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Aims

Methods
and results

Conclusion

Cardiac electrophysiological heterogeneity includes: (i) regional differences in action potential (AP) waveform, (ii)
AP waveform differences in cells isolated from a single region, (iii) variability of the contribution of individual ion
currents in cells with similar AP durations (APDs). The aim of this study is to assess intra-regional AP waveform dif-
ferences, to quantify the contribution of specific ion channels to the APD via drug responses and to generate a
population of mathematical models to investigate the mechanisms underlying heterogeneity in rabbit ventricular
cells.

APD in ~50 isolated cells from subregions of the LV free wall of rabbit hearts were measured using a voltage-
sensitive dye. When stimulated at 2 Hz, average APDyq value in cells from the basal epicardial region was 254 + 25
ms (mean + standard deviation) in 17 hearts with a mean interquartile range (IQR) of 53 £ 17 ms. Endo-epicardial
and apical-basal APDg, differences accounted for ~10% of the IQR value. Highly variable changes in APD occurred
after IK(r) or ICa(L) block that included a sub-population of cells (HR) with an exaggerated (hyper) response to
IK(r) inhibition. A set of 4471 AP models matching the experimental APDyq distribution was generated from a
larger population of models created by random variation of the maximum conductances (G.x) of 8 key ion chan-
nels/exchangers/pumps. This set reproduced the pattern of cell-specific responses to ICa(L) and IK(r) block, includ-
ing the HR sub-population. The models exhibited a wide range of G, values with constrained relationships linking
ICa(L) with IK(r), ICl, INCX, and INaK.

Modelling the measured range of inter-cell APDs required a larger range of key G, values indicating that ventricu-
lar tissue has considerable inter-cell variation in channel/pump/exchanger activity. AP morphology is retained by
relationships linking specific ionic conductances. These interrelationships are necessary for stable repolarization de-
spite large inter-cell variation of individual conductances and this explains the variable sensitivity to ion channel
block.

* Corresponding author. Tel: (+44) 141 330 5963, E-mail: godfrey.smith@glasgow.ac.uk

TThe first two authors contributed equally to this work.

© The Author(s) 2022. Published by Oxford University Press on behalf of the European Society of Cardiology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted
reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

220z Jaquisoa( 0z uo Jasn Aieiqr Alsiaaiun mobsels) Aq 68Z22059/2 1L LE/SL/8) |/8|oNIB/S8I0SBACIPIEd /W02 dNo"dIWapeo.//:sd)y Wol) PapEojuMo(]


https://orcid.org/0000-0002-5413-0500
https://orcid.org/0000-0001-8888-1380
https://orcid.org/0000-0002-6970-6250
https://orcid.org/0000-0001-9026-0073
https://orcid.org/0000-0003-4670-361X
https://orcid.org/0000-0002-2207-5789
https://orcid.org/0000-0003-4821-9741
Undefined namespace prefix
xmlXPathCompOpEval: parameter error
xmlXPathEval: evaluation failed


Electrophysiological heterogeneity in the ventricle

3113

Graphical Abstract

LV cells

Normal ECG

2

W
o
1
w

Proportion (%)
N
<

0 100 200 300 400

30% p—
IKr block

Keywords

1. Introduction

The ventricular action potential (AP) waveform is the crucial first step in
excitation—contraction (E-C) coupling. The time-course and magnitude
of AP Phases 0-3 are a consequence of a complex pattern of trans-
sarcolemmal current flow mediated by ion channels, electrogenic
exchangers, and pumps. Any change to the dynamic balance of ionic cur-
rents caused by environmental (e.g. drugs) or genetic factors (e.g. single
nucleotide polymorphisms) affects the AP waveform and can have fatal
pro-arrhythmic consequences.” The timing of repolarization in the left
ventricle (LV), and hence the QT interval, is key to stable ventricular
electrophysiology. The average corrected QT value (QT,) in humans is
close to 400 ms [e.g. 408+ 27 ms, mean # standard deviation (SD)],*
with variation across a population quantified by an SD of 30-35 ms.?
Individuals with shorter or longer than normal QT. values are at higher
risk of death from cardiovascular causes." Genetic variation within the
human population is thought to account for about 50% of the QT varia-
tion,* presumably through variations in expression and activity/kinetics
of ion channels associated with the AP. Computational models indicate
that large variations in ion channel activity between individuals (inter-in-
dividual differences) may underlie the range of APD/QT times in the
population.>® In support of this view, a recent study showed large inter-
individual variation in mRNA levels for a range of ion channels and intra-
cellular proteins.” Computational studies have shown that this large
inter-individual variation in ion channel activity can be tolerated through
functional overlap and specific correlations between ion channels.®” This
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concept is established in neuroscience

and evidence is now emerg-
ing of similar key relationships in cardiac-specific mRNA levels from mo-
lecular studies in humans.”

Both molecular and computational studies have treated the LV myo-
cardium, a syncytium containing around 108 myocytes, as having only re-
gional variations in cellular AP waveform.” A recent study’ matched a
series of single-cell computational models with inter-subject and intra-
subject variation in AP characteristics of human ventricular trabeculae
(>10° coupled myocytes)."* However, no studies to-date have assessed
between-cell variation in AP waveform experimentally, although previ-
ous studies have demonstrated cell-to-cell variability in atrial’>"® and
ventricular cells.'” In the past, technical limitations prevented large
enough sample sizes (>30) being achieved in one heart, and therefore
data represented combined inter- and intra-individual electrophysiologi-
cal variability.

In this study, inter-cell variation in LV AP waveforms was examined
within individual hearts and compared to regional differences and differ-
ences between individuals. The data revealed a large variation in APD,
2-3x that observed regionally within the intact ventricle. Furthermore,
the addition of ion channel blocking drugs dofetilide and nifedipine
caused a range of effects within cells from one animal suggesting that ge-
netically identical cells contained sub-groups of cells with different
responses to drugs. The mechanistic basis for this behaviour was exam-
ined using a previously published model of rabbit ventricular electro-
physiology."® This showed that the range of cellular electrophysiology
within one individual could be explained by an even larger variation in
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the expression levels of key proteins if certain coupled expression rela-
tionships were retained. This population of models replicated the range
and features of different drug responses and represents the first set of
AP models to reproduce the underlying inter-cell variation in ventricular
cells from individual hearts.

2. Methods

2.1 Cardiomyocyte isolation

Procedures were undertaken in accordance with the UK Animals
(Scientific Procedures) Act 1986 under Project Licence (PPL
IE143D87F). New Zealand White male rabbits (2-2.5 kg) were given an
intravenous injection of 500 iU heparin together with an overdose of so-
dium pentobarbitone (100 mg/kg) and their hearts removed. Isolated
hearts were perfused retrogradely (25mL/min 37°C) with nominally
Ca*"-free Krebs-Henseleit solution" containing 0.6 mg/ml collagenase
(Type 1, Worthington Chemical), 0.1 mg/mL protease (Type XIV, Sigma)
for 6-8 min. The LV free wall was dissected, and the endocardial and epi-
cardial layers were dissected out (1-1.5 mm layers). In some cases, basal
and apical segments were segregated (~1 cm separation).

Aliquots of cells were loaded with the voltage-sensitive dye FluoVolt
(0.17 pL/mL, Thermo Fisher Scientific) in the Krebs medium for 25 min
(20°C) before being washed with Kerbs-Henseleit solution (extracellular
Ca*t 18 mmol/L) as described previously19 and placed on a 35 mm dish
with a cover-glass base in an environmentally controlled stage incubator
(37 £ 1°C). The FluoVolt fluorescence signal was recorded from individ-
ual cells using a40x (NA 0.95) objective lens. Excitation wavelength was
470 =20 nm using a light-emitting diode and emitted light was collected
by a photomultiplier at 510-560 nm and digitized at 10 kHz. FluoVolt
staining and AP signals were retained for up to 5 h The CellOPTIQ soft-
ware controlled the XY position of the bath using a motorized stage,
allowing cell locations to be saved for repeated measurements in the
same cell, before and after drug. Uniform rod-shaped cells with apparent
striations were stimulated at 2 Hz using a 2 ms duration voltage pulse at
1.5x threshold via carbon plate electrodes. Cells able to follow 2 Hz
field stimulation for >4 min were included. This criterion may result in an
underestimation of natural cell-to-cell variability, as shown by a recent
study, ventricular cardiomyocytes stimulated at low rates (1Hz) can ex-
hibit very variable electrophysiology.17

