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Abstract

Background and Purpose: The canonical K;6.2/SUR2A ventricular Katp channel is
highly ATP-sensitive and remains closed under normal physiological conditions.
These channels activate only when prolonged metabolic compromise causes
significant ATP depletion and then shortens the action potential to reduce contractile
activity. Pharmacological activation of Katp channels is cardioprotective, but physio-
logically, it is difficult to understand how these channels protect the heart if they only
open under extreme metabolic stress. The presence of a second Katp channel popu-
lation could help explain this. Here, we characterise the biophysical and pharmaco-
logical behaviours of a constitutively active K;.6.1-containing Karp channel in
ventricular cardiomyocytes.

Experimental Approach: Patch-clamp recordings from rat ventricular myocytes in
combination with well-defined pharmacological modulators was used to characterise
these newly identified K™ channels. Action potential recording, calcium (Fluo-4) fluo-
rescence measurements and video edge detection of contractile function were used
to assess functional consequences of channel modulation.

Key Results: Our data show a ventricular K* conductance whose biophysical charac-
teristics and response to pharmacological modulation were consistent with
Ki-6.1-containing channels. These K;.6.1-containing channels lack the ATP-sensitivity
of the canonical channels and are constitutively active.

Conclusion and Implications: We conclude there are two functionally distinct popu-

lations of ventricular Katp channels: constitutively active K;.6.1-containing channels

Abbreviations: APD, action potential duration; APDo, action potential to 90% repolarised; CiPA, Comprehensive in vitro Proarrhythmia Assay; Katp Channel, ATP sensitive potassium channel;
KCNJ8 KD, KCNJ8 (Kiré.1) knockdown; SUR, sulfonylurea receptor.
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1 | INTRODUCTION

Our current understanding of the canonical adenosine triphosphate
(ATP)-sensitive potassium (Katp) channels in the heart suggests that
they should be electrically silent under normal physiological condi-
tions, but open in response to severe ischaemia to protect the heart
from damage. These integral membrane proteins are inhibited by ATP
and activated by Mg2*-bound nucleotides and thus translate changes
in metabolism to changes in membrane K" permeability and cellular
excitability (reviewed by Nichols, 2006; Tinker et al., 2018). Functional
Katp channels form as octamers of four K6 pore-forming K* channel
subunits and four sulphonylurea receptor (SUR) subunits (Li, Wu,
et al.,, 2017; Martin et al., 2017). Two K;.6 subunits, K;6.1 and K; 6.2,
have been identified, encoded by KCNJ8 and KCNJ11, respectively
(Inagaki, Gonoi, et al., 1995; Inagaki, Tsuura, et al., 1995) and two SUR
genes are known, ABCC8 (SUR1) and ABCC9 (SUR2), the latter giving
rise to SUR2A and SUR2B by alternative splicing (Aguilar-Bryan
et al.,, 1995; Chutkow et al., 1996). K;;6 and SUR2 subunits are well
conserved across species with a reported 95%-97% sequence homol-
ogy across human, rat, mouse and rabbit (Brochiero et al., 2002; Ina-
gaki, Gonoi et al., 1995; Sung et al., 2021). The molecular make-up of
individual channels within tissues is complicated by evidence that the
different K;.6 and SUR subunits can come together in any combination
to form functional channels with different regulatory properties and
sensitivity to ATP (Akrouh et al., 2009; Brennan et al., 2020; Lodwick
et al,, 2014).

The accepted view is that highly ATP-sensitive K;6.2/SUR2A
channels predominate in the heart (Nichols, 2016), although K;..1,
Kir6.2, SUR1, SUR2A and SUR2B have all been shown to be expressed
at the sarcolemmal surface of the sinoatrial node (Aziz et al., 2014;
D'Souza et al., 2014), atrial (D'Souza et al., 2014; Flagg et al., 2008) or
of ventricular cardiomyocytes (Aziz et al., 2014, 2017; Morrissey,
Parachuru, et al., 2005; Morrissey, Rosner, et al, 2005; Singh
et al., 2003). Although inactive under normal physiological conditions
due to ATP inhibition (Inagaki, Gonoi et al., 1995; Inagaki, Tsuura
et al,, 1995; Inagaki et al., 1996), ventricular K;.6.2/SUR2A channels
open during severe metabolic stress (Brennan et al., 2015, 2019;
Noma, 1983), causing shortening of the action potential (AP) and
reduction of Ca* entry, and so a reduced contractile activity as cru-
cial energy-sparing protective mechanisms (Brennan et al., 2015; Cole
et al., 1991; Nichols, 2016; Suzuki et al., 2002).

that play an important role in fine-tuning the action potential and K;6.2/SUR2A
channels that activate with prolonged ischaemia to impart late-stage protection
against catastrophic ATP depletion. Further research is required to determine
whether K;6.1 is an overlooked target in Comprehensive in vitro Proarrhythmia

Assay (CiPA) cardiac safety screens.

ATP-sensitive potassium channel, cardiomyocytes, Katp channels, Kiré.1

What is already known

e The accepted view is that highly ATP-sensitive K;.6.2/
SUR2A (Katp) channels functionally dominate in ventricu-
lar cardiomyocytes.

e Due to their ATP sensitivity, cardiac K;6.2/SUR2A
channels cannot open until catastrophic intracellular ATP
depletion.

What does this study add

o We characterise cell-surface ventricular channels that are
biophysically, pharmacologically and genetically identical
to K 6.1-containing channels.

o These K;6.1-containing Katp channels are constitutively
active, modulating action potential duration and excita-

tion-contraction coupling.

What is the clinical significance

e Cardiac safety screening is vital in drug discovery; the
CiPA initiative screens various ion channels.
e The modulation of ventricular action potentials by K;6.1

suggests this may need to be screened.

The high ATP-sensitivity of the K;6.2/SUR2A channel complex
creates an inherent physiological problem: How can these channels be
protective to the heart if they remain closed until catastrophic ATP
depletion? Indeed, cardioprotective stimuli actually delay the opening
of this channel (Brennan et al., 2015), which would be consistent with
these stimuli preserving intracellular ATP levels. The presence of a
second Katp channel complex with different kinetic and biophysical
behaviour would be one possible solution. This idea is supported by
the fact that Katp channel activators and blockers are cardioprotective
and cardiotoxic, respectively, while not seemingly affecting the activ-

ity of the canonical K;6.2/SUR2A cardiac Katp channel complex
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(Brennan et al., 2015). K;:6.1 channels do not possess the same ATP-
dependence as K;6.2 channels (Beech et al., 1993a, 1993b; Yamada
et al, 1997; Zhang & Bolton, 1996). In vascular smooth muscle,
Ki-6.1-containing channels are constitutively active at physiological
levels of ATP and are instead largely regulated via phosphorylation
(Hayabuchi, Dart, & Standen, 2001; Hayabuchi, Davies, &
Standen, 2001; Sampson et al., 2004). In this study, we characterise
the biophysical and pharmacological behaviour of a newly-identified
functional K;6.1-like conductance at the sarcolemmal membrane in

ventricular cardiomyocytes.

2 | METHODS

21 | Materials

Cyanide, glibenclamide, HMR1098, iodoacetic acid and pinacidil
are from Merck (Gillingham, UK). PNU37883A, pioglitazone and rosi-
glitazone are from Biotechne Ltd (Abingdon, UK).

2.2 | Group sizes
For all experiments, the group size is provided in the corresponding
figure legend. In each case, the number of animals is reported with

the number of cells, where appropriate.

23 | Randomisation

All rats used in this study were purchased from Charles River Labora-
tories (UK) and housed in the animal unit at the Universities of Leices-
ter or Liverpool. Animals were provided when they reached an
appropriate size (over 250 g), and the researchers had no input into
the selection of the animals. Guinea pigs and rabbits were purchased
from Envigo and were supplied to the user by the animal unit with
researcher having no input into the selection of animals.

24 | Blinding

Experiments were not blinded in this study as the experimenter was
responsible on each day for the cell preparation, solution making and
analysis of each completed data set. To reduce any experimental bias,
or anomalous results due to errors in experiments, solutions or a
difference in the cellular behaviour from an animal, all data are
expressed as n = animal. Multiple experimental protocols were
carried out on each day to ensure best use of each cell preparation.
For whole-cell or action potential recordings, data were recorded from
at least five animals in each case. For contractile function and calcium
fluorescence measurements, fields of view were recorded from cells
isolated from least five animals, and a mean of results of individual

cells from each animal was used in all cases.
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2.5 | Normalisation

Whole-cell electrophysiology recordings were normalised to cell
capacitance, therefore allowing comparison of currents by normalising
to cell size. Fluo-4 measurements of calcium changes were normalised
to the diastolic calcium level following field stimulation (i.e., F/Fg).

