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Abstract Mutations to hERG which result in changes to
the rapid delayed rectifier current Ik, can cause long and
short QT syndromes and are associated with an increased
risk of cardiac arrhythmias. Experimental recordings of Iy,
reveal the effects of mutations at the channel level, but how
these changes translate to the cell and tissue levels remains
unclear. We used computational models of human ven-
tricular myocytes and tissues to predict and quantify the
effects that de novo hERG mutations would have on cell
and tissue electrophysiology. Mutations that decreased Ik,
maximum conductance resulted in an increased cell and
tissue action potential duration (APD) and a long QT
interval on the electrocardiogram (ECG), whereas those
that caused a positive shift in the inactivation curve
resulted in a decreased APD and a short QT. Tissue vul-
nerability to re-entrant arrhythmias was correlated with
transmural dispersion of repolarisation, and any change to
this vulnerability could be inferred from the ECG QT
interval or T wave peak-to-end time. Faster Iy, activation
kinetics caused cell APD alternans to appear over a wider
range of pacing rates and with a larger magnitude, and
spatial heterogeneity in these cellular alternans resulted in
discordant alternans at the tissue level. Thus, from channel
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kinetic data, we can predict the tissue-level electrophysi-
ological effects of any hERG mutations and identify how
the mutation would manifest clinically, as either a long or
short QT syndrome with or without an increased risk of
alternans and re-entrant arrhythmias.
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Abbreviations
APD  Action potential duration

cNBD Cyclic nucleotide binding domain

ECG  Electrocardiogram

hERG Human ether-a-go-go-related gene

Iy, Rapid delayed rectifier potassium current
LQTS Long QT syndrome

M Midmyocardial

PAS Per-Arnt-Sim

SQTS  Short QT syndrome

TDR  Transmural dispersion of repolarisation

VF Ventricular fibrillation
WT Wild type

Introduction

The inherited long (LQTS) and short (SQTS) QT syn-
dromes are associated with an increased probability of
re-entrant cardiac tachyarrhythmias such as ventricular
fibrillation (VF) that, in some cases, may cause sudden
death (Morita et al. 2000). The altered QT interval of the
electrocardiogram (ECG) is due to early or delayed
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repolarisation of the ventricular action potential. Mutations
in the human ether-a-go-go-related gene (hERG), which
encodes the K,11.1 potassium channel, have been impli-
cated in LQTS type 2 (Sanguinetti et al. 1995; Tseng 2001)
and SQTS type 1 (Brugada et al. 2004). K,11.1 plays a
crucial role in repolarisation of cardiac myocytes, where it
results in the rapid delayed rectifier potassium current (/)
component of the cardiac action potential (Finlayson et al.
2004). Lengthening of the ventricular action potential can
be produced by partial or complete loss of function muta-
tions of hERG (Lehmann-Horn and Jurkat-Rott 1999), and
shortening by gain-of-function mutations (Antzelevitch
et al. 2007a). However, the effect of these mutations on the
underlying potassium channel kinetics remains unclear.
In addition, LQTS can be caused by hERG trafficking
abnormalities and a resultant down-regulation of I,
(Thomas et al. 2003), and some drug-induced forms of
LQTS, caused by the interactions with K,11.1 of drugs
used to treat non-cardiac conditions, have been identified
leading to restrictions on the use of certain compounds (e.g.
thioridazine and dofetilide) (Recanatini et al. 2008).

The K,11.1 channels are characterised by the long
intracellular carboxy- and amino-terminal regions (C and N
terminals respectively) of their subunits that modulate
gating and affect activation and inactivation. These regions
include the cyclic nucleotide binding domain (cNBD) in
the C terminal region and a Per-Arnt-Sim (PAS) domain
in the N terminal. The cNBD itself hangs as a tetramer
below the membrane and is surrounded by other intracel-
lular regions such as the PAS domain, such that the surface
regions of the cNBD may interact with other intracellular
regions of the channel protein. A homology model of the
hERG cNBD tetramer is shown in Fig. 1. Patch clamp
studies have helped elucidate the effects on channel func-
tion of mutations in the PAS and the cNBD domains of
K,11.1 (Akhavan et al. 2005; Al-Owais et al. 2009; Cui
et al. 2001; Satler et al. 1996), defining structural and
functional interactions of intracellular components of the
channel.