2.2 In silico modelling of rabbit myocyte
electrophysiology

A biophysically realistic mathematical model of rabbit ventricular cells'
describing ionic currents and Ca*-handling in the rabbit ventricular
myocyte was used. The model includes major transmembrane currents
responsible for AP generation and incorporates multiple intracellular
compartments for Ca®* signalling. A preliminary parameter sensitivity
analysis following the approach of Romero et al.?® indicated that the con-
ductance of 8 ionic currents, namely sodium/potassium pump current
(INaK), rapidly [IK(r)] and slowly activating inwardly rectifying potassium
current [IK(s)], inward-rectifier current (IK1), transient outward potas-
sium current (Ito), Na/Ca exchanger current (INaCa), L-type Ca current
[ICa(L)] and background Chloride current (IClb), exert the largest influ-
ence on repolarization (see Supplementary material online, Figure $12).
To capture inter-cell variability 30 000 variants with different values for
these conductances were generated from uniform distributions using
Latin hypercube sampling. The parameter ranges were partitioned in
30 000 equal size intervals, values were randomly sampled with one

from each interval and were then randomly permuted giving an eight-
dimensional, near-random sample of conductance values. Sampling every
possible combination of parameter values in a high-dimensional space is
computationally demanding, if not infeasible for all but the lowest resolu-
tions. The Latin hypercube sampling method provides an efficient and
unbiased coverage of complicated parameter spaces with a user control
of the number of samples required. The Latin hypercube sampling
method has been used extensively since the 1970s and is popular in the
context of constructing experimentally calibrated populations of cardiac
models.”*'2* Each model in the random initial population was inte-
grated in time with a relative tolerance of 02 x 107 employing an
adaptive-step, adaptive-order method for systems of stiff ordinary differ-
ential equations based on numerical differentiation formulas,* as imple-
mented in MATLAB (Version 9.6 R2019a Natick, MA, USA: The
MathWorks Inc). Various re-parametrizations of the original Shannon
model,'® are available in the literature.”> We do not expect significant
advantages in using a different parametrization. In fact, such a parametri-
zation is not essentially different from any member of the randomized
populations considered in our study as it retains the exact same mathe-
matical form and structure of the model equations and only differs in its
parameter values. Each member of the initial population was stimulated
by a constant current pulse at 2 Hz, a train of 1000 APs was computed,
and the last two APs were recorded for depolarization/repolarization
‘biomarker”® extraction and further analysis. Model variants were
rejected from the initial sample population if they failed to depolarize
above OmV or if they had a resting V., >—65 mV. Model variants were
also removed if the difference in APD90 between the last two APs was
>5 ms (~3% of APD90), for further details see subsection ‘Stability of
the action potential train’ in the Supplementary material online, Methods.
Traditionally, modelling studies have focussed on a single model taken as
a typical representation and used to explain experimental results, eluci-
date mechanisms and generate predictions. More recently, population-
based modelling approaches have become popular and have been ap-
plied to perform (i) parameter sensitivity analysis, including mainly maxi-
mal ionic conductances but also parameters controlling rates of ion
transport, for example, gate kinetics and voltage dependanceszé'27
(ii) to explore patterns of variability between behavioural classes,
e.g. normal response vs. hyper-response (HR). The main focus of these
studies is to compare populations of APs generated by experimental and
computational methods with the simplest possible AP repolarization
biomarker (APDgo), therefore further analysis of the population of com-
putational models?*3°

and
828,29

was reserved for future studies.

2.3 Statistical analyses

These were carried out using GraphPad Prism 8 and the statistical com-
puting environment R. Comparisons between two normally distributed
groups were made using Student’s t-tests, paired where appropriate.
Non-normally distributed, unpaired groups were compared using the
non-parametric Mann—Whitney test, and Wilcoxon matched-pairs
signed-rank test for paired sets. Comparisons between three or more
groups were made using one-way analysis of variance, repeated-
measures where appropriate, with Bonferroni’s correction for multiple
comparisons. A value of P <0.05 was considered statistically significant.
Relationships between pairs of ionic current conductances were ana-
lysed using a Spearman’s rank partial correlation coefficient to eliminate
effects of other simultaneously varying conductances and to limit the
sensitivity to outliers.
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3. Results

3.1 Distribution of APD values from a

sample of collocated rabbit ventricular cells
As shown in Figure 1A, brief (~2.5s) recordings of optical APs were ac-
quired in rapid succession from >100 single rabbit LV cardiomyocytes af-
ter stimulation for 4-5 min at 2 Hz. The beat-to-beat variability of APDgq
was assessed as described previously'® and was <2% at 2Hz
(Supplementary material online, Figure ST), consistent with micro-
electrode recordings.®’

AP biomarkers were derived from the averaged waveform
[Figure 1A(ii)]. Three example waveforms of averaged optical AP signals
are shown in Figure 1B(i) to indicate the range of APDs encountered
from contracting cells of normal morphology selected at random in the
dish. The distribution of APDgq values from 150 cells recorded in a single
session from a single heart is shown in Figure 1B(ii). A skewed distribution
is observed with a median APDgg of 243 ms and an interquartile range
(IQR) of 45ms. The distribution, median, and IQR values of other AP
parameters are shown in Supplementary material online, Figure S2.
Similar AP characteristics were recorded from LV myocytes from 17
hearts, and IQRs were independent of dissociation yield (data not
shown). The APDgo median and IQR were dependent on stimulation fre-
quency (Supplementary material online, Table S7). The IQRs at 1Hz
were ~100% >2Hz (84 £ 12 vs. 38+ 4 ms, P<0.01) and values at 3Hz
stimulation (27 = 4 ms) are ~30% smaller than those at 2 Hz (P < 0.01).

-—
-
-
-

(i)

Cell 1 Cell 2 Cell 3

250 ms

3.2 Distribution of APD values in
subregions of the LV free wall and between
different hearts

The large variation in APDgg at near-normal heart rates (120 bpm)
includes apical/basal and endo/mid/epicardial myocytes that have differ-
ent average APDqg as previously reported.2° To assess the contribu-
tion of regional heterogeneity to the overall range of APDyg values,
relevant subregions were compared. As shown in Figure 2A and B, the
distributions of APDgq from these subregions have similar spread with
IQR ~50 ms [Figure 2C(i)]. As expected, endocardial APDgg was longer
than epicardial [17 £ 6 ms, P <0.05; Figure 2A(ii)] and apical APDgy was
longer than basal [30 £ 6 ms, P <0.05; Figure 2B(ii)]. The relatively large
inter-cell variation in APDgg compared with these regional differences
means that most of the cells in different LV regions have overlapping
electrophysiological properties. The mean AP data from example
individual hearts is shown in Supplementary material online, Tables S5
and Sé.

To assess the population variation in APDgg and IQR from the same
region, median and IQR of basal epicardial cells were compared across
17 hearts at 2 Hz. Figure 2C shows that the average intra-heart IQR of
51ms is comparable with the estimated inter-heart IQR of 45ms
(n=17). Although the occurrence of inter-heart variation in APDyg is
established, this is the first report to quantify intra-heart APDgq variabil-
ity; and shows that, at 2 Hz stimulation, 50% of cells have APDgq >£25
ms from the median.

I APD30

APDS0
w
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(it Cell 2
N =150
median =243 ms
= 901 IQR  =45ms
s
'E 20"
o
&
& 104
0-

0 100 200 300 400
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Figure | [A(i)] Optical APs recorded during field stimulation of a single isolated rabbit cardiomyocyte. [A(i))] Averaged AP of train in [A()], including
TRise, time from 10% to 90% of upstroke; APD3o, time from mid-point of upstroke to 30% repolarization; APDgg, time from mid-point of upstroke to
90% repolarization. [B(i)] APs sampled from three cardiomyocytes from a single rabbit LV. [B(ii)] APDyq distribution in 150 cells from the same LV.

220z Jaquisoa( 0z uo Jasn Aseiqr Ausiaaiun mobse|s) Aq 68Z22059/Z 1L LE/SL/8) L/8|oNIB/S8I0SBAOIPIED /W02 dNo"dIWSpeo.//:SdNy WOl PAPEojuUMO(]


https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab375#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab375#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab375#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab375#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab375#supplementary-data

3116

Q. Lachaud et al.

A B (&
() i) (i)
204 0 EPI B ENDO O BASE O APEX 60- IQR =51 ms
o e 0 7 N =17
S 154 £ f =
5 5 207 e
s " = S
] 54 Median APD90 5' 104 Median APD90 e 20+
o endo: 265 ms (o base: 261 ms o
epi :244ms apex: 282 ms
0" O 0 T T 1 0"
150 200 250 300 350 100 200 300 400 0 50 100
) APDgq(ms) _ APDgo(ms) _1QR (ms)
(ii) (i) (ii)
- A=17+6ms _ A=30x6ms . I 1
591 “L<ooe s < 40- IQR = 45 ms
E E 3504 Pt N=17
3 3 g
g 2507 g %% S 20-
c c 250- e
% % 200 o
2 2004 2
. . 150 . . 0-
EPI  ENDO BASE APEX 200250300
Median APDgg(ms)

Figure 2 [A(i)] Distributions of APDgg in LV endocardial and epicardial cells from a single heart. [A(i))] Comparison of median endocardial and epicardial
APDy in five hearts. [B(i)] Distributions of APDgg in LV basal and apical cells from a single heart. [B(ii)] Comparison of median apical and basal APDgg in
12 hearts. [C(i)] Distribution of IQRs for APDgg in 17 hearts. [((ii)] Distribution of median APDgq from basal LV epicardium in 17 hearts. Statistical com-
parison between the paired data sets shown in [A(ii)] and [B(ii)] was made using a Student’s t-test.