2.6 | Data and statistical analysis
The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analy-
sis in pharmacology (Curtis et al., 2022).

All statistical analysis was performed in GraphPad Prism 9 (Graph-
Pad Software, Inc., La Jolla, CA, USA, RRID:SCR_002798); the statisti-
cal tests used for each data set are reported in each figure legend.
Student's paired or unpaired t test and one-way or two-way ANOVA
with post-test were performed as indicated in the figure legends.
Post-hoc tests were run only if F achieved P<0.05 and there was no
significant variance inhomogeneity. Statistics were carried out using
n = animal. Significance was set at P < 0.05. Data are plotted as bar
charts with individual mean of the day values plotted individually.
Standard deviation error bars are shown. Concentration-response
relationships were plotted in GraphPad Prism 9 using the following
equation:

Vo Bottom + (Top — Bottom)
- (1 N 10((LogECSO—X)*HiIISIope))

Mean with standard deviation error bars is shown for

concentration-response data.

2.7 | Validity of animal species or model selection

Adult male Wistar rats have been widely used in the literature as a
source of ventricular myocytes for mechanistic and pharmacological
studies of myocardial function. To further confirm our findings, we
also measured the K;6.1 channel activity in mouse, guinea pig, rabbit

and porcine cardiomyocytes.

2.8 | Ethical statement

Adult male Wistar rats and guinea pigs were killed by concussion and
cervical dislocation. Rabbits were killed by an overdose of sodium
pentobarbitone (Euthetal, Rhone Merieux, UK; 111 mg-kg™! body
weight, i.v.) delivered via the marginal ear vein. Mice were killed by
injection with the anticoagulant heparin sodium (250 IU) and termi-
nally anaesthetised with a combination of ketamine and xylazine. The
care and schedule 1 killing of animals conformed to the requirements

of the United Kingdom Animals (Scientific Procedures) Act
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1986 Amendment Regulations (SI 2012/3039). Ethical approval for
all experimental procedures was granted by the University of
Leicester/Liverpool's Animal Welfare and Ethical Review Body
(AWERB_2018_44 [Leicester] or AWC0152-AWERB [Liverpool]). Ani-
mal studies are reported in compliance with the ARRIVE guidelines
(Percie du Sert et al., 2020) and with the recommendations made by
the British Journal of Pharmacology (Lilley et al., 2020).

29 | Animals

Adult male Wistar rats (200-400 g) were used in this study. Wild-type
and KCNJ8~/~ mice were used in this study to assess the effect of
genetic knock out of the KCNJ8 subunit on the K;6.1-like conduc-
tance. Adult male Dunkin-Hartley guinea pigs (400-500 g) and male
New Zealand White rabbits (0.9-1.2 kg) were used in confirmatory
experiments. Porcine hearts, sourced from a local abattoir, were also
used to isolate cardiomyocytes for evidence of channel activity in a
species showing more similarity to human cardiac function.

2.10 | Housing and husbandry

The housing of the animals was standard and conformed to the
requirements of the United Kingdom Animals (Scientific Procedures)
Act 1986 Amendment Regulations (SI 2012/3039).

2.11 | Experimental procedures
No experimental procedures were carried out on animals in this study.

All tissue was obtained following Schedule 1 killing.

2.12 | Sex as an experimental variable

The effect of sex and hormones on cardiovascular function is an area
of ongoing research. (Blenck et al., 2016; Chicco et al., 2007). To mini-
mise any confounding effects of the sex of the animals, this study has

used only male animals.

213 | Detailed methods

2.13.1 | Isolation of ventricular myocytes

Adult male Wistar rats (200-400 g), or Dunkin-Hartley guinea pigs
(up to 500 g), were killed by a Schedule 1 procedure of concussion
and cervical dislocation. Male New Zealand White rabbits (0.9-1.2 kg)
were killed with an overdose of sodium pentobarbitone (Euthetal,
Rhone Merieux, UK; 111 mg-kg™! body weight, i.v.) delivered via the
marginal ear vein. Following Schedule 1, the heart was quickly

removed from the thoracic cavity and briefly submerged into cold

(4°C) Ca®*-free Tyrode's solution containing (in mM): KCI 5, NaCl
135, NaH,PO,4 0.33, Na pyruvate 5, HEPES 10, Mannitol 15, Glucose
5, MgCl, 1, EGTA 0.3, pH 7.4 (Merck), to halt contractions and to
lower the metabolic demand. The isolated heart was then cannulated
via the aorta and mounted on a Langendorff-type apparatus and per-
fused in a retrograde manner with warmed Ca?"-free Tyrode's solu-
tion (37°C) for 6 min. The enzyme mix solution (19-mg collagenase;
50-mg BSA prepared from factor V albumin and 16-mg protease; type
XIV 15% Ca?*, Merck) was then perfused through the heart until iso-
lated cells appeared in the perfusate sampled from the ventricles. The
solution was then exchanged for Ca?*-free Tyrode's solution for a fur-
ther 2 min and then the heart was cut down, washed in normal Tyr-
ode's (NT) solution containing (in mM): KCI 5, NaCl 135, NaH,PQO,4
0.33, Na pyruvate 5, HEPES 10, Mannitol 15, Glucose 5, MgCl,
1, CaCl, 2 and cardiomyocytes mechanically separated using a shaking
water bath at 37°C. This technique yielded 70%-90% rod-shaped car-
diomyocytes, which were stored in normal Tyrode's solution at room
temperature and used within 12 h of isolation.

Freshly removed whole porcine hearts were collected from a local
abattoir and transported to the laboratory in a chilled cardioplegic solu-
tion containing (in mM): 50 KH,PQ,4, 8 MgSQ,, 10 HEPES, 5 adenosine,
140 D-glucose, 100 mannitol, pH to 7.4 with KOH. A wedge of ventric-
ular tissue was cut and perfused using a Langendorff apparatus with a
warm Ca2*-free/EGTA solution 15 min (37°C) containing (in mM):
137 NaCl, 5 KH,PO4, 1 MgSQO,4, 5 HEPES, 10 D-glucose, 10 taurine,
0.2 EGTA, pH to 7.4 with KOH (Merck). The ventricular wedge was
then perfused with an identical calcium free solution for 30 min, except
that the EGTA was omitted. The enzyme mix solution (15-mg collage-
nase type Il; Worthington and 50-mg BSA prepared from factor V albu-
min [Merck]) was then perfused through the ventricular tissue wedge
until the tissue became soft, which took approximately 15 min. The
wedge was then removed, and small cubes of tissue were removed and
placed in Kraftbriihe (KB) solution consisting of (in mM): 90 L-glutamic
acid, 30 KCl, 10 HEPES, 1 EGTA, 5 Na pyruvate, 20 taurine, 20 glucose,
5 MgCl,, 5 succinic acid, 5 creatine, 2 Na,ATP and 5 p-OH butyric acid;
pH 7.4 with KOH (Merck). Cardiomyocytes were mechanically sepa-
rated using a shaking water bath at 37°C in Kraftbriihe solution.

All experiments using mice were conducted in the Tinker Labora-
tory, Queen Mary University of London (QMUL). This work was
approved by the QMUL Animal Welfare and Ethical Review Body and
covered by British Home Office Project Licenses PPL/7665 and
PE9055EAD. Mice were injected with the anticoagulant heparin
sodium (250 IU) and anaesthetised with a combination of ketamine
and xylazine. Following death, hearts were rapidly excised, cannulated
on to a Langendorff apparatus and perfused with a perfusion buffer,
for 4 min, containing (in mM) 113 NaCl, 4.7 KCI, 0.6 KH,PO,, 0.6
Na,HPO,, 1.2 MgS0,4.7H,0, 12 NaHCO3, 10 KHCO3, 30 Taurine,
10 HEPES, 11 D-glucose and 10 2,3-butanedione monoxime, saturated
with 95% O,-5% CO, at 37°C. The hearts were perfused for 10 min
with digestion buffer (perfusion buffer containing 0.9 mg-ml~! collage-
nase [Worthington type 11}, 0.125 mg-ml~? hyaluronidase and 12.5-pl
CaCl,). The ventricles were then cut into several pieces and disturbed

in digestion buffer at 37°C with oxygenation for 10 min twice. The
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subsequent supernatant was centrifuged for 3 min at 40 g in the pres-
ence of 5% (v/v) fetal calf serum, the cell pellet was suspended in
10 ml of perfusion buffer containing 12.5-pul CaCl, and the calcium
concentration was gradually restored to 1 mM over 20 min.