Previous experimental (Chen et al. 1999) and compu-
tational (Benson et al. 2009; Peitersen et al. 2008) studies
have shown that, although the net effect of some mutations
in hERG is to produce a lengthening of the action potential,
this can be decomposed into effects on the voltage
dependence of the channel that serve to shorten as well as
prolong the action potential duration (APD). Differences in
experimentally recorded I, kinetics due to specific muta-
tions of hERG may lead to changes in the emergent whole
cell APD and tissue vulnerability to re-entrant arrhythmias.
These cell and tissue electrophysiological properties result
from non-linear interactions between the many different
membrane ionic current systems, and so computational
models of cardiac cells and tissues are necessary for
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Fig. 1 Homology model of the hERG cNBD tetramer. Residues
highlighted in red are those that cause significant electrophysiological
changes compared with WT. The locations of the four de novo
mutations used for the simulations presented here are indicated with
arrows

quantitative prediction of these arrhythmogenic effects.
Computational modelling also allows dissection of the
dynamic mechanisms underlying electrophysiological
changes produced by hERG mutations, as the differences in
Ik, current parameters can be introduced in isolation or in
any combination, and their effects at the cell and tissue
levels computed.

Here we extend work presented earlier (Al-Owais et al.
2009), which determined the channel-level electrophysio-
logical effects of a set of de novo mutations in the cNBD.
We examined what effects these de novo mutations would
have beyond the channel level (i.e. at the cell and tissue
levels) by using computational models of human ventric-
ular myocytes and tissues to quantitatively predict the cell
action potential and tissue electrophysiology. In particular,
we examine how specific mutations affect substrates for
re-entrant arrhythmias (electrical alternans and tissue
vulnerability) and examine whether changes to tissue vul-
nerability could be inferred from ECG measures. As there
are no clinical data for the de novo mutations that would
allow direct validation of our results, we also include in the
analysis an R56Q mutation (from the same set of experi-
ments as the de novo mutations) which has previously been
identified with LQTS type 2 (Chen et al. 1999). The R56Q
mutation therefore acted as a “control mutation” as it
should produce a long QT interval in our models, thereby
providing validation for the methodology and interpreta-
tion we have used with the de novo mutations.
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Methods
Electrophysiology

Electrophysiological methods were described in detail
previously (Al-Owais et al. 2009). Briefly, mutations were
expressed in Xenopus oocytes where lysine mutations had
been induced in residues in the cNBD and PAS domains
(Fig. 1) of wild type (WT) hERG by site-directed muta-
genesis. Ix, currents from WT and mutant oocytes bathed
in Ringer’s solution were then recorded using standard
two-microelectrode voltage clamp techniques at room
temperature (see Fig. 2 for examples). Peak current (/;,,x)
and the voltage dependence of activation were determined
from tail currents measured at —40 mV following 1 s
depolarisations to test potentials (Fig. 2a). The peak tail
currents were fitted with a Boltzmann function in order to
determine the half activation voltages (Vo s ae) and slopes
(k,et) of the activation curves. Activation time constants
(tacr) Were measured using a 1 s pre-pulse to +40 mV
followed by a step to a test potential (Fig. 2b); the time
course was fit with a double exponential function. The
voltage dependence of inactivation was determined using a
three-pulse voltage protocol (Numaguchi et al. 2000), with
a pre-pulse to +60 mV applied for 3 s to fully inactivate
the channels, followed by a 20 ms step to a test potential,
with the current measured during a final step to +30 mV
(Fig. 2¢). A Boltzmann function was fitted to the peak
currents in order to determine the half inactivation voltages
(Vo.5.inact) and slopes (kjnaer) of the inactivation curves.