3.3 Effects of dofetilide and nifedipine on
APDy, in populations of LV cells

To examine the response to ion channel blocking drugs, APs were
recorded before and after 30 nM dofetilide (Figure 3B) or 1 uM nifedipine
(Figure 3C). Maximal concentrations were not used to minimize non-
specific effects of the drugs®? or a high incidence of non-repolarizing
responses. As shown in Figure 3A, dimethlysulphoxide (DMSO) control
(0.05%) did not change APDgo. AAPDg, was not correlated with base-
line APDgg and was normally distributed (0 £ 23 ms mean £ SD).

Figure 3B(i) shows the response to dofetilide in two different cells with
comparable baseline APDgq. In one, APDqg increased, while in the other,
dofetilide caused a prolonged plateau that did not repolarize within the
cycle time (500ms). The latter response was seen in 12% of cells
(Supplementary material online, Table S2); termed ‘HR’. The range of
APDgq values before and after addition of dofetilide from a representa-
tive heart is shown in Figure 3B(ii), indicating most of the cells showed an
increase in APDgg (‘normal responders’ NR), including some cells with
no change (<5 ms) or even a decrease (1020 ms) in APDgq. This was
comparable with the APD shortening seen in DMSO and so consistent
with the normal temporal variation in repeated measures. The range of
AAPDgq with dofetilide is shown in Figure 3B(iii). In HRs APDgq quantifi-
cation was not possible as, by definition the AP had not repolarized
within the pacing cycle length, and so the minimum AAPDgq was plotted
[e.g. a 280ms AP which shows an HR response during 500 ms pacing
must have prolonged by at least 220 ms (500—280 ms)]. Baseline APDgq
was not significantly different between HR and NR, for the heart

featured in Figure 3, NR vs. HR, 258 £ 48 vs. 299 £ 44 ms, (mean + SD),
indicating a considerable overlap of cells with similar APDgyq values but
distinct responses to IK(r) inhibition. The response to dofetilide in popu-
lations of cardiomyocytes from several hearts is summarized in
Supplementary material online, Table S2 (656 cells from 12 hearts). On
average, 12% of cells in each heart were HRs, but in no cells were early
after-depolarizations (EADs) recorded, suggesting an incidence of <2%.

Figure 3C shows the response of a population of cells from a single
heart to 1 uM nifedipine. Figure 3C(i) illustrates the response of two cells
in the same dish; one cell showed a pronounced decrease in APDgg, the
other a much smaller effect. The range of paired APDgyy values are
shown for a group of 44 cells from a single heart, most showed a de-
crease in APDg, but a sizeable group of cells failed to show a significant
APDgyq decrease (<5 ms). The relationship between baseline APDgyg and
AAPDgq is shown in Figure 3C(iii). In general, cells with relatively short
baseline APDyq showed minimal responses to nifedipine. Cells with lon-
ger APDg values show a range of responses to nifedipine at the same
concentration. The data are summarized in Supplementary material on-
line, Table S2.

3.4 In silico modelling of experimentally
observed APDy, values

To investigate the basis for this inter-cell variability in APD, an in silico
pipeline was constructed using a well-established rabbit ventricular AP

1.18

model. © The model predicts a similar AP shape to those recorded ex-

perimentally but with a duration ~50 ms lower at 2 Hz (Figure 4A). The
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Figure 3 [A(i)] Single-cell AP traces at baseline (blue) and with vehicle (0.05% DMSO; red). [A(ii)] Paired APDgg before and after vehicle (n =37 cells, 1
heart). [A(iii)] AAPDgq on addition of vehicle vs. baseline. [B(i)] Single-cell AP traces showing two typical NRs to 30 nM dofetilide. Baseline APs (blue, trian-
gles) and after dofetilide (red, squares). Green trace shows typical HR. Symbols indicate pairing (unfilled = baseline; filled = drug). [B(ii)] Paired APDgg be-
fore and after dofetilide (n =84 cells, 1 heart). [B(ii)] AAPD90 with dofetilide vs. baseline APD90. For HR cells the minimum AAPD90 is shown in green.
The black line in [A(ii)], [B(iii)] denotes the minimum AAPD90 possible (e.g. a 280 ms AP which shows an HR response during 500 ms pacing must have
prolonged by at least 220 ms (500-280 ms). Consequently, the equation of the black line is defined as: max AAPD90 = 500 — APD90. [C(i)] APs from two
cells at baseline (blue) and following 1 uM nifedipine (red). [C(i))] Paired APD90 before and after nifedipine (n =44 cells, 1 heart). [C(iii)] AAPD90 with ni-
fedipine vs. baseline APD90. The black line in [C(iii)] denotes the maximum AAPD90 possible (e.g. a 280 ms AP has a maximum AAPD90 of —280 ms).
Consequently, the equation of the black line is defined as: max AAPD90 = — APD90. Dashed lines in histograms indicate AAPD90 = 0. Statistical compar-
ison between the paired data sets shown in [A(ii)], [B(ii)], and [C(ii)] was made using the Wilcoxon matched-pairs signed-rank test; ****p < 0.001.

maximum conductance of 8 ion channel/exchangers in the model was
randomly varied between 10% and 200% of the original values to create
30 000 models (Supplementary material online, Figure S3). A two-step
protocol was then used to calibrate the model population to experimen-
tal measurements. First, model variants for which APDgo, APD5, or
TRise (time from 10% to 90% of upstroke amplitude) were not in the re-
spective experimental range were eliminated,” leaving a population of
10 324 viable AP models (Supplementary material online, Figure $3). As
shown in Figure 4B(ii), APDgg values in this model population differed
from those measured experimentally. Second, the range of model
APDg values was binned (n = 15) and model variants were removed at
random from each bin until the model and experimental histograms
were identical, an approach similar to that of:*® The final experimentally
calibrated population included 4471 model variants with a median and
IQR for APDyg that matched experimental values [Figure 4B(ii)]. Figure 4C
shows the distributions of scaled conductance values for the viable AP
models and the subset of experimentally-calibrated models. The

experimentally calibrated models had lower mean Na/K pump, IK(r),
IK(to) I(Clb), and IK(1) and higher INCX and ICa(L) conductances. The
ranges of conductance for each ion/channel/exchanger/pump in the ex-
perimentally calibrated models were similar (10-200%) apart from IK(1)
(max. ~150%). As shown in Supplementary material online, Figure S3,
the experimentally calibrated models show biologically similar AP wave-
form metrics to those derived experimentally.

Thus, in silico modelling of inter-cell differences in ion channel maxi-
mum conductance yielded a group of single-cell models that recapitu-
lates the experimentally measured variability in APDgg and suggests that
this variability can be accounted for by inter-cell variation in relative ion
channel/pump/exchanger expression. Surprisingly, the variation in con-
ductance values required to simulate the distribution was large com-
pared to that of the resultant AP characteristics. Using %IQR coefficient
(IQR/median x 100) as an index of variability, variability of APDgq is
~25% at 2Hz, whereas average conductance variability is ~80%
(Supplementary material online, Table S3).
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Figure 4 [A()] Calculated steady-state AP using Shannon model. [A(ii)] Optical AP; both stimulated at 2 Hz. [B(i)] APs from a population of models with
channel conductances randomly selected from uniform distributions in a range of 10-200% of the standard values.'® APs with APDgg values within the ex-
perimental range are shown in blue and a further calibrated subset that matches the experimental APD value distribution is shown in red. Standard
Shannon AP shown in black. [B(i))] Histograms of APDgg in populations of Shannon models calibrated to experimental range (left axis, blue bars), to ex-
perimental range and distribution (left axis, red bars) and of populations of cells (right axis, hashed bars). (C) Violin plot of ion channel conductances be-
tween original (blue) and experimentally calibrated Shannon models (red). Statistical comparison between the unpaired data sets shown in (C) was made

using the Mann—Whitney test (****P < 0.001).

There were distinct relationships between specific conductances in
the experimentally calibrated models, the largest Spearman’s correlation
coefficients (SCCs) were between ICa(L) vs. IK(r) and ICa(L) vs. I-Clb
(SCC=0.6), ICa(L) vs. INCX (SCC = —0.5) and ICa(L) vs. INaK
[SCC=0.5; Supplementary material online, Figure S3C(iv)]. This indicates
that the observed APD variability can be generated by much larger vari-
ability in ion channel/exchanger/pump expression providing key relation-
ships between these conductances are retained.

3.5 In silico modelling of dofetilide and
nifedipine response using a population of
AP models

Dofetilide and nifedipine were assumed to act as single-pore IK(r) and
ICa(L) blockers, respectively.** To model effects of 30 nM dofetilide and
1 uM nifedipine, 30% IK(r) inhibition and 60% ICa(L) inhibition were intro-
duced in all variants of the experimentally calibrated model population. A
normally distributed error (0+23 ms mean + SD) was added to each
APDgy and AAPDyq value to reproduce the variation in experimental
measurements. Figure 5A shows the simulated DMSO effect indicating
clustering around the zero-value similar to that shown in Figure 3A(ii).

Simulation of the dofetilide effect is shown in Figure 5B; the example APs
in Figure 5B(i) indicate two responses: (i) APDgg increase and (i) failure of
repolarization similar to the experimental HR group. In some cell models,
IK(r) block had minimal effects on APD [Figure 5B(ii)]. The relationship be-
tween the baseline APDggy and the dofetilide response indicates a large
range of AAPDgyq responses along with a sub-population of HRs [Figure
5B(iii)]]. A subgroup of the HR models showed EADs during the plateau
phase [2.6% of models, Supplementary material online, Table S4A(ii)].