The cardiomyocytes were recentrifuged for 3 min at 40 g, and the
pellet resuspended in Medium 199 tissue culture medium containing
the following supplements: 2 mgml~! bovine serum albumin,
0.66 mg:ml~1 creatine, 0.62 mg-ml~? taurine, 0.32 mg-ml~! carnitine
hydrochloride, 10 U-ml~! penicillin, 10 pg-ml~! streptomycin and
25-pl blebbistatin. The cardiomyocytes were seeded onto sterilised
laminin-coated coverslips for 60 min in humidified incubator 5% CO,-
95% air at 37°C. Cardiomyocytes were then gently washed once with
blebbistatin-free culture medium to remove unattached cells. Cells
were used on the day of isolation within 9 h of cell isolation. The K; 6.1
global KO mice used in this study have previously been described in

detail including generation and genotyping (Aziz et al., 2014).

2.14 | Preparation of adenoviral constructs
Recombinant adenovirus encoding rat RNA interfering short hairpin
sequences (short hairpin (sh)RNA) for knockdown of K;.6.1 was gener-
ated using pAdEasy (Agilent Technologies, Stockport, UK) (He
et al., 1998; Storey et al., 2013). Cassettes expressing shRNAs were
created by ligating the following oligonucleotide into pSilencer adeno
1.0 CMV (Ambion; Thermo Fisher Scientific, Warrington, UK): 5'-
ccaatgtcaggtcattcac-3'. The control shRNA sequence (Ambion) was a
nontargeting shRNA with limited sequence similarity to known genes
in the rat. An insert including the mutant K; 6.1, IRES and mCherry
sequences was subcloned into pENTR-1A (Invitrogen) and recom-
bined with pAd-CMV-DEST (Invitrogen) to produce recombinant ade-
novirus. These cassettes included a modified cytomegalovirus
promoter, shRNA insert and polyA terminator and were subcloned
into the pAdTrack shuttle vector and verified by sequencing. Viral
genomes were assembled by transformation of electrocompetent
Escherichia coli BJ5183 carrying pAd-easyl1 with Pme1 linearized shut-
tle vector constructs. Appropriately recombined isolates were propa-
gated in DH5a. Human embryonic kidney-293A (HEK293A, RRID:
CVCL_6910) cells were used for adenoviral amplification. Once ~90%
of HEK 293A cells were lysed, the medium was aspirated and centri-
fuged for 5 min at 350 g. The resulting supernatant, containing the
harvested adenovirus, was stored at —80°C until use.

215 | Culture of rat isolated cardiomyocytes

Freshly isolated cardiomyocytes were pelleted in normal Tyrode’s
solution and resuspended in Dulbecco’s Modified Eagle’s Medium
(DMEM) (Thermo Fisher Scientific, Warrington, UK) with glutamax
and 5-mM glucose, supplemented with 2% Pen/strep and non-essen-
tial amino acids. Five hundred microlitres of cell suspension was
added to each well of a 6-well plate. Twenty to fifty microlitres of

adenoviral construct was added to each well for 3 h. The media was
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then replaced, and the cells incubated for 48 h at 37°C and 5% CO,
(Storey et al., 2013). For patch-clamp experiments, 200 pl of cell sus-
pension was added directly to the glass-bottomed perfusion chamber,

and the cells allowed to adhere for 10 min prior to experimentation.

216 | Culture of HEK283 and CHO cells

Human embryonic kidney 293 (HEK293, RRID:CVCL_0045) cells
were maintained in Minimal Essential Media (MEM) with Earle's salts
supplemented with 10% foetal bovine serum and 1% L-glutamine
(Thermofisher; Warrington, UK)). One-percent penicillin/streptomycin
solution was also added to the media and the cells maintained at 37°C
in 5% CO,. Cells were passaged using a Trypsin digest and replated in
appropriate flasks or plates for transfection. K;.6.1, K;.6.2 or K;6.1--
K;6.2 dimers were encoded in pIRES2-EGFP vectors, with the eGFP
at the internal ribosome entry site. SUR2A was in a pcDNAS vector.
HEK293 cells were transfected using Lipofectamine2000™
(Thermofisher). Chinese Hamster Ovary cells (CHO, RRID:CVCL_
0213) stably expressing hK;.6.1 and hSUR2B subunits were purchased
from B'SYS (Witterswil, Switzerland). CHO cells were maintained at
37°Cin 5% CO, in F12 (HAM) medium (Merck; Thermo Fisher Scien-
tific, Warrington, UK) supplemented with 10% fetal bovine serum, 1%
penicillin/streptomycin solution, hygromycin 100 pg-ml~! and puro-
mycin 1 pg-ml~! (Thermofisher) for stable selection.

217 |
CHO cells

gPCR to assess kcnj8 knockdown in

Given a low adenoviral infection efficiency in ventricular myocytes as
determined by mCherry fluorescence, the efficacy of the kcjn8 knock-
down was assessed in a CHO cell line stably expressing K;6.1 and
SUR2B. The infection efficiency was also limited in the CHO cells, (16-
20%), and so infected CHO cells underwent fluorescence-activated cell
sorting (FACS) based on mCherry fluorescence using an BD FACSAria™
Il cell sorter. Collected sorted cells were stored in RNA Later. Total
RNA was isolated using Monarch® Total RNA Miniprep Kit (NEB), and
cDNA was subsequently synthesised using LunaScript® RT SuperMix
Kit (NEB) according to the manufacturer's instructions. Quantitative
PCR (gPCR) reactions were performed in 20 pl using Luna® Universal
gPCR Master Mix (NEB) alongside validated primers targeting Kcnj8
(forward primer 5-AACCTGGCGCATAAGAACATC-3'; reverse primer
5-CCACATGATAGCGAAGAGCAG-3') and Gapdh (forward primer 5'-
TGTAAAGCTCATTTCCTGGTATGAC-3'; reverse primer 5/-
TGTGGGGGTTATTGGACAGG-3'). Quantification was performed on
an ABI ViiA-7 Thermocycler. PCR amplifications were undertaken in
triplicate concurrently with no-reverse transcriptase and no-template
controls. PCR cycles proceeded as follows: 95°C for 60 s (initial dena-
turation) then 40 cycles of 95°C for 15 s (denaturation) and 60°C for
20 s (annealing and extension) followed by a plate read. Following
gPCR, the melting temperature (T,,) for each sample was ascertained

via melt curve analysis. Data were exported from QuantStudio™ v1.3
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(ThermoFisher, RRID:SCR_018712) and the mean threshold cycle
(Ct) value for each sample was normalised to Gapdh using the AACt

method. Statistical analyses were performed on ACt values.

2.18 | Generation of a K;6.1-K;6.2 fusion protein
To create a dimeric fusion protein of K;6.1 and K;,6.2, silent mutations
were introduced to rat K;;6.1 cDNA and Kir6.2 cDNA in a pBFT Xeno-
pus laevis oocyte expression vector to insert novel restriction sites. A
Clal restriction site was inserted into the 3’ end of K;6.1 and an Xbal
site in the 5’ end of K;6.2 cDNA using a Stratagene QuikChange™
site-directed mutagenesis kit. Successful mutants were picked, and
the K;6.2-Xbal mutant was subcloned into the K;6.1-Clal mutant
pBFT vector. To link the two subunits together, a Xbal/Clal
(Thermofisher) double digest was carried out and two single-stranded
deoxyoligonucleotides were synthesised (University of Leicester Pro-
tein and Nucleic Acid Chemistry Laboratory [PNACL]) representing
the sense and anti-sense strands to complete the ends of the K;6.1
and K;6.2 sequences with an octaglycine linker sequence between
the K;6.1-C and K;6.2 N-termini. Successful fusion proteins were
identified by restriction digest and sequencing. The fusion protein was
then cloned into a pIRES2-EGFP mammalian expression vector and
used in transient transfections in a HEK293 cell line.

2.19 | Patch-clamp electrophysiology

Patch electrodes were made from filamented thick-walled borosilicate
glass with a resistance of 3-6 MQ. Recordings were made from iso-
lated cardiomyocytes using an Axopatch 200B amplifier, filtering at
2 kHz. Recordings were digitised using a Digidata 1440 and recorded
and analysed using pCLAMP 10.3 software (Axon Instruments, Scien-
tifica, Uckfield, UK, RRID:SCR_011323). Cells were allowed to adhere
to a glass coverslip mounted in a Dagan HW-30 heated perfusion
chamber (Dagan Corp, USA) for 10 min prior to experimentation.
Solutions were perfused at a rate of 5 ml-min~—* and at 32 + 2°C.

2.19.1 | Cell-attached
The intracellular electrode solution contained (in mM) 140 KCI,
10 HEPES, 1 CaCl, and 0.5 MgCl,. In voltage-clamp mode, the elec-
trode was held at +40 mV for the duration of the recording. Under
these conditions, the equilibrium potential for potassium is close to
0 mV, and the voltage across the membrane patch is approximately
—110 mV (the sum of the electrode potential and the resting potential
of the cardiomyocytes, assumed to be —70 mV) so that single Katp
channel openings lead to inward currents.