0.5 pA

500 ms

Fig. 2 a-c Example I, current
traces used to calculate peak
current, the activation time
constant at —70 mV, and the
half inactivation voltage
respectively in WT and mutant
cells. See text for voltage clamp
protocols. d—f Summary of the
experimental data
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Computational modelling: isolated cells

For an isopotential cell, the rate of change of membrane
potential V (mV) is given by

C(li_‘t/ - _Iionv (1)
where ¢ (ms) is time and [io, (pA pF_l) is the sum of the
transmembrane current densities, which in this study was
given by the human ventricular cell models of Ten
Tusscher and Panfilov (Ten Tusscher and Panfilov 2006).
The differing action potentials found in the endocardial,
midmyocardial (M) or epicardial regions of the ventricles
are modelled by different parameter sets in the equations
for I, The Iy, component of [;,, can be modelled using
Hodgkin-Huxley formalism:

Ik, = GKrnactninact(V - EK)a (2)

where Gy, (nS pF!) is the maximum channel
conductance, n, and ;¢ are activation and inactivation
gating variables respectively, and Ex (mV) is the reversal
potential for potassium given by the Nernst equation. The
dynamic gating variables n,e and njaee are given by the
differential equation

dn;  njg —m
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where n;, is the steady-state value of the gating variable
and 7; (ms) is an associated time constant, both of which
are functions of V. The functions nys and Ripactoo
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correspond to the experimentally determined activation and
inactivation curves respectively and are described by
Boltzmann functions (i.e. by a half activation voltage V5
and a slope k). Here, as in the Ten Tussscher and Panfilov
model for Ik, (Ten Tusscher and Panfilov 2006), the acti-
vation time constant 7, corresponds to the fast time con-
stant (~200 ms at —70 mV) of the double exponential fit
to experimental activation/deactivation traces. The inacti-
vation time constant T;,,.,, Which has a value of ~1 ms at
—70 mV, describes the extremely fast channel inactivation
kinetics that are responsible for inward rectification.

From voltage clamp recordings of WT and mutated Iy,
channels, the peak current I,,,, (which relates to channel
conductance Gy,), the half activation voltages V,s and
slopes k of the activation and inactivation curves, and the
activation and inactivation time constants t were deter-
mined. Any changes from WT were incorporated into the
parameter sets of the cell models, then these models were
used to predict, in silico, the effects of the hERG mutations
at the cellular level. All cell models were paced 50 times
using a 1 ms conservative current stimulus (Hund et al.
2001) with a magnitude twice the diastolic threshold.
Equation 1 was solved with a forward Euler method (Press
et al. 2009) using an adaptive time step as described by
Benson et al. (2008), while equations for gating variables
in the form of Eq. 3 were solved with the scheme of Rush
and Larsen (1978). APD was measured at 90% repolari-
sation. APD restitution was measured using a standard S1—
S2 protocol, with 50 S1 pacing beats at a cycle length of
1,000 ms and a final S2 beat applied after a variable
interval.

Computational modelling: tissues

To predict the tissue-level effects of the mutations, the
single-cell models described above were incorporated into
a heterogeneous 15 mm one-dimensional transmural strand
model of the human left ventricular wall (Benson et al.
2007). For such a one-dimensional virtual tissue, mem-
brane potential is given by

ov. o'V
or = D@ — Lion, (4)

where x (mm) is transmural distance along the strand,
D (mm? ms™') is a diffusion coefficient that characterises
electrotonic spread of membrane potential along the strand,
and [, is given by one of the cell models described above.
Each tissue model included regions of endocardial, M and
epicardial tissue (that is, [;,, was spatially heterogeneous)
with widths in the ratio 3:5:7, which gave an upright
pseudo-ECG T wave (see “Electrocardiogram”) under WT
conditions. This spatial distribution is backed by experi-
ments which show that, in the human ventricles, the longest
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APDs (i.e. those from M cells) are in the deep subendo-
cardium (Glukov et al. 2010). Equation 4 was solved with
a forward time centred space method (Press et al. 2009)
using an operator splitting and adaptive time step technique
(Qu and Garfinkel 1999), with a space step of
Ax =0.2mm, a minimum time step of Aty = 0.01 ms
and a maximum time step of AT = 0.25ms. A value of
D = 0.065mm’ms~! was selected to give a steady state
conduction velocity along the strand (i.e. a transmural
conduction velocity) of 0.45ms ! and a transmural acti-
vation time of 30 ms at a pacing cycle length of 1 s, cor-
responding to values found experimentally in whole human
hearts (Durrer et al. 1970) and human ventricular wedge
preparations (Glukov et al. 2010).