Simulation of the nifedipine effect is shown in Figure 5C. The range of
AAPDgq values [Figure 5C(iii)] showed a similar distribution to that seen
experimentally [Figure 3C{iii)]. The average effect of the two drugs and
the proportion of HRs with dofetilide (Supplementary material online,
Table $4) was similar to the experimental data (Supplementary material
online, Table S2) with the possible exception of EAD occurrence with
dofetilide (2.6% of models vs. potentially <2% experimentally).

3.6 Characterization of sub-populations of
AP models with different response features

Based on their response to IK(r) block, AP models were categorized
into three subgroups: (i) NR, (i) HR, and (iii) EAD. Representative APs
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Figure 5 [A(i)] Model AP at baseline (blue) and post-vehicle (dashed red). [A(i)] Dot-plot comparison of populations of model APs at baseline and fol-
lowing experimentally derived random effect. Individual cell responses (grey lines) and median behaviour (black line) shown. [A(iii)] Scatter plot of net ran-
dom APDqy effect applied to model AP population. [B(i)] Two model APs at baseline (blue) and following IKr block. [B(ii)] Individual cell responses (grey),
minimum HR (green), and median response (back) are shown. [B(iii)] AAPD in individual AP models (red). Minimum theoretical change observed in hy-
per-responders (cycle length—baseline APD) shown in green. [C(i)] Two models with different baseline APD (blue) and following ICal block (red). [C(ii)]
Individual cell response (grey), median response (black) shown. [((iii)] AAPD in individual AP models. The black line in [A(iii)], [B(iii)] denotes the minimum
AAPD90 possible (e.g. a 280ms) AP which shows an HR response during 500 ms pacing must have prolonged by at least 220 ms (500-280 ms).
Consequently, the equation of the black line is defined as: max AAPD90 =500 — APD90. [((ii)] AAPD90 with nifedipine vs. baseline APD90. The black
line in [C(iii)] denotes the maximum AAPD90 possible (e.g. a 280 ms) AP has a maximum AAPD90 of —280 ms. Consequently, the equation of the black
line is defined as: max AAPD90 = — APD90. Dashed lines in histograms indicate AAPD90 = 0. Statistical comparison between the paired data sets shown
in [A(ii)], [B(ii)], and [C(ii)] was made using the Wilcoxon matched-pairs signed-rank test (****P <0.001).

and relative conductances for the three sub-groups are shown in
Figure 6A. Comparison of the baseline APDyg values of NR and HR arche-
types show similar separation to that seen experimentally (250 £ 46 vs.
315+ 33 ms). Despite the similar baseline AP waveforms, the underlying
conductances were different, with HRs having greater IK(r) and ICa(L)
and less INCX;, ICl(b), and IK(s). Interestingly, the EAD models had a simi-
lar profile to the HRs but with higher NCX. The timecourses of ICa(L),
IK(r), INCX, and IK(s) for these three subgroups are shown in
Supplementary material online, Figure S5. These indicate that a larger
ICa(L) and consequently more positive plateau will delay activation of
IK(r) and generate the HR and EAD waveforms. Note that absolute values
of the plateau phase cannot be determined from optical signals and there-
fore this cannot be confirmed from the experimental data (Figure 3A).
Two subgroups of AP models with the largest (>90th percentile)
and smallest (<10th percentile) responses to ICa(L) block are shown
in Figure 6B. These were selected from models with baseline APDgq

close to the median. Interestingly, these extremes were not gener-
ated by separated groups of ICa(L) conductances. As shown in more
detail in Supplementary material online, Figure S6, the models with
the largest responses to ICa(L) block had a large range of ICa(L)
conductances.

In contrast, the minimal and maximal responses to IK(r) block were a
consequence of very low (~10%) and high levels (~150%) of IK(r) con-
ductance, respectively (Supplementary material online, Figure S7).

3.7 Electrical coupling of single-cell AP
models

On the assumption that the experimentally calibrated single-cell AP
models represented the biological range within the LV, the consequen-
ces for myocardial electrophysiology were investigated by creating a sim-
plified one-dimensional cell array model by electrically coupling a
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Figure 6 [A()], Model APs at baseline (dashed line) and typical responses to 30% IKr reduction. NR (red) shows modest AP prolongation, HR (green)
shows failure of repolarization. EAD (grey) responses (defined here as positive deflection of membrane potential >10% of AP amplitude) are also shown.
[A(ii)] Violin plot comparison of mean ion channel conductance for each AP subgroup. [B(i)] Example traces of two typical AP responses to 60% ICa(L)
block. Baselines (dashed lines) and 10%"® (blue) and 90%'"® (red) responses are shown. [B(ii)] Violin plot comparison of typical ion channel conductance in

low (10%"®) and high (90%'"®) responders to ICa(L) block.

random sample of 30 myocytes. On electrical coupling, the electrotonic
effects narrowed APDgq variation across the 30 AP models changed
from 212+ 54 to 199 £ 1.5ms (Supplementary material online, Figure
$8). The range of Ca*" transient amplitudes was also reduced
(444 £ 156 vs. 385+ 12 nM, Supplementary material online, Figure S8).
The drug challenges were repeated in the coupled and uncoupled mod-
els (Supplementary material online, Figure S8C). The increase in APD on
IK(r) block in the uncoupled models was larger than when they were
coupled (25 vs. 19 ms). The mean decrease in APD on ICa(L) block was
more comparable (—68 vs. —71 ms). Incorporating up to 80% models
with HR (30% normal AP) in the coupled tissue model leads to a normal
AP waveform but increases the value of APD90 as shown in
Supplementary material online, Figure S9. Thus, it appears that abnormali-
ties in AP repolarization are suppressed by inter-cell coupling.
Furthermore, numerical simulations indicated that in contrast to the pro-
totypical models of coupling and synchronization phenomena in biologi-
cal and man-made dynamical systems,®® there is no critical coupling
strength at which the coupled models synchronized. The range of

APD90 values measured in our coupled simulations monotonically de-
creased as the gap junctional conductance is increased as illustrated in
Supplementary material online, Figure S11.

4. Discussion

As shown previously*® voltage-sensitive dyes enable high-high time reso-
lution APD measurements in isolated ventricular cells. Due to the uncali-
brated nature of the fluorescence signal, absolute voltages could not be
resolved, but timing of the different phases could be accurately assessed
using 10 kHz acquisition rate. In this study, their use along with automa-
tion of data collection and analysis facilitated the measurement of AP
characteristics from a sample of 100-200 isolated cardiomyocytes from
defined regions of the LV free wall in a single session. This revealed
marked variability in AP waveforms (predominantly later repolarization)
in healthy LV cells stimulated at 2 Hz. This variation is not thought to re-
flect damage associated with cell dissociation because: (i) no relationship
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between cardiomyocyte yield and median/IQR APDgq was observed, (i)
all cells had a narrow range of AP rise times, and (iii) all cells had beat-to-
beat APD values that varied <2%.3" The APDgg, APD3q, and rise times
had skewed distributions and so median and IQR were used to quantify
variability. The IQR of APDgy was 40-50 ms (median APDgg: 250 ms);
IQR decreased to 25-30 ms at 3 Hz stimulation (median APDgq: 210 ms)
and increased to 75-95 ms at 1 Hz (median APDgg: 340 ms). This vari-
ability was considerably larger than the endo-epicardial and apical-basal
differences in median APDgg (17 and 30 ms, respectively at 2 Hz) indicat-
ing that regional variation in APDgg accounts for only 5-6 ms (~10%) of
the ~50 ms IQR. This is consistent with the similarity of the IQR value
(40-50 ms) in samples from a limited area (LV basal epicardium) and the
whole LV free wall. The average IQR from a limited region of a single
heart (50 £ 17 ms) was comparable with the IQR of median APDgq from
a sample of 17 hearts (45 ms), thereby demonstrating for the first time
that intra-heart variation in APDgg may be at least as large as that seen in
a population (i.e. between hearts). The spike and dome morphology of
the AP differs between sub-endocardial and sub-epicardial regions,37‘38
but the resolution of these features in optical signals from rabbit hearts is
currently poor and cannot be used reliably.

In humans, although population QT. intervals (and therefore the un-
derlying average coupled APDgq values) are normally distributed,’ the
single-cell APDgq within individual hearts is almost certainly not normally
distributed. The cause of this variation in a genetically identical popula-
tion of cells is unknown but may be due to inter-cell variations in expres-
sion or from different stoichiometries of alternatively spliced sub-units
or co-assembly with B-subunits and therefore maximal conductance of
ion channels/exchangers/pumps. Alternative causes for variation in APD
include variations in the kinetics of ion channels.” Differences in kinetics
arise from genetically determined single nucleotide polymorphisms, so
are unlikely to cause differences in ion channel activity in cells from the
same individual.