To investigate channel activity, the channel open probability (Po)
was calculated; however, in the majority of recordings, multiple levels
of opening were observed, and so, the number of levels and duration

of activity at each level was measured:

N
To=) to
=

To represented the duration that the channel was open, where
L represents different open levels, t, is the duration of time in each
level and N the number of ion channels in the recording. Given that
the true number of channels cannot be measured because of the
stochastic behaviour of ion channels, the number of channels is
taken as the maximum number of levels open during the total
(T) duration of the recording. The open probability was presented
as NPo:

NP =2

To produce current-voltage relationships, the amplitude of the
openings was measured at voltages ranging from —180 to 10 mV.
Sampling rate for cell attached recordings was 50 kHz (Brennan
et al., 2015, 2019; Sims et al., 2014). Data were analysed in
pCLAMP10 using a threshold set to 4.5 pA per open channel level.
This allowed the 30-pS K;2.x current to be largely filtered out as a
change in baseline, given its long open durations, compared with the
larger (40-pS), bursting K;.6.1-like channel. For experiments to measure
glibenclamide concentration-response data, glibenclamide was
included in the patch pipette in cells tested and compared with control
cells (no glibenclamide in the pipette). Given the variability of the NPg,
the geometric mean of the day was calculated for each data point pre-
sented in the cell attached configuration. Data are, therefore, reported
as n = animals. Sixty seconds of data was used to measure the NPo
for each cell. Data are expressed as paired (where control recordings at
the end of 3 min of recording are then compared to the end of 4 min
of perfusion with the drug) or unpaired (when separate recordings are
made on the day for control and drug-treated cells). For unpaired data,
at least five control and five drug-treatment cells were recorded for
each animal for a mean of the day data point. For channel kinetics,
open dwell and closed times analysed from cell attached recordings.
Data were resampled at 25Khz, idealised in QuB (Quantify Unknown
Biophysics, https://qub.mandelics.com/) (QuB with K-segmental
means as described previously (Davies et al., 2010; Qin, 2004). In all

cases, a single cell attached recording was made from a cell.

2.19.2 | Excised-patch recording

Ki6.1, K;;6.2 or K;6.1-K;.6.2 dimer constructs were transiently trans-
fected into HEK293 cells using Lipofectamine™2000 reagent
(Invitrogen), with the eGFP fluorescent protein expression used in the
identification of transfected cells. Experiments were carried out using
excised inside-out patch recording, where solutions were perfused
directly on to the inside face of the patch using a gravity-fed perfusion
system. Patches were held at Ex (approximately O mV) and currents
recorded by pulsing to the equivalent of —80 mV 20 times for 100 ms
for each pulse. The mean of the last 20 ms for each pulse was
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averaged to give a single mean current value for each concentration
of ATP and bathing solution in the absence of ATP.

2193 | Whole-cell

Intracellular electrode solution contained (in mM) 30 KOH, 110 KClI,
10 EGTA, 10 HEPES, 1 MgCl,, 1 Mg-ATP, 0.1 Na-ADP, 0.1 GTP and
20 nM CaCl,, pH 7.2 with HCI.

Action potential (AP)

In current-clamp mode, APs were stimulated at 1 Hz via the patch
electrode with a 5-ms depolarizing trigger, set to 130% of that
required to elicit an AP (approximately 500-900 pA). Action potential
duration to 90% repolarized (APDgyp) and membrane potential (V)
were calculated within  pCLAMP software offline (Brennan
etal, 2015, 2019; Sims et al., 2014).

Whole-cell currents

In voltage-clamp mode, the membrane potential was held at 0 mV to
inactivate most voltage-gated current. Pharmacological modulation of
Katp channels was used to look at these whole-cell currents in isolation,
with glibenclamide at 10 uM being used to define no Katp current. A
second protocol using a voltage-step from —70 to —20 mV to investi-
gate the potential K;6.1 component of the IK; current was used.

220 | Video edge detection measurements of
contraction

Cells were allowed to adhere to a glass coverslip mounted in a Dagan
HW-30 heated perfusion chamber (Dagan Corp, USA) for 10 min prior
to experimentation. Solutions were perfused at a rate of 5 ml-min~?!
and at 32 + 2°C. Cardiomyocytes were stimulated to contract using
electric field stimulation (EFS) at 1 Hz. Contractile function was
observed via a JVC CCTV camera and recorded to DVD for offline
analysis. Video edge detection was carried out a video edge detection
system (Crescent Electronics), digitised using a Minidigi 1B interface
(Axon instruments) and recorded using Axoscope 10.7 software (Axon
instruments, RRID:SCR_011323). Arbitrary measurement units were

calibrated, using an eyepiece graticule, to um.

221 | Fluo-4 measurements of intracellular
calcium transients

Isolated cardiomyocytes were incubated with 5 pmol-L™! Fluo-
4-AM (Thermofisher) indicator at room temperature for 30 min.
Cells were allowed to adhere to a glass coverslip mounted in a
Dagan HW-30 heated perfusion chamber (Dagan Corp, USA) for
10 min prior to experimentation. Solutions were perfused at a rate
of 5 ml-min~! and at 32 + 2°C. Cardiomyocytes were stimulated to

contract using electric field stimulation (EFS) at 1 Hz. Fluo-4
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fluorescence was excited at 480 nm excitation light from a PTI-
monochromator with emissions collected above 520 nm using an
Andor Zyla 4.5 Camera with images recorded to Winfluor software
(John Dempster, University of Strathclyde). To record the Ca®* tran-
sients, images were acquired at a rate of 40 framess™* and 2 x 2
pixel binning was used to improve the signal-to-noise ratio given

the short exposure time (25 ms).

222 | Computer simulations

Action potentials were simulated in the OpenCOR 0.7.1 (RRID:SCR_
019001) environment using an established ‘Rudy-O'Hara-CiPA ver-
sion’ ventricular cardiomyocyte model (Chang et al, 2017; Dutta
et al.,, 2017; Li, Dutta, et al., 2017; O'Hara et al., 2011). The original
model is available at https://models.cellml.org/e/5a0/ohara_rudy_
cipa_v1_2017.cellml/view.

To simulate the effects of the Katp channels to the action poten-
tial duration, we modified the model to include both Katp channel
isoforms.

The equation used to describe the K;.6.2 channel (IKatp62) was

IKatp62 = GKatp62 « dATPi62 « dHMR62  (V — EK)

where IKatp62 is the whole-cell current produced via K;.6.2 channels.
V is membrane potential, Ex is the equilibrium potential for K and
GKatpé62 is the K;;:6.2 membrane conductance. The value of GKatp62
was estimated from the maximum current observed in the presence
of a metabolic inhibitor (i.e., with ATP depletion meaning minimal ATP
block of the K;.6.2 channel). Rat cardiomyocytes held at 0 mV, with an
Ex of —87 mV, have a metabolic-inhibition activated current of
9405 pA. This gives a conductance value of 720-pS-pF~2, assuming a
cell capacitance of 150 pF.

dATPi62 and dHMR62 describe the fraction of open channels
based on ATP inhibition and HMR1098 block, respectively; both were
described by Hill equations.

dATPiGZ= 1
1+ (lcﬁ)?w)

where ATPi is the internal concentration of ATP, IC5047p is the intra-
cellular concentration of ATP that inhibits the channel by 50% and Hill
is the Hill slope of the concentration-response curve. ICsq values for
ATP-induced inhibition (21.9 uM for K;6.2/SUR2A expressed in
HEK293 cells) from Figure S3.

To simulate how ATPi block is altered by 50 or 200 uM pinacidil,
the IC5q value was right-shifted, based on published experimental data
showing the mechanisms of Katp channel activation by pinacidil (Fan
et al., 1990).

dHMR62 describes the open probability of the channel, based on
HMR1098 block on K;6.2/SUR2A expressed in HEK293 cells
(Rainbow et al., 2005).
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dHMR62=1— !

Hil
HMR
1+ (ICSOHMR>
The equation used to describe the K;.6.1 channel was

IKatp61 = GKatp x«dPNU61 « dPIN61 « (V — EK)

where IKatpé1 is the whole-cell current produced via K;6.1 channels. V
is membrane potential, Ex is the equilibrium potential for K" and
GKatpé1 is the K;6.1 membrane conductance. The value of GKatp61
was calculated from the whole-cell PNU37883A-sensitive current in rat
ventricular cardiomyocytes reported in Figure 4. Cardiomyocytes held at
0 mV, with an Ex of —87, had a PNU-sensitive current of 75 pA. Assum-
ing a cell capacitance of 150 pF gives a GKatp61 value of 5.7-pS-pF L.
dPNU61 and dPIN61 describe how the fraction of open channels is
altered by the presence of PNU or pinacidil using the Hill equation.

