyocytes inK+ free
external solutions. Sheu et al. [25] reported that depolar-
ized membrane potential induced by low [K+]e was abol-
ished when extracellular Na+ was removed, suggesting that
Na+ influx is essential for this phenomenon. Therefore,
the membrane potential depolarization induced by Na+ and
Ca2+ influxmay also account for the abnormal spontaneous
pacemaker activities induced by low [K+]e in cardiomy-
ocytes.

5. Limitations
The present study was performed in hiPSC-CMs,

which may not be the ideal model to examine our hypoth-
esis. hiPSC-CMs are known to exhibit immature electro-
physiological, structural, and metabolic features that signif-
icantly differ from adult ventricular cardiomyocytes. Their
lack of structural organization and underdeveloped sarcom-
ere alignment can influence action potential characteris-
tics and susceptibility to arrhythmias. Due to the lack
of expression of the Kir2.1 channels, hiPSC-CMs have
lower resting membrane potential levels and show spon-
taneous pacemaker activities. However, previous stud-
ies have documented that the maturation of electrophysi-
ological profiles in hiPSC-CMs can be achieved through
enhanced expression of Kir2.1 channels [19,20]. In the
present study, the Kir2.1-overexpressing hiPSC-CMs had
a resting membrane potential of –73.7 ± 2.4 mV, which is
close to that of human adult cardiomyocytes (approximately
–80 mV). These results are consistent with previous stud-
ies and suggest that enhanced expression of Kir2.1 channels
serves as an effective and reliable approach to markedly en-
hance the physiological performance of hiPSC-CMs [20,
21]. More importantly, we found that hiPSC-CMs with
enhanced Kir2.1 expression replicate the abnormal spon-
taneous pacemaker activities associated with hypokalemia-
induced membrane potential depolarization in response to
low [K+]e. These results suggest that Kir2.1 channels
contribute to hypokalemia-induced abnormal spontaneous
pacemaker activities of human cardiomyocytes with inward
rectification. Nevertheless, the functional role of Kir2.1 in-
ward rectification in hypokalemia settings needs to be fur-
ther confirmed by using adult cardiomyocytes in a model of
rectification-deficient Kir2.1mutation.

6. Conclusion
In summary, this study demonstrates that Kir2.1

channel-mediated membrane potential depolarization con-
tributes to hypokalemia-induced abnormal spontaneous
pacemaker activities of cardiomyocytes and that the inward
rectification of Kir2.1 channels plays a critical role in this
process.
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