To investigate the basis for the variation, the effects of ion channel in-
hibition were compared between cells. IK(r) inhibition by dofetilide
(30nM) caused a range of AAPDgg ranging from 0 to 50 ms (mean
30 ms). But in 10-15% of cells from each heart dofetilide caused repolari-
zation to fail (at least over the cycle time of 500 ms). These prolonged
plateau phases did not exhibit EADs. HR cells had baseline APDyq values
comparable with the whole population consistent with the concept seen
experimentally and in computational models, that similar APD wave-
forms can arise from quite different combinations of ion channel
eX|:)ression.8'39'40

The addition of the ICa(L) blocker nifedipine (1 tM) caused a range of
AAPD values ranging from <10 to —170 ms with a mean value of —97
ms. The effect of nifedipine was considerably less in cells with low base-
line APD values. The diversity of responses to a standard specific block
and the complex relationships between baseline APDgg and AAPDgy, in
addition to a subgroup of cells with exaggerated responses to IK(r)
block, indicate a wide naturally occurring range of cellular electrophysio-
logical phenotypes even within cells with similar baseline APDgq values.

To test the hypothesis that variability of protein expression/activity
underlies this electrophysiological heterogeneity experimentally would
require measurements of ion channel expression or function linked to a
baseline APD in many cells (>100) from the same heart. While this is not
possible with current technology, recent studies have indicated a wide
range of ion channel conductances in a limited number of isolated cells
(<10) across several hearts*®*" and highly variable levels of single-cell
ion channel MRNA measurements have been reported.*” This single-cell
RNA sequencing methodology would need to be linked to single-cell

electrophysiological assessment and scaled up considerably to address
the problem at hand. The alternative, used here is to employ computa-
tional modelling to test the impact of variation in ion channel/pump/ex-
changer activity in an analogous approach to that used to explain inter-
individual variability.” 8>

4.1 Computational modelling of variability

A population of models was created by random variation in 8 key con-
ductances associated with the rabbit ventricular AP using techniques
similar to previous studies.®® An initial wide limit of variation (10-200%)
was used to generate models with APDgq values that overlapped with
those obtained experimentally. A subset of models that generated APs
was selected to match the median and distribution of APDgyq values ob-
served experimentally. The use of APDqg as the initial repolarization bio-
marker for calibration of the model was supported by the resultant
correspondence of the other AP parameters including an index of AP
shape (triangulation). The %IQR coefficient of the APDgg at 2 Hz for the
4471 experimentally calibrated models was 24%, close to the average
reported experimentally (19-25%). Strikingly, this variability of APDgq
was achieved with %IQR coefficients ranging from ~99% [Ito(s)] through
80-90% [IK1, IK(s), IK(r), ICl(b), INaK] to 75% (INCX), and 50% [ICa(L)].
Values for inter-cell variation of ion channel expression within a single
heart have not been documented, but an electrophysiological study of
ICa(L) in ventricular cardiomyocytes across different individuals and spe-
cies reported a %coefficient of variation (100x SD/mean) of ~55%,'
this approximates to an %IQR coefficient of 45%, i.e. similar to the ~50%
reported for ICa(L) in our model population. Further support for the ex-
istence of highly variable inter-cell conductance values comes from AP
clamp studies indicating a 6 x range of values of IK(s) in cells with similar
APDyq values, albeit across different hearts.** In summary, where investi-
gated, inter-cell variation in ionic conductance appears large and suggests
that precise control over individual ion channels/exchanger is not a pre-
requisite for stable APs. Instead, as this study indicates, the relative ex-
pression of conductances [ICa(L), INCX; IK(r), IK(s) INaK, and ICl(b)] is
crucial for viable single-cell APs. Experimental corroboration of these
interrelationships is needed. The largest scope for variation was for
Ito(s), a channel considered important for repolarization reserve.** This
result does not imply that this variation in lto(s) exists in single cells, but
that the AP biomarker used (APDq) is not sensitive to large variations in
[to(s). Interestingly, despite this variation, Ito(s) conductance was posi-
tively correlated with ICa(L) in the models (Supplementary material on-
line, Figure S9). The experimentally calibrated models reproduced the
range of AP waveforms in terms of the timing of different AP phases.
Absolute levels of diastolic, peak, and plateau voltages are additional im-
portant repolarization biomarkers but are not available from optical
measurements. Nevertheless, the refinement of the models based on
the AP waveform alone resulted in a narrow range of diastolic and peak
potentials (diastolic E, —85.5+ 1.1 mV, peak Em 49.0 £ 42 mV) which
overlap with reports from isolated rabbit ventricular myocytes.'®%3"
The consequences for E-C coupling can be inferred from the predicted
model Ca®" transient (Supplementary material online, Figure $8)."® This
showed a large variation of amplitude which would be expected to result
in a large range of contraction. How this is reconciled with the behaviour
in the intact myocardium is discussed later. The predicted mean value
for Ca*" transient amplitude (~400 nM) is similar to previously pub-
lished experimental values at 37°C, 2Hz stimulation.””* It was noted
that the inter-cell variation in Ca®" transient amplitude was large in
some instances peak systolic Ca®" could reach ~1.5 pM (Supplementary
material online, Figure $8), a value well within the range reported in
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previous publications.w'45 [t will be of interest to adopt multivariate re-
gression methods that have been used for local sensitivity analysis>®*>°
to also solve the problem of parameter value estimation. This latter issue
is the main concern of the current computational analysis. Regression
analysis has already been successfully applied to synthetic data for con-
straining parameters in electrophysiological models of cardiac cells by
Sobie and Sarkar.*® However, the latter method cannot be applied di-
rectly to the current experimental data since the number of conductan-
ces to estimated is greater that the number of linearly independent
biomarkers that can be measured from the dataset.

4.2 Co-regulation of ionic conductances

The largest positive correlation in the model conductances was between
ICa(L) and IK(r) (all correlations summarized in Supplementary material
online, Figure $10), indicating that viable APs required a balanced expres-
sion of at least these two ion channels. A strong correlation in mRNA
signals for ICa(L) and IK(r) was reported in a human population and in-
duced pluripotent stem cell (iPSC)-derived cardiomyocyte cell lines” de-
spite large variations in individual mRNA signals. Ballouz et al used
modelling to show that linking ICa(L) and IK(r) conductance limits the
range of APDs despite large ranges of absolute values. Furthermore, this
linkage reduced the incidence of EADs in response to IK(r) block in the
O’Hara et al.*’ model of the human ventricular AP, an observation con-
sistent with the very low incidence of EADs in this study.

A previously unreported positive correlation was observed between
ICa(L) and the baseline chloride conductance. The participation of chlo-
ride channels in cardiac electrophysiology is well documented,**” in-
cluding their contribution to outward (repolarizing) current, although
the molecular identity of the dominant channel in the ventricle is
unclear.*” The negative correlation of ICa(L) and INCX observed in the
model dataset has not been previously reported, the mechanistic basis
for this is uncertain, but may be linked to the maintenance of the plateau
phase to which both ICa(L) and INCX contribute. Higher INCX conduc-
tances in conjunction with a higher ICa(L) in small group (2%) of AP
models demonstrating EADs (Figure 6) suggests that a reciprocal ICa(L)-
INCX relationship may help reduce the incidence of EADs. There is an
emerging literature concerned with coordinated expression of ion chan-
7404230 3nd a comparable role
for specific conductance ratios in constraining neuronal electrical activ-

nels/exchangers/pumps in cardiac cells,

i‘cy.m‘u‘m‘52 A candidate mechanism for co-regulation of genes in neu-
rons and cardiac muscle is intracellular Ca*™ which can control specific
transcription factors and co-regulators via nuclear and cytoplasmic Ca**
binding proteins.*? A direct link to Ca*" channels has been provided by
studies showing that a C-terminal fragment of the L-type Ca*" channel
acts as a transcription regulator for a large group of genes including repo-
larising potassium channels in neurons.>® Interestingly, in addition to up-
regulation, the C-terminal sub-fragment-mediated down-regulation of a
group of genes including SCL8A1, a gene encoding a Na/Ca exchanger,
paralleling the inverse correlation between ICa(L) and INCX observed
in this study. The inverse relationship between ICa(L) and NCX activity
initially appears counter-intuitive given their roles in Ca®" homeostasis,
but stoichiometric regulation of NCX by intracellular Ca*" is a powerful
regulator of NCX activity®* and therefore key to the interplay between
Ca®" influx and efflux on a beat-to-beat basis. These and other studies
have given rise to the concept of a ‘microtranslatome™ to describe a
mechanism of co-translation/regulation of a group of genes that regulate
the relative levels of a specific group of proteins/conductances in a cell to
generate a functional E-C coupling process.