1

dPNU61=1— [ ————
1+ ()

where PNU is the concentration of PNU, IC50pny is the concentration
of PNU to inhibit the response by 50% and Hill is the Hill slope on the
concentration-response curve. The values of IC50pyy and Hill were

based on the whole-cell PNU37883A concentration-response curve
recorded in CHO K;.6.1/SUR2B cells (Figure S5).

dPIN61=1+ %
1+ ( PlNéPiN)

EC50pn is the concentration of pinacidil that increased the
response by 50%, PIN61 is the test concentration of pinacidil and Hill
is the Hill slope on the concentration-response curve. The ECsq and
Hill slope values used in in the model were from the whole-cell pinaci-
dil concentration-response curve using CHO K;r6.1/SUR2B cells
(Figure S5).

Finally, IKB current, a background leak K* current in the model
which had similar voltage-profile to K;.6.1, was reduced to compensate
for the addition of the drug-sensitive K;6.1 channel. A one-third
deduction of the IKB conductance in the model allowed the accommo-
dation of the Katp channels with little effect to the overall shape to

the action potential waveform. Model validation is shown in Figure S8.

2.23 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
http://www.guidetopharmacology.org and are permanently archived
in the Concise Guide to PHARMACOLOGY 2023/23 (Alexander,
Fabbro et al., 2023; Alexander, Mathie et al., 2023).

3 | RESULTS

3.1 | AA40-pS channel, with a K;6.1-like
biophysical fingerprint, is constitutively active at the
ventricular cardiomyocyte surface membrane

In cell-attached patch recordings from Wistar rat ventricular myocytes,
metabolic inhibition activated the canonical K;6.2/SUR2A Katp com-
plex, with a conductance of 79-pS as described previously (Figure 1a)
(Aguilar-Bryan et al., 1998; Brennan et al., 2015, 2019; Inagaki, Gonoi,
et al.,, 1995; Inagaki, Tsuura, et al., 1995; Noma, 1983). K;6.2/SUR2A is
inhibited by normal physiological ATP concentrations of up to ~6 mM
(Tran et al., 2015) and only activates when intracellular ATP is reduced
below 100 uM (ICso for ATP 20-30 uM; Brennan et al., 2020; Rain-
bow, James, et al., 2004; Rainbow, Lodwick, et al., 2004). Prior to this
metabolic inhibition-induced activation, there was an additional
~40-pS channel that displayed bursting behaviour similar to
K;+6.1-containing channels (Figures 1alii] and S1). Importantly, this con-
stitutively active channel was distinct from the K;.2.x inwardly rectifying
current, which displayed characteristic openings of long duration and
had a conductance of ~30-pS (Figures 1b,c and S2). This 40-pS consti-
tutively active channel had a reversal potential of 0 mV in the symmet-
rical K" recording conditions and displayed weakly rectifying voltage-
independent inward current properties. These data suggest a weak
inwardly rectifying K* channel but was again distinguished from the
K;:2.x strong inwardly rectifying current, which had a smaller conduc-
tance (30-pS) and no discernible openings positive to Ex (Figure 1c).
The kinetics of the 40-pS channel in terms of open and closed dwell
times were similar to those reported previously for heterologously
expressed K;.6.1/SUR2B channels (Davies et al., 2010) (Figure 1d,e).
The single channel conductance of the constitutively active 40-pS
channel was compared to Karp channel subunits heterologously
expressed in HEK cells. It was found to be near identical to that of
Ki:6.1 channels transiently coexpressed with SUR2A (38-pS; Figure S3)
and comparable to conductance values previously reported for K; 6.1
channels with SUR2A or 2B (33-52-pS; Aziz et al, 2018; Han
et al, 1996; Takano et al., 1998; Yamada et al., 1997). Similarly, the
single-channel conductance and kinetic behaviour of the larger and late-
activating metabolically sensitive cardiomyocyte channel was compara-
ble to that of Kir6.2 channel monomers co-expressed with SUR2A in
HEK cells (Figure S3). Katp channels have also been reported to form
dimers of K;6.1/K;:6.2 in heterologous expression systems with a con-
ductance intermediate between K;6.1 and K;6.2 homomers (Cui
et al., 2001; Kono et al., 2000). This is unlikely to be the case in the car-
diomyocytes as the conductance of the newly identified channel did not
match the conductance of channels formed from K;6.1-K;6.2 dimers
expressed in HEK293 cells (Figure S3) and previous reports show K;6.1
and K;:6.2 do not heteromultimerize in cardiac myocytes (Seharaseyon
et al., 2000). In addition, K;6.1-K;:6.2 dimers retain sensitivity to ATP-
dependent block with ICsq values identical to K;6.2 (Figure S3), which
would render such channels closed under normal physiological condi-
tions in cardiomyocytes. Finally, this 40-pS channel was identified in car-

diomyocytes isolated from several other species (Figure S4).
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Identification of a constitutively active sarcolemmal K* channel in rat ventricular cardiomyocytes: (a) Constitutively active 40-pS

K* channel openings observed (i) before the metabolic poison (2-mM cyanide and 1-mM iodoacetic acid in substrate-free Tyrode's solution)
activates classic cardiac 79-pS K;.6.2 channel activity in cell-attached patch recording. Patch electrode was held at +40 mV with an approximate
membrane difference of —110 mV. (ii) Representative traces of cell-attached patch experiment from a rat cardiomyocyte displaying smaller K*
channel before (#) metabolic poison and K;.6.2 channels after poison (##). (b) Example traces from cell-attached patch experiment showing K;.2.
x channels (top) and the newly identified 40-pS channel (bottom). (c) Mean single channel IV from six cardiomyocytes showing Kir2.x strongly
rectifying (30-pS) inward current up to O mV, but not seen in the outward direction. Putative K;.6.1 weakly rectifying (40-pS) channels were
seen across the voltage range tested. Representative examples of open dwell (d) and closed (e) times; mean data analysed from five cell
attached recordings. Data were re-sampled at 25 kHz, idealised in QuB (Quantify Unknown Biophysics, https://qub.mandelics.com/) with K-
segmental means as described previously (Davies et al., 2010; Qin, 2004). Similarly, Davies et al. showed two distinct open and three distinct
closed states suggesting similar channel biophysical characteristics in the HEK293 cell model compared with the data in cardiomyocytes

presented here.
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FIGURE 2 Pharmacological modulators of Karp channels alter the activity of the K;.6.1-like 40-pS channel in cell-attached patch recording.
(a) Representative recordings of the K;6.1-like 40-pS channel openings in the absence and presence of the pan-Katp channel blocker
glibenclamide (10 umol-L™2). (b) Concentration-response curve showing the Karp-like channel NPg in the presence of glibenclamide (ICsq of
47 + 4 nM, each data point n = = 5 animals, n = 26 animals in total [236 cells]). (c) Representative recordings of the K;6.1-like 40-pS channel
with the selective K;,6.1 blocker PNU37883A (PNU)(3 pmol-L™%). (d) Concentration-response curve showing NPg in the presence of PNU
(ICso of 1.5+ 0.2 pM, n = 9 animals). (e) Example trace of K;6.1-like channel (i) in control conditions and (ii) in perfusion with 150 umol-L~*
pinacidil. (f) Bar chart showing that 150 umol-L~1 pinacidil increased the NPg of the smaller, K;,6.1-like channel, and caused little change in
K;6.2 channel activity (* P<0.05, two-way ANOVA with Sidak's multiple comparisons test, n = 5 animals). (g) Example of cell-attached patch
recording (i) in control conditions, (ii) same with an expanded section and (h) showing decreasing K;.6.1 activity (i) with 30 uM rosiglitazone,
(ii) same with an expanded example trace. (i) Concentration-response data to rosiglitazone showing a reduction in NPg with increasing
concentration of drug (ICso = 13.5 + 0.5 uM, n = = 5 animals for each data point, eight animals in total [27 cells]). Pioglitazone had no

inhibitory effect on Kir6.1 NPg (n = 6 animals).

3.2 | The 40-pS channel has pharmacological
properties that match the K;.6.1 channel

To determine whether this newly identified Kiré.1-like channel dis-
played similar pharmacology to a Katp channel, established Katp mod-
ulators were used. The open probability (NPo) of the constitutively
active 40-pS channel was reduced by the pan-Katp channel blocker
glibenclamide (10 uM; Figure 2a,b) and had an ICsq of 47 + 4 nM. This

compares with an ICsq of 40 £ 10 nM for whole-cell recording of
hK;6.1/hSUR2B stably expressed in CHO cells (Figure S5). The selec-
tive K;6.1 pore-blocker PNU37883A (PNU) (Cui et al., 2003; Kovalev
et al., 2004; Teramoto, 2006), also significantly reduced the NPg of
the constitutively active channel (Figure 2c¢,d). PNU has been reported
to partially (40%) block K;,6.2/SUR2A channels at very high concentra-
tions (>10 uM) (Cui et al., 2003), but here, PNU blocked the constitu-
tively active channel with an ICso of 1.5+ 0.2 uM (Figure 2d). In
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whole-cell recording of hK;6.1/hSUR2B stably expressed in CHO cells,
we recorded a similar ICsq of 1.5 + 0.8 uM (Figure S5). In addition to
inhibitors, treatment with 150 uM pinacidil gave a significant increase
in the 40-pS channel activity but did not give a significant increase in
the activation of the canonical K;6.2/SUR2A complex (Figure 2e,f). In
whole-cell recording of hK;6.1/hSUR2B stably expressed in CHO cells,
we recorded an ECsq for pinacidil of 1.8 £ 0.6 uM (Figure S5). In
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further pharmacological evidence for K;6.1 channel activity,
rosiglitazone, a thiazolidinedione compound with a reported off-target
effect of blocking K;6.1 (Yu et al., 2011, 2012), inhibited the newly
identified channel with an ICsq of 14.5 + 0.5 uM, whereas the related
compound, pioglitazone, had no effect, as previously demonstrated by
Yu et al (Figure 2g-i). In whole-cell recording of hKir6.1/SUR2B in

CHO cells, rosiglitazone was able to inhibit pinacidil-activated current
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FIGURE 3 Rat ventricular myocyte glibenclamide-sensitive current, including that activated by pinacidil, has two components indicative of
distinct K;:6.1 and K;.6.2 channels. (a) Representative trace of background current recorded in the presence of selective K;6.2 blocker HMR1098
(HMR) (10 uM), HMR plus selective K;.6.1 blocker PNU37883A (PNU) (10 uM) and plus pan-Katp blocker glibenclamide (10 uM). Mean data in
(b) (*P<0.05, repeated measures ANOVA with Tukey's post-test, n = 6 animals [10 cells]). (c) Example trace from a whole recording from an
isolated cardiomyocyte at —20 mV in control conditions and the presence of 10 uM PNU and with 20 uM Ba?*. (d) Bar chart showing mean
inhibition of current simulated by a depolarising pulse to —20 mV in the presence of PNU and with Ba?* (*P<0.05, repeated-measures ANOVA
with Tukey's post-test, n = 5 animals [8 cells]). () Example trace of whole-cell recording with increasing concentration of pinacidil and (f)
corresponding concentration response profile from nine cells. (g) Example recording from a rat ventricular myocyte showing pinacidil activated
current at 0 mV partially inhibited by PNU37883A and fully inhibited by 10 uM glibenclamide. (h) Concentration-inhibition curve of the
glibenclamide-sensitive pinacidil-induced current by PNU37883A. ICs, for the PNU37883A-sensitive componentwas 1.9 + 0.3 uM (n =25
animal for each data point, 23 animals in total (39 cells). (i) Mean current normalised to cell capacitance in the presence of pinacidil, PNU37883A
and glibenclamide showing a significant reduction in current with PNU37883A and glibenclamide (*P<0.05, repeated-measures one-way ANOVA
with Tukey's post-test, n = 6 [control], 6 [10 uM PNU37883A] and 6 [glibenclamide]).
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with an ICso = 22.6 + 1.7 uM (Figure S5). As with the cell-attached
patch data, pioglitazone did not show any inhibition of whole-cell cur-
rent in CHO cells (Figure S5).

Consistent with the idea that canonical K;6.2/SUR2A channels
are inactive at rest while the newly identified channel is open, the
selective K;6.2 blocker, HMR1098 (Manning Fox et al, 2002;
Rainbow et al., 2005), had no effect on the whole-cell background
currents in cardiomyocytes, whereas application of PNU (a K;6.1
channel pore blocker) reduced resting currents at 0 mV (Figure 3a,b).
HMR1098 (a selective K;6.2/SUR2A blocker) was effective at

Control virus

kenj8 KD virus

Closed

oA C o

Kir2.x open level
Kir6.1 open level

reversing around 70% of the 200 uM pinacidil-induced current. Addi-
tion of PNU (a K;.6.1 pore blocker) was able to reverse the remaining
glibenclamide-sensitive current (Figure S6A,B).

Given the weakly rectifying properties, and constitutive activity,
of K;6.1 channels, it was hypothesised that the sum of activity of
Ki:6.1 and K;;2.x channels would contribute to the IK; current in car-
diomyocytes. To assess the putative contributions of K;.6.1 and K; 2.
x channels underlying the IK; current, 200 uM Ba?* was used, a
concentration known to block inward rectifier currents (Quayle
et al, 1993). At —20 mV, PNU was able to inhibit around 25% of
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FIGURE 4 Genetic manipulation of kcnj8 alters the constitutive activity of the proposed K;.6.1 channel. (a) Example traces of cell attached
recording from rat cardiomyocytes cultured for 48 h following a 3-h infection with adenovirus containing a control shRNA (top)or kcnj8-targeting
knockdown (bottom). (b) Mean NPg for the control and kcnj8-KD virus from five animals (*P<0.05, unpaired t test, 36 and 42 cells for control
virus and kcnj8-knockdown, respectively). Each data point represents the geometric mean of the day. (c) Example traces from WT (top) and
kenj8~/~ mouse-derived (bottom) cardiomyocytes. (d) Expanded example traces showing the opening of K;6.1 channels in the WT trace (top), but
not in the kcnj8~/~ mouse-derived cardiomyocytes (bottom). Red arrow in (c) shows where the expanded traces were taken from (e) mean
current-voltage relationship from WT animals for the putative K;.6.1 channel (n = 3 animals). (f) Mean NPg expressed by animal showing no
discernible activity of the putative K;;6.1 channel in kcnj8 '~ animals (n = 3 animals for both WT [17 cells] and kcnj8 '~ [19 cells]).
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the current, with up to 90% of the remaining current being sensitive
to Ba®* ion block (Figure 3c,d). These data, together with the single
channel current-voltage relationship (Figure 1b,c), further support
the hypothesis that this newly identified current is distinct from
Ki-2.x channels.

With perfusion of increasing concentrations of pinacidil, whole-cell
pinacidil-activated currents were detectable between 1 and 30 uM,
with a larger increase in current at concentrations >100 uM
(Figure 3e,f). These data are consistent with the hypothesis that there
are two Katp complexes in cardiac cells. In vascular smooth muscle cells,
which express Katp channels made up of K;;6.1/SUR2B subunits, the
application of 10 uM pinacidil is sufficient to give a substantial increase
in the Katp current. In contrast, in cardiac cells, where the canonical
complex is K;6.2/SUR2A, 100 to 200 pM pinacidil is required to evoke
a substantive response (Brennan et al., 2020; Lodwick et al., 2014;
Rainbow et al., 2005, 2006). In a CHO cell line stably expressing human
Ki6.1/SUR2B, maximal whole-cell current was activated by 10 uM
pinacidil with an ECsq concentration of ~1 uM (Figure S5A), which was
substantially lower than that reported for K;6.2/SUR2A (38 uM)
(Lodwick et al., 2014). In the presence of 200 uM pinacidil, to fully acti-
vate both the putative K;;6.1 and K;6.2 components of Ixatp, there was
a PNU-sensitive component that accounted for ~30% of the total Katp
current. Glibenclamide was added at the end of each recording to
establish a baseline of no Katp channel activity in the cardiomyocyte,
and so all data are expressed as glibenclamide-sensitive current. This
PNU-sensitive component had an ICsq of 1.6 + 0.3 uM (Figure 3g-i),
consistent with it being a K;6.1-pore block. Addition of 10 uM
HMR1098 to inhibit the K;6.2/SUR2A current, following perfusion
with 10 uM PNU, abolished the remaining glibenclamide-sensitive cur-
rent (Figure S6C,D). These data were also consistent with the findings
of the efficacy of PNU in a CHO cell line stably expressing K;6.1/
SUR2B, where the whole-cell pinacidil-activated current was inhibited
with an IC5q of 1.5 + 0.8 uM (Figure S5B).