4.3 Correspondence between the 4471 AP
models and experimental responses to ion
channel block

The level of channel inhibition used to model dofetilide effect on IKr
(30%) and nifedipine effect on ICa(L) (60%) was estimated by approxi-
in APD observed experimentally
(Supplementary material online, Table S2) with that calculated from the
4471 models (Supplementary material online, Table S4). As indicated in
Figure 5, the resultant spread of data and the relative occurrence of HR
matched the experimental A kernel density plot
(Supplementary material online, Figure S4) indicates that the populations
of models with distinct responses possessed distinct combinations of
ICa(L), IK(r), and INCX conductances. Supplementary material online,
Figure S5, shows that under baseline conditions the archetypal HR model
had a larger Ca®* transient amplitude consistent with the larger ICa(L)
and lower INCX conductances. In addition, ICl(b) was lower than the
NR group, thus on IK(r) inhibition, this group of AP models would have
less repolarising current available at the plateau phase which may explain

mating the median change

data well.

the HR response. The only apparent disparity from the range of experi-
mental responses was the small but significant subgroup of AP models
with EADs after IK(r) block. At 2.6%, this response was 3—4x less com-
mon than HR response in the model population, at 8.2%. Experimentally,
EAD events were not observed under these conditions suggesting an in-
cidence of <2% (Supplementary material online, Table S2). The EAD
model subgroup had similar characteristics to the HR group except for
greater INCX. As shown in Supplementary material online, Figure S5, the
EAD archetype had the largest Ca®" transient amplitude of the three
subgroups under baseline conditions. Resolving the incidence of EADs
experimentally would require an increase in sample size to >500 cells/
heart region, or a change in experimental conditions to make the proba-
bility of EADs higher.

The experimentally calibrated set of models reproduced the range of
electrophysiological responses to ICa(L) block seen experimentally. In
50% of models with an APDgq within the IQR, ICal(L) block caused a
large range of AAPD. This group had APDg values ranging from 200 to
300 ms supported by a large range of ICa(L) values balanced by IK(r) and
would support a similarly large range of Ca®" transient amplitude and
contraction. The other feature is the uniformly negligible response to
60% ICa(L) block observed in cells with naturally very short APDgq
(<200 ms, see Figure 3), the in silico model indicates that this behaviour is
replicated by AP models with much lower ICa(L), a conclusion that sup-
ports the observed large range of ICa(L) expression in ventricular cells.*’

4.4 Behaviour of the AP models when

coupled as a functional syncytium

Electrically coupling a group of 30 randomly selected AP models caused
APDs to become shorter and more uniform. This phenomenon has
been previously reported in electrically coupled cell pairs and was
explained by asymmetry of current required to increase a shorter APD
compared to that required to decrease a longer APD.>® A pair of iso-
lated cells with different Ca®* transient amplitudes also had these differ-
ences minimized by electrical coupling,55 again in agreement with the
reduction of Ca>* transient amplitude differences after coupling individ-
ual cells reported in Supplementary material online, Figure S8. Thus, the
electrical heterogeneity of the isolated cells reported in this study is not
inconsistent with the uniform behaviour of both electrical and contrac-
tile events in the intact myocardium. Electrical coupling also reduced the
magnitude of the response to IK(r) block, but interestingly, the response
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to ICa(L) block was unchanged. The sensitivity of the APD to the per-
centage of HR cells within a population of coupled cells is shown in
Supplementary material online, Figure S9, this indicates that the system
would tolerate up to 80% of cells in the HR sub-group while retaining a
normal (but longer) APD when coupled. The other relationship of inter-
est is the effect of the coupling strength on the range of APD90 values
within a population of coupled cells, as shown in Supplementary material
online, Figure S11 the range of APD90 values decreased smoothly with
no obvious threshold when coupling strength was increased by a factor
of 100.

4.5 Summary

This study quantifies for the first time significant inter-cell variability in
ventricular APD and provides evidence from computational modelling
to show that the underlying basis is an even greater inter-cell variation in
ion channel/exchanger/pump expression. The modelling supports previ-
ous studies, including those in other excitable cells, indicating that redun-
dancy and co-relationships between key ionic conductances allow
similar AP waveforms to be generated despite large inter-cell variations
in individual maximal conductances.®2'®'>*? This degree of inter-cell het-
erogeneity provides a mechanistic basis for the wide range of responses
to drug-induced ion channel block seen experimentally.

The level of inter-cell heterogeneity has implications for studies using
single adult cardiac cells or other isolated cell preparations (e.g. iPSC-
derived cardiomyocytes). Depending on the study design, the large
inter-cell variation in E-C coupling means that manoeuvres to quantify
changes in electrophysiology or other aspects of E-C coupling using sin-
gle isolated cells will inevitably result in highly variable data (coefficient of
variation, CoV ~25%), this decreases to a CoV of 1-2% in coupled sys-
tems like trabeculae/tissue strips. Therefore, the sample size (i.e. number
of hearts) required to resolve changes in electrophysiology/E-C coupling
using single-cell preparations is at least 2 that required using intact tis-
sue preparations, with some effects, e.g. HR response to ion channel
block, being observed in isolated cells and not in intact tissue.

A biological rationale for naturally high cellular variability has not been
established; one option is that this represents the minimum system spec-
ification to generate a functional syncytium using the engineering princi-
ple of the Good Enough System design,”® precise regulation of protein
expression levels is not necessary and therefore energetically wasteful.
Minimally, stable electrophysiology requires: (i) an AP waveform in cou-
pled cells that generates an intracellular Ca®" transient to support E-C
coupling and (i) the AP waveform should be stable across a range of
heart rates, autonomic and environmental influences. Evidence for the
‘Ca’"-centred’ design specification was provided by a recent study on
mouse heart®’; this study indicates that this specification applies to cou-
pled cells in the myocardium and not to single cells isolated from the syn-
cytium. The second potential design specification of electrophysiological
resilience to the altered function of one or more ion channel/exchanger/
pumps through genetic variation or environmental factors’ provides an
alternative rationale to that of energetic economy for the large degree of
inter-cell heterogeneity, as shown previously, heterogeneity of Ca>* sig-
nalling in the SAN is key to normal function.’” Further work is required
to establish the key drivers that control intra-heart cellular specifications
for E-C coupling.

Therefore, as previously discussed for AP waveforms in neurons
9,60

58

and cardiac cells,***° a single model of the electrophysiology of a cell
based on average values of maximal conductance is unrealistic as it
ignores the complex interrelationship across the population of cells. A

good example of this phenomenon is the failure of a single model with

fixed parameter values to predict the range of responses to IK(r) and
ICa(L) block observed experimentally. Instead, a population of models
such as that developed in this study based on experimental data is neces-
sary to explain the range of responses of single cells and ultimately the
myocardium.

The translational implications of inter-cell heterogeneity in the con-
text of expression networks are potentially far-reaching. For example,
the inter-relationships indicated in this study suggest that countering the
acute pro-arrhythmic effects of drug-induced inhibition of IK(r) could be
achieved by inhibition of ICa(L) or INCX or augmentation of ICl(b) (or a
combination of these). Congenital long QT syndrome caused by loss-of-
function mutations in hERG (LQT2) should be interpreted in terms of an
altered status of the expression networks rather than the effect on IKr
alone. This would enable identification of cellular phenotypes prone to
marked AP prolongation, which may be linked to individual susceptibility
to Torsades de Pointes. Finally, in the absence of knowledge of inter-cell
heterogeneity and expression networks, the changes in average protein
expression or average conductance of multiple ion currents/exchangers/
pumps for conditions such as the different forms of heart failure provides
poor insight into the underlying disruption of expression networks and
associated co-regulated proteins. Understanding the general and individ-
ual response to these environmental changes in terms of cellular hetero-
geneity will significantly aid the treatment design in terms of both E-C
coupling and electrophysiological resilience.

Supplementary material

Supplementary material is available at Cardiovascular Research online.

Acknowledgements

The authors thank Aileen Rankin for her technical support in rabbit
heart cell dissociation.

Conflict of interest: The authors declare that they have no known
competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Funding

R.S. was supported by the UK Engineering and Physical Sciences Research
Council [grant numbers EP/N014642/1 and EP/S030875/1]. RC.M. was sup-
ported by the Wellcome Trust (105907/Z/14/Z). N.M. was supported by the
BHF (FS/13/7/30054). The experimental work was supported by a BHF PhD
Studentship (FS/16/55/32731) to Q.L. The computational modelling was sup-
ported by the Ministry of Higher Education Malaysia and University of Malaya
via a SLAB scholarship awarded to M.-H.N.A.

Data availability

The data underlying this article are available in the article and in its sup-
plementary material online.

References

1. Zhang Y, Post WS, Blasco-Colmenares E, Dalal D, Tomaselli GF, Guallar E.
Electrocardiographic QT interval and mortality: a meta-analysis. Epidemiology 2011;
22:660-670.

2. O’'Neal WT, Singleton M), Roberts D, Tereshchenko LG, Sotoodehnia N, Chen LY,
Marcus GM, Soliman EZ. Association between QT-interval components and sudden

220z Jaquisoa( 0z uo Jasn Aseiqr Ausiaaiun mobse|s) Aq 68Z22059/Z 1L LE/SL/8) L/8|oNIB/S8I0SBAOIPIED /W02 dNo"dIWSpeo.//:SdNy WOl PAPEojuUMO(]


https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab375#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab375#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab375#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab375#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab375#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab375#supplementary-data

3124

Q. Lachaud et al.

w

N

(S

o

~

oo

N

cardiac death: the ARIC Study (atherosclerosis risk in communities). Circ Arrhythm
Electrophysiol 2017;10:e005485.