3.3 | Manipulation of KCNJ8 expression changes
the putative K;.6.1 channel activity

To further investigate whether the 40-pS channel was indeed a chan-
nel formed of Kiré.1 subunits, an adenoviral shRNA construct was
introduced to the ventricular myocytes to knockdown K;.6.1 (KCNJ8-
KD), an approach used previously in rat ventricular myocytes for
K;6.2 (Storey et al., 2013). In cell-attached patch recording, the 40-pS
current was significantly reduced following 48-h infection with
KCNJ8-KD virus compared to a control virus (Figure 4a,b). This
KCNJ8-KD virus was also able to reduce the current in CHO cells sta-
bly expressing hK;.6.1/hSUR2B with knockdown confirmed by gPCR
(Figure S7). Finally, in a KCNJ8~/~ knockout mouse model, there were
no openings consistent with a K;6.1-like channel in the knockout ani-
mals, however this was present in the WT animals (Figure 4c-f).

The data presented in Figures 1-4 suggests on the basis of (1) bio-
physical characteristics (channel conductance, kinetics and rectifica-

tion), (2) response to pharmacological reagents, (3) constitutive
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activity and (4) shRNA knockdown, that the newly-identified 40-pS
channel is formed from K;6.1 subunits. Importantly, this channel is
distinct from the Kir2 family members also expressed in ventricular

cardiomyocytes.

3.4 | Direct K;6.1 inhibition prolongs ventricular
action potential duration, increases calcium
accumulation and increases contractile amplitude

The K6 family shows weak inward rectification (demonstrated in
Figures 1b,c and S3B) and is therefore active across the voltage range
experienced by cardiomyocytes during the cardiac excitation cycle.
Given the constitutive activity of the K;6.1-like channel recorded
across the range of membrane potentials, we hypothesised that inhibi-
tion of this channel would prolong the cardiac action potential dura-
tion (APD) and alter Ca* transient amplitude and duration. To assess
this, rat cardiomyocyte APD was measured in the presence and
absence of K;.6.1 blocker PNU (3 uM) and pan-Katp channel blocker
glibenclamide (10 uM). The APDyg was prolonged by 20-30 ms in the
presence of either PNU or glibenclamide (Figure 5a,b). Neither drug
altered the resting membrane potential, which is likely due to the
small driving force at resting potentials for K" currents. Additionally,
shRNA-KCNJ8 knockdown caused a prolongation of the action poten-
tial in rat ventricular myocytes (Figure 5b). These data are consistent
with computer simulations of the ventricular AP, where partial block
of the K;6.1 current, by modelling the effects PNU on the open prob-
ability of the channel, prolonged the duration of the simulated AP
(Figure 5c), consistent with the prolongation seen in rat cardiomyo-
cytes (Figure 5a). Furthermore, complete removal of the model's
Ki:6.2 current under physiological conditions did not alter APD
(Figure S8). Consistent with its high ATP-sensitivity, K;6.2 only short-
ened APD when intracellular ATP was reduced as previously shown
both experimentally (Nakayama et al., 1990) and in computer simula-
tions (Matsuoka et al., 2003). PNU (3 pM) also increased [Ca?*]; in
cardiomyocytes during the calcium transients as measured by the area
under the curve and peak Fluo-4 signal (Figure 5d,e), which resulted in
larger myocyte contractions when measured using video edge detec-
tion (Figure 5f,g). These data suggest that the constitutive activity of
these K;.6.1-containing channels influences APD and thus the amount

of Ca?" entering the cell during the cardiac excitation cycle.

3.5 | K;6.1 potentiation by pinacidil shortens the
action potential duration, reduces calcium
accumulation during each contractile cycle and
reduces the amplitude of contraction

Having demonstrated that pharmacological inhibition and K; 6.1 subu-
nit knockdown can prolong the APD (Figure 5), we hypothesised that
activation of the K;6.1 channel would cause AP shortening. To test
this, pinacidil (150 uM) was used to potentiate K;6.1 since this con-
centration had no effect on K;6.2 activity in cell attached recordings
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FIGURE 5

(e) (i)

Direct K;.6.1 inhibition prolongs the cardiac action potential duration and increases calcium transient and contractile amplitude.

(a) (i) Representative traces of ventricular cardiomyocyte action potentials in the absence (control) or presence of either 3 uM PNU or 10 uM
glibenclamide. (ii) Bar chart showing the mean change in APDyo by PNU37883A (PNU) or glibenclamide from control (*P<0.05, repeated-
measures ANOVA with Holm-Sidak's post-test, n = 5 animals [10 cells]). (b) Mean APDg for control and KCNJ8-KD virus-treated cells (*P<0.05,
unpaired t test, n = 11 animals [39 cells] in each dataset). (c) A Rudy-O'Hara-based CellML simulation of the human ventricular AP modified to
contain both K;.6.1 and K;.6.2 Katp channels. Simulation of the application of 10 uM PNU to inhibit K;.6.1 caused a prolongation of the APDg,.
(d) Representative traces of calcium transients in presence and absence of 3 uM PNU. (e) Calcium transients a have a larger (i) area under the
curve (AUC) and (i) change in peak Fluo-4 signal, indicative of increased [Ca®*]; (*P<0.05, paired t test, n = 12 animals). (f) Edge-detection
measurements in presence and absence of 3 UM PNU. (g) Analysis shows that exposure to 3 uM PNU increases (i) AUC and (i) contraction
amplitude in isolated cardiomyocytes (*P<0.05, paired t test, n = 6 animals).

(Figure 2e,f). There was a significant APD shortening with 150 uM
pinacidil (Figure 6a,b). In the computer model, we also demonstrated
that there was a concentration-dependent effect of potentiation of
the two K;.6-containing currents with a small K;.6.1-dependent short-
ening with 10 uM pinacidil-induced K;6.1 potentiation, and a more
significant  shortening with K;6.2 with

activation, higher

concentrations of pinacidil (Figure 6c). This was corroborated in rabbit
ventricular myocytes (Figure S8). In our hands, 200 uM pinacidil
evoked a whole-cell Katp current with contributions from both K;.6.1
and K;6.2. To assess the effects of K;6.1 and K;.6.2 individually on
Ca?* and contractile function in cardiomyocytes, 50 uM pinacidil was

used to selectively potentiate K;6.1 while 200 uM was used to
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FIGURE 6 Direct K;6.1 activation shortens the cardiac action potential duration and reduces Ca?* transient and contractile amplitude.

(a) Example action potential traces in control and in perfusion with Tyrode's solution containing 150 uM pinacidil. (b) Bar chart showing the mean
change in action potential duration (APD) APDyq from control with increasing concentrations of pinacidil (*P<0.05, repeated measures ANOVA,
with Dunnett's posttest, n > 5 animals per pinacidil concentration, one to two concentrations of pinacidil applied to each cell). (c) A Rudy-O'Hara-
based CellML simulation with the effects of pinacidil activation modelled in the activation of the two K;6 channels. Activation of solely K;6.1
resulted in a shorter APDgg, while this was further enhanced when the effects of pinacidil on K;,6.2 were also modelled (note that 10 and 50 uM
pinacidil [K;;6.1 only] data are near identical and so overlay on the example trace). (d) Representative traces of cardiomyocyte Ca?™ transients
recorded using fluo-4 in the absence and presence of 50- (top) or 200 uM pinacidil (bottom). Bar charts show (e) the changes in duration of
transients, (f) amplitude of the transient (change in F/Fg) and (g) area under the curve (AUC) (*P<0.05, paired t test between control and following
5-min perfusion with pinacidil, n = 12 animals for each data set). (h) Representative traces of video edge-detection measurements from
cardiomyocytes in the absence and presence of 50- (top) or 200 uM pinacidil (bottom). Bar charts show the (i) mean change in duration of
contraction, (j) the change in amplitude of contraction and (k) the AUC (*P<0.05, Paired t-test between control and following 5 min perfusion with
each pinacidil concentration, n = 8 animals for each data set).
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additionally activate K;6.2/SUR2A. With 50 uM pinacidil, there was a
smaller Ca?* transient amplitude generated in response to electric
field stimulation as hypothesised with a shorter APD (Figure 6d-g)
and similar changes in contractile function (Figure 6h-k). Interestingly,
in some cardiomyocytes treated with 200 uM pinacidil, there was a
complete absence of Ca* transients in response to field stimulation
(Figure S9A,B). These findings were also seen in contractile function
measured by video edge detection, where some cardiomyocytes trea-
ted with 200 puM pinacidil showed complete contractile failure
(Figure S9C,D). This is most likely indicative of the activation of
Ki-6.2/SUR2A channels with the higher pinacidil concentration. Signif-
icant activation of this current would shorten the APD to such a

degree that Ca?*-influx and contraction is compromised.

4 | DISCUSSION AND CONCLUSIONS

In this report, we show that K* channels that are biophysically, phar-
macologically and genetically identical to K;.6.1-containing channels
are expressed and constitutively active in the ventricular myocardium.
We demonstrate that the current generated by these channels plays a
role in fine-tuning the ventricular APD and thus influences both the
size of the Ca?™ transient and contractile activity.