. Arking DE, Pulit SL, Crotti L, van der Harst P, Munroe PB, Koopmann TT,

Sotoodehnia N, Rossin EJ, Morley M, Wang X, Johnson AD, Lundby A, Gudbjartsson
DF, Noseworthy PA, Eijgelsheim M, Bradford Y, Tarasov KV, Dérr M, Miller-
Nurasyid M, Lahtinen AM, Nolte IM, Smith AV, Bis JC, Isaacs A, Newhouse S}, Evans
DS, Post WS, Waggott D, Lyytikdinen L-P, Hicks AA, Eisele L, Ellinghaus D, Hayward
C, Navarro P, Ulivi S, Tanaka T, Tester D), Chatel S, Gustafsson S, Kumari M, Morris
RW, Naluai AT, Padmanabhan S, Kluttig A, Strohmer B, Panayiotou AG, Torres M,
Knoflach M, Hubacek JA, Slowikowski K, Raychaudhuri S, Kumar RD, Harris TB,
Launer LJ, Shuldiner AR, Alonso A, Bader S, Ehret G, Huang H, Kao WHL, Strait |B,
Macfarlane PW, Brown M, Caulfield M), Samani NJ, Kronenberg F, Willeit ], Smith ]G,
Greiser KH, Meyer Zu Schwabedissen H, Werdan K, Carella M, Zelante L, Heckbert
SR, Psaty BM, Rotter JI, Kolcic I, Polasek O, Wright AF, Griffin M, Daly M), Arnar
DO, Hélm H, Thorsteinsdottir U, Denny JC, Roden DM, Zuvich RL, Emilsson V,
Plump AS, Larson MG, O’Donnell CJ, Yin X, Bobbo M, D’Adamo AP, lorio A, Sinagra
G, Carracedo A, Cummings SR, Nalls MA, Jula A, Kontula KK, Marjamaa A,
Oikarinen L, Perola M, Porthan K, Erbel R, Hoffmann P, Jéckel K-H, Kilsch H,
N&then MM, den Hoed M, Loos RJF, Thelle DS, Gieger C, Meitinger T, Perz S,
Peters A, Prucha H, Sinner MF, Waldenberger M, de Boer RA, Franke L, van der
Vleuten PA, Beckmann BM, Martens E, Bardai A, Hofman N, Wilde AAM, Behr ER,
Dalageorgou C, Giudicessi R, Medeiros-Domingo A, Barc J, Kyndt F, Probst V,
Ghidoni A, Insolia R, Hamilton RM, Scherer SW, Brandimarto J, Margulies K,
Moravec CE, del Greco M F, Fuchsberger C, O’Connell JR, Lee WK, Watt GCM,
Campbell H, Wild SH, El Mokhtari NE, Frey N, Asselbergs FW, Mateo Leach |, Navis
G, van den Berg MP, van Veldhuisen DJ, Kellis M, Krijthe BP, Franco OH, Hofman A,
Kors JA, Uitterlinden AG, Witteman JCM, Kedenko L, Lamina C, Oostra BA,
Abecasis GR, Lakatta EG, Mulas A, Orrd M, Schlessinger D, Uda M, Markus MRP,
Vélker U, Snieder H, Spector TD, Arnlév |, Lind L, Sundstrém |, Syvinen A-C,
Kivimaki M, Kdhénen M, Mononen N, Raitakari OT, Viikari JS, Adamkova V, Kiechl S,
Brion M, Nicolaides AN, Paulweber B, Haerting J, Dominiczak AF, Nyberg F,
Whincup PH, Hingorani AD, Schott J-J, Bezzina CR, Ingelsson E, Ferrucci L, Gasparini
P, Wilson JF, Rudan |, Franke A, Mihleisen TW, Pramstaller PP, Lehtimdki TJ,
Paterson AD, Parsa A, Liu Y, van Duijn CM, Siscovick DS, Gudnason V, Jamshidi Y,
Salomaa V, Felix SB, Sanna S, Ritchie MD, Stricker BH, Stefansson K, Boyer LA,
Cappola TP, Olsen JV, Lage K, Schwartz P), Kddb S, Chakravarti A, Ackerman M,
Pfeufer A, de Bakker PIW, Newton-Cheh C; HRGEN Consortium. Genetic associa-
tion study of QT interval highlights role for calcium signaling pathways in myocardial
repolarization. Nat Genet 2014;46:826-836.

. Giudicessi R, Wilde AAM, Ackerman M]. The genetic architecture of long QT syn-

drome: a critical reappraisal. Trends Cardiovasc Med 2018;28:453-464.

. Muszkiewicz A, Liu X, Bueno-Orovio A, Lawson BAJ, Burrage K, Casadei B,

Rodriguez B. From ionic to cellular variability in human atrial myocytes: an integrative
computational and experimental study. Am J Physiol Heart Circ Physiol 2018;314:
H895-H916.

. Gemmell P, Burrage K, Rodriguez B, Quinn TA. Rabbit-specific computational model-

ling of ventricular cell electrophysiology: using populations of models to explore vari-
ability in the response to ischemia. Prog Biophys Mol Biol 2016;121:169-184.

. Ballouz S, Mangala MM, Perry MD, Heitmann S, Gillis JA, Hill AP, Vandenberg JI. Co-

expression of calcium and hERG potassium channels reduces the incidence of proar-
rhythmic events. Cardiovasc Res 2021;117:2216-2227.

. Muszkiewicz A, Britton OJ, Gemmell P, Passini E, Sanchez C, Zhou X, Carusi A, Quinn

TA, Burrage K, Bueno-Orovio A, Rodriguez B. Variability in cardiac electrophysiology:
using experimentally-calibrated populations of models to move beyond the single virtual
physiological human paradigm. Prog Biophys Mol Biol 2016;120:115-127.

. Britton OJ, Bueno-Orovio A, Van Ammel K, Lu HR, Towart R, Gallacher D,

Rodriguez B. Experimentally calibrated population of models predicts and explains
intersubject variability in cardiac cellular electrophysiology. Proc Natl Acad Sci U S A
2013;110:E2098-2105.

. Marder E, Goaillard JM. Variability, compensation and homeostasis in neuron and

network function. Nat Rev Neurosci 2006;7:563-574.

. Marder E, Tobin AE, Grashow R. How tightly tuned are network parameters? Insight

from computational and experimental studies in small rhythmic motor networks.
Prog Brain Res 2007;165:193-200.

. Hudson AE, Prinz AA. Conductance ratios and cellular identity. PLoS Comput Biol
2010;6:¢1000838.
. Niederer SA, Lumens J, Trayanova NA. Computational models in cardiology. Nat Rev

Cardiol 2019;16:100-111.

. Britton O], Abi-Gerges N, Page G, Ghetti A, Miller PE, Rodriguez B. Quantitative

comparison of effects of dofetilide, sotalol, quinidine, and verapamil between human
ex vivo trabeculae and in silico ventricular models incorporating inter-individual action
potential variability. Front Physiol 2017;8:597.

. Feng J, Yue L, Wang Z, Nattel S. lonic mechanisms of regional action potential het-

erogeneity in the canine right atrium. Circ Res 1998;83:541-551.

. Ravens U, Katircioglu—Ozt'L]rk D, Wettwer E, Christ T, Dobrev D, Voigt N, Poulet C,

Loose S, Simon |, Stein A, Matschke K, Knaut M, Oto E, Oto A, Giivenir HA.
Application of the RIMARC algorithm to a large data set of action potentials and clin-
ical parameters for risk prediction of atrial fibrillation. Med Biol Eng Comput 2015;53:
263-273.

20.

2

=

22.

23.

24.
25.

26.

27.

28.

29.

30.

3

e

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

jary

42.

43.

44,

45.

. Heitmann S, Shpak A, Vandenberg JI, Hill AP. Arrhythmogenic effects of ultra-long

and bistable cardiac action potentials. PLoS Comput Biol 2021;17:21008683.

. Shannon TR, Wang F, Puglisi J, Weber C, Bers DM. A mathematical treatment of in-

tegrated Ca dynamics within the ventricular myocyte. Biophys | 2004;87:3351-3371.

. McIntosh MA, Cobbe SM, Smith GL. Heterogeneous changes in action potential and

intracellular Ca2+ in left ventricular myocyte sub-types from rabbits with heart fail-
ure. Cardiovasc Res 2000;45:397-409.

Romero L, Pueyo E, Fink M, Rodriguez B. Impact of ionic current variability on human
ventricular cellular electrophysiology. Am | Physiol Heart Circ Physiol 2009;297:
H1436-1445.

. Zhou X, Bueno-Orovio A, Orini M, Hanson B, Hayward M, Taggart P, Lambiase PD,

Burrage K, Rodriguez B. In vivo and in silico investigation into mechanisms of frequency
dependence of repolarization alternans in human ventricular cardiomyocytes. Circ Res
2016;118:266-278.

Britton OJ, Bueno-Orovio A, Virag L, Varro A, Rodriguez B. The electrogenic
Na(+)/K(+) pump is a key determinant of repolarization abnormality susceptibility in
human ventricular cardiomyocytes: a population-based simulation study. Front Physiol
2017,8:278.

Passini E, Britton OJ, Lu HR, Rohrbacher |, Hermans AN, Gallacher D), Greig RJH,
Bueno-Orovio A, Rodriguez B. Human in silico drug trials demonstrate higher accu-
racy than animal models in predicting clinical pro-arrhythmic cardiotoxicity. Front
Physiol 2017;8:668.

Shampine LF, Reichelt MW. The MATLAB ODE suite. SIAM | Sci Comput 1997;18:22.

Grandi E, Pasqualini FS, Bers DM. A novel computational model of the human ven-
tricular action potential and Ca transient. | Mol Cell Cardiol 2010;48:112-121.

Sobie EA. Parameter sensitivity analysis in electrophysiological models using multivar-
iable regression. Biophys | 2009;96:1264-1274.

Kernik DC, Morotti S, Wu HDi, Garg P, Duff HJ, Kurokawa J, Jalife J, Wu JC, Grandi
E, Clancy CE. A computational model of induced pluripotent stem-cell derived cardi-
omyocytes incorporating experimental variability from multiple data sources. | Physiol
2019;597:4533-4564.

Gemmell P, Burrage K, Rodriguez B, Quinn TA. Population of computational rabbit-
specific ventricular action potential models for investigating sources of variability in
cellular repolarisation. PLoS One 2014;9:¢90112.

Walmsley ], Rodriguez JF, Mirams GR, Burrage K, Efimov IR, Rodriguez B. mRNA ex-
pression levels in failing human hearts predict cellular electrophysiological remodel-
ing: a population-based simulation study. PLoS One 2013;8:56359.

Morotti S, Grandi E. Logistic regression analysis of populations of electrophysiological
models to assess proarrythmic risk. MethodsX 2017;4:25-34.

. Zaniboni M, Pollard AE, Yang L, Spitzer KW. Beat-to-beat repolarization variability in

ventricular myocytes and its suppression by electrical coupling. Am | Physiol Heart Circ
Physiol 2000;278:H677-H687.

Crumb W] Jr, Vicente ], Johannesen L, Strauss DG. An evaluation of 30 clinical drugs
against the comprehensive in vitro proarrhythmia assay (CiPA) proposed ion channel
panel. | Pharmacol Toxicol Methods 2016;81:251-262.

Lawson BAJ, Drovandi CC, Cusimano N, Burrage P, Rodriguez B, Burrage K.
Unlocking data sets by calibrating populations of models to data density: a study in
atrial electrophysiology. Sci Adv 2018;4:e1701676.

Brennan T, Fink M, Rodriguez B. Multiscale modelling of drug-induced effects on car-
diac electrophysiological activity. Eur | Pharm Sci 2009;36:62—77.

Dérfler F, Bullo F. On the critical coupling for kuramoto oscillators. | Appl Dyn Syst
2011;10:30.

Warren M, Spitzer KW, Steadman BW, Rees TD, Venable P, Taylor T, Shibayama J,
Yan P, Wuskell JP, Loew LM, Zaitsev AV. High-precision recording of the action po-
tential in isolated cardiomyocytes using the near-infrared fluorescent dye di-4-
ANBDQBS. Am J Physiol Heart Circ Physiol 2010;299:H1271-H1281.

Antzelevitch C, Fish |. Electrical heterogeneity within the ventricular wall. Basic Res
Cardiol 2001;96:517-527.

Fedida D, Giles WR. Regional variations in action potentials and transient
outward current in myocytes isolated from rabbit left ventricle. | Physiol 1991;442:
191-209.

Sarkar AX, Christini DJ, Sobie EA. Exploiting mathematical models to illuminate elec-
trophysiological variability between individuals. | Physiol 2012;590:2555-2567.
Banyasz T, Horvath B, Jian Z, Izu LT, Chen-lzu Y. Sequential dissection of multiple
jonic currents in single cardiac myocytes under action potential-clamp. | Mol Cell
Cardiol 2011;50:578-581.

Ismaili D, Geelhoed B, Christ T. Ca(2+) currents in cardiomyocytes: how to improve
interpretation of patch clamp data? Prog Biophys Mol Biol 2020;157:33-39.

Eichel CA, Rios-Pérez EB, Liu F, Jameson MB, Jones DK, Knickelbine JJ, Robertson
GA. A microtranslatome coordinately regulates sodium and potassium currents in
the human heart. Elife 2019;8:

Banyasz T, Horvath B, Jian Z, Izu LT, Chen-lzu Y. Profile of L-type Ca(2+) current
and Na(+)/Ca(2+) exchange current during cardiac action potential in ventricular
myocytes. Heart Rhythm 2012;9:134-142.

Nguyen TP, Singh N, Xie Y, Qu Z, Weiss ]N. Repolarization reserve evolves dynami-
cally during the cardiac action potential: effects of transient outward currents on
early afterdepolarizations. Circ Arrhythm Electrophysiol 2015;8:694-702.

Chudin E, Goldhaber ], Garfinkel A, Weiss ], Kogan B. Intracellular Ca(2+) dynamics
and the stability of ventricular tachycardia. Biophys | 1999;77:2930-2941.

220z Jaquisoa( 0z uo Jasn Aseiqr Ausiaaiun mobse|s) Aq 68Z22059/Z 1L LE/SL/8) L/8|oNIB/S8I0SBAOIPIED /W02 dNo"dIWSpeo.//:SdNy WOl PAPEojuUMO(]



Electrophysiological heterogeneity in the ventricle

3125

46.

47.

48.

49.

50.

51.

52.

53.

Sobie EA, Sarkar AX. Regression methods for parameter sensitivity analysis: applica-
tions to cardiac arrhythmia mechanisms. Annu Int Conf IEEE Eng Med Biol Soc 2011;
2011:4657-4660.

O’Hara T, Virag L, Varro A, Rudy Y. Simulation of the undiseased human cardiac ven-
tricular action potential: model formulation and experimental validation. PLoS Comput
Biol 2011;7:¢1002061.

Hiraoka M, Kawano S, Hirano Y, Furukawa T. Role of cardiac chloride currents in changes
in action potential characteristics and arrhythmias. Cardiovasc Res 1998;40:23-33.

Duan D. Phenomics of cardiac chloride channels: the systematic study of chloride
channel function in the heart. | Physiol 2009;587:2163-2177.

Rees CM, Yang JH, Santolini M, Lusis A, Weiss JN, Karma A. The Ca(2+) transient
as a feedback sensor controlling cardiomyocyte ionic conductances in mouse popula-
tions. Elife 2018;7:

Tobin AE, Cruz-Bermudez ND, Marder E, Schulz DJ. Correlations in ion channel
mRNA in rhythmically active neurons. PLoS One 2009;4:e6742.

Schulz D), Goaillard JM, Marder E. Variable channel expression in identified single and
electrically coupled neurons in different animals. Nat Neurosci 2006;9:356—362.
Gomez-Ospina N, Tsuruta F, Barreto-Chang O, Hu L, Dolmetsch R. The C terminus
of the L-type voltage-gated calcium channel Ca(V)1.2 encodes a transcription factor.
Cell 2006;127:591-606.

54.

55.

56.

57.

58.

59.

60.

Weber CR, Ginsburg KS, Philipson KD, Shannon TR, Bers DM. Allosteric regulation
of Na/Ca exchange current by cytosolic Ca in intact cardiac myocytes. | Gen Physiol
2001;117:119-131.

Spitzer KW, Pollard AE, Yang L, Zaniboni M, Cordeiro JM, Huelsing D). Cell-to-cell
electrical interactions during early and late repolarization. | Cardiovasc Electrophysiol
2006;17(Suppl. 1):S8-S14.

Weiss N, Karma A, MacLellan WR, Deng M, Rau CD, Rees CM, Wang |, Wisniewski
N, Eskin E, Horvath S, Qu Z, Wang Y, Lusis AJ. “Good enough solutions” and the ge-
netics of complex diseases. Circ Res 2012;111:493-504.

Lancaster MK, Jones SA, Harrison SM, Boyett MR. Intracellular Ca2+ and pacemaking
within the rabbit sinoatrial node: heterogeneity of role and control. | Physiol 2004;
556:481-494.

Golowasch J, Goldman MS, Abbott LF, Marder E. Failure of averaging in the
construction of a conductance-based neuron model. | Neurophysiol 2002;87:
1129-1131.

Whittaker DG, Clerx M, Lei CL, Christini D), Mirams GR. Calibration of ionic and
cellular cardiac electrophysiology models. Wiley Interdiscip Rev Syst Biol Med 2020;12:
e1482.

Ni H, Morotti S, Grandi E. A heart for diversity: simulating variability in cardiac ar-
rhythmia research. Front Physiol 2018;9:958.

Translational perspective

We show that single myocytes from the same region of a heart have highly variable electrophysiology and different responses to ion-channel block-
ing drugs because of even higher inter-cell variation in ion-channel activity. Our data demonstrate that it is the relative activity of a single ion channel
compared to others that determines electrophysiological stability in the heart. Therefore, predisposition to arrhythmias from genetic or environ-
mental causes is not due to up- or downregulation of single ion-channels, but instead disrupted patterns of co-expression. An alternative treatment
strategy therefore is to manipulate other ion-channels in the network to restore a stable co-expression pattern.
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