Forty years on from Noma's first description of the Katp channel
in the heart (Noma, 1983), we still do not fully understand the role of
these channels, despite their known property of matching electrical
excitability to cellular metabolism. In the last decade, K;6.1 channels
have been shown to regulate heart rate by altering the sinoatrial node
APD (Aziz et al., 2018), and also coronary vasodilation (Aziz
et al., 2014), due to the channel's expression in vascular smooth mus-
cle. Here, we report a fundamental role for the Kiré.1-containing

channel in the heart at the ventricular sarcolemmal surface where
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lllustrative figure of the proposed activities of the two distinct populations of K;.6 channels at the ventricular cardiomyocyte cell

potentiation of the channel imparts action potential shortening and
changes in Ca?* homeostasis (Figure 7). This supports previous find-
ings from multiple labs that have identified K;6.1 channel expression
on the membrane surface (Morrissey, Parachuru, et al., 2005; Morris-
sey, Rosner, et al., 2005; Singh et al., 2003). This report does not rule
out or support the existence of K;6.1 channels in the mitochondria;
however, it does support a role for a sarcolemmal-K;.6.1 channels
under physiological conditions in ventricular myocytes.

Katp channel pharmacology in the heart is complicated by numer-
ous reports identifying both proarrhythmic and antiarrhythmic effects
of Katp channel openers and blockers (Brady & Terzic, 1998). During
ischaemia, significant shortening of the APD caused by Katp channel
activation can result in two contrasting consequences: (1) reduced
Ca?* influx via voltage-gated Ca®" channels, resulting in a decreased
arrhythmia risk from delayed after depolarisations, and (2) reduced
refractoriness, resulting in an increased occurrence of re-entrant
arrhythmias (Brady & Terzic, 1998). This report raises the possibility
that perhaps only the canonical of the two sarco-Katp channels in car-
diomyocytes (K 6.2/SUR2A), rather than all Katp channels, is mecha-
nistically responsible for the reports of arrhythmias during ischaemia.
This is a reasonable suggestion given the distinct properties of the
two Katp channels at the ventricular membrane. K;.6.2 channels, acti-
vated in high concentrations of pinacidil or metabolic poison, conse-
quently cause a marked shortening of APD. This is comparable to the
established effects of gain-of-function hERG mutations in short-QT,
which cause arrhythmias via shortening of the APD and refractoriness
(Brugada et al., 2004). In contrast, K; 6.1 are constitutively active and
provide subtle shortening of the action potential and so may not
affect refractoriness. We infer, from the constitutive activity in normal
physiological conditions, a relative ATP-insensitivity of these channels.
Interestingly, key differences between global and vascular-specific

Ki-6.1 knock-out could be explained by ventricular K;.6.1 expression
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(Aziz et al., 2014; Dart, 2014; Miki et al.,, 2002). Both global and
vascular-specific K;6.1-KO mice are hypertensive, but global K;6.1
knockouts also display ST-elevation, indicative of acute myocardial
ischaemia and are prone to sudden death. The lack of ST-elevation
and sudden death in vascular-specific K;6.1 knockouts could be
attributed to ventricular K;.6.1 imparting a crucial modulatory role in
the action potential and calcium handing of the myocardium. A limita-
tion of the data presented in this study is that it is all based on rodent
rather than human cardiomyocytes. Indeed, our computer model of
the cardiac action potential, which is based on human data, showed a
more modest change in APD compared to those recorded in rodent
cardiomyocytes. This perhaps reflects a limitation in using rodent data
to inform human cardiac models. It will be important to establish the
functional expression levels of the K;:6.1 component in human cardio-
myocytes for future studies.

The pharmacology and kinetics of the newly identified cardiac
channel is similar to published literature on K;6.1 channels in other
tissue; however, care should be taken in comparing the responses of
channels in different tissues as other proteins in the complex may lead
to different kinetic properties. Furthermore, the identity of the SUR
subunit coexpressed with this K;.6.1 channels is yet to be determined.
The data from CHO cells stably expressing K;.6.1/SUR2B suggest that
10 uM pinacidil fully activates the K;.6.1-pore; however, previous data
from K;.6.1 coexpressed with SUR2A shows that the ECsq for pinacidil
is somewhat right shifted (~45 uM) (Lodwick et al., 2014). As we do
not currently know the SUR2 subunit that is coexpressed with the
Ki-6.1 subunit, it is entirely plausible that there is a mixed population
of K;:6.1 with either SUR2A or 2B in ventricular myocytes. From our
cell-attached data, it is clear, however, that we do not see K;.6.2 activ-
ity below 150 uM pinacidil. The published ICso concentrations for
PNU37883A in K;:6.1/SUR2B or vascular Katp channels (6 uM, Cui
et al, 2003; 4.9 uM, Kovalev et al., 2004; 3.5 uM, Wellman
et al., 1999) are not dissimilar to our own observations in this study
(~2 uM, depending on the configuration of recording). The similar
glibenclamide efficacy (~47 nM, and closely mimicked with Kiré.1/
SUR2B expressed in CHO cells, ~40 uM) and potentiation with
pinacidil at concentrations analogous with that in smooth muscle lend
further evidence to this being a K;:6.1 channel. The inhibition of the
Ki6.1 channel by rosiglitazone, however, not by the related com-
pound pioglitazone, is similar to findings by other groups further add-
ing to the evidence of this channel being K;.6.1. Finally, the kinetics of
the channel activity observed in these cell-attached recordings was
similar to those in HEK293 cells expressing K;:6.1/SUR2B (Davies
et al., 2010). Differences between these two studies, where the kinet-
ics of the channel appear faster in the cell-attached data presented
here, may be due to the HEK293 cell data in Davies et al. being
recorded at room temperature, with this current study being at
32 + 2°C. The selectivity of pharmacological modulators of Katp cur-
rents for the different K;;6/SUR combinations appears to differ with
expression system, tissue used and even the temperature at which
the recording is made. When investigating Katp pharmacology in this
study, we have endeavoured to use concentrations that are known to

be as selective as possible for the channel subunit configuration under
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investigation while maintaining temperature consistent across all cel-
lular recordings, where possible (Cui et al., 2003; Findlay, 1993;
Kovalev et al., 2004; Rainbow et al., 2005; Sheppard & Welsh, 1992).

A role for this putative sarco-K;6.1 in the modulation of the
action potential duration is supported by our current report. Although
we believe that this newly identified Kiré6.1 channel is relatively ATP-
insensitive, given that it is active in normal physiological conditions,
we have not investigated a role for this channel during metabolic com-
promise. Further study of this channel, in both physiological and
ischaemic conditions, will be required to determine whether selective
Ki-6.1 modulation could be a novel therapeutic target for the treat-
ment of acute coronary syndromes, arrhythmias, and reversal of drug-
induced long-QT syndrome, or whether this is an overlooked target in
Comprehensive in vitro Proarrhythmia Assay (CiPA) cardiac safety
screens. The presence of this channel in cardiomyocytes isolated from
multiple different species, including rat, mouse, guinea pig, rabbit and
pig cardiomyocytes, gives us a good indication that there is at least
functional expression of this isoform at the sarcolemmal membrane of
all of these species. The NP recorded from the channels in each spe-
cies, however, did vary, and so future work is required to assess the
relative contribution of this channel to the membrane currents in
the different species.

This study shows that there are two functionally-distinct popula-
tions of Katp channel located at the sarcolemma of cardiomyocytes:
(1) constitutively active Kiré.1-containing channels that provide a
modulatory role on the action potential and so on Ca%" handling dur-
ing excitation-contraction coupling and (2) the canonical K;.6.2/SUR2A
channels that activate only after prolonged ischaemia to impart late-
stage protection against catastrophic ATP depletion (Figure 7). The
opening of this, larger conductance, K;6.2/SUR2A complex is enough
to cause complete action potential failure as an energy-sparing protec-
tive process. The finding of a constitutively active K;.6.1-containing
population of Katp channels in cardiomyocytes provides an explana-
tion to the paradox that Karp channel activation is cardioprotective;
however, activation of the known cardiac isoform, K;.6.2/SUR2A, is
delayed in cardioprotected cells (Brennan et al., 2015). We present
data that show that in cardiomyocytes, increases in the constitutive
activity of K;6.1-containing channels lead to a modest shortening of
the APDyo and reduced intracellular Ca®* levels.

This study suggests that K;6.1 has a constitutive activity in ven-
tricular cardiomyocytes that ‘fine tunes’ action potential duration in
normal physiological conditions. Prolonged ischaemia will result in a
collapse of intracellular ATP levels and the opening of canonical
Ki16.2/SUR2A channels as an energy-sparing last-line-of-defence, pro-
viding distinct physiological/pathophysiological roles for these two

members of the K6 family.
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