Electrocardiogram

The ECG was represented by the ventricular electrogram
(the pseudo-ECG), computed using

o= ";/(—vv) (vx j x,> dx, (5)

where @ represents the unipolar potential recorded at an
electrode 20 mm from the epicardial end of the strand,
a = 11 pm is the radius of the fibre, V = 0/0x is a spatial
gradient operator, and x — x’ is the distance from the
electrode to any point in the tissue (Plonsey and Barr
1988). We examined three potential ECG markers of pro-
arrhythmia: the QT interval (Lawrence et al. 2005), T wave
width (Arini et al. 2008), and the time from the peak to the
end of the T wave (Tpeak—Tena) (Antzelevitch et al. 2007b).
Because the computed pseudo-ECG traces were smooth,
the onset of the QRS complex and the location of the T
wave could be detected manually. The morphology of the
T wave and its onset, peak and end times were identified
from the time derivative of the pseudo-ECG trace using the
thresholds described by Martinez et al. (2004). In the case
of complex (e.g. biphasic) T waves, the peak time corre-
sponded to the peak or nadir with the largest absolute
baseline-corrected value.

Substrates for arrhythmias

We examined the effects of the hERG mutations on two
substrates for re-entrant arrhythmias (Lawrence et al.
2005): electrical alternans, a measure of temporal hetero-
geneities of APD; and the vulnerable window, an index of
spatial electrophysiological heterogeneities in a tissue.
Alternans are beat-to-beat variations in APD, where a
short action potential is followed by a long action potential,
which is then followed by a short action potential, and so
on (see Fig. 8a below for an example). APD alternans
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manifest as T wave alternans at the ECG level and have
been linked to the emergence of VF (Pastore et al. 1999;
Weiss et al. 2006). As such, examination of APD alternans
at fast pacing rates has been proposed as a method of
identifying pro-arrthythmic /Iy, alterations (Fossa et al.
2004). We used a dynamic restitution protocol in single-
cell and tissue models to identify the pacing rates at which
alternans appeared under WT and mutant conditions and
the amplitude of these alternans: cells and tissues were
paced 50 times starting at a cycle length of 1,000 ms, the
last action potentials were examined for any alternans, then
cycle length was reduced by 5 ms. Simulations continued
until loss of a 1:1 or 2:2 response. In tissues, we also
examined whether any alternans were concordant (spatially
regular for any given beat) or discordant (spatially irregular
for any given beat, with some parts of the tissue exhibiting
a short APD while other parts exhibit a long APD): the
emergence of discordant alternans is of particular interest,
as this has been linked to the initiation of VF due to the
development of steep spatial gradients in repolarisation
(Pastore et al. 1999; Qu et al. 2000) and a resultant
increase in tissue vulnerability (see below).

Ectopic beats (i.e. those that are initiated at abnormal
locations and times) are often found in asymptomatic
normal subjects, even at rest, but they are relatively benign
and usually only lead to premature ventricular contractions.
However, occasionally an ectopic excitation can trigger a

(a) (b)

t, =360 ms

L,

re-entrant arrhythmia if it occurs within a vulnerable time
window. Examples of tissue behaviour in response to
ectopic stimuli are shown in Fig. 3. If an ectopic excitation
(e.g. an early or delayed afterdepolarisation or triggered
activity, but here simulated by applying an ectopic stimu-
lus) occurs early in the normal repolarisation sequence, the
ectopic excitation cannot propagate (Fig. 3a). If the ectopic
excitation occurs relatively late, bidirectional propagation
occurs and so the ectopic excitation propagates to both
ends of the strand, which would result in a premature
ventricular contraction (Fig. 3b). However, there is a spa-
tio-temporal region where unidirectional block of a prop-
agating action potential can occur, as illustrated in Fig. 3c,
which could initiate a pair of re-entrant waves in a two- or
three-dimensional tissue [unidirectional block is a neces-
sary condition for the initiation of re-entrant arrhythmias
(Jalife 2000)]. This spatio-temporal region of unidirec-
tional block is the vulnerable window (Starmer et al.
1993). An increase in the temporal or spatial width of the
vulnerable window will increase the probability that any
ectopic excitation that occurs can initiate re-entry, and so
measurement of the vulnerable window is one index of the
arrhythmogenicity of the tissue. We measured the vulner-
able window in each tissue by mapping out the spatio-
temporal region where, following 50 endocardial pacing
stimuli at a cycle length of 1,000 ms, a second stimulus
(with a 1 ms duration, a magnitude four times the diastolic

(c)

=400 ms

t,=380ms

t (ms)

15 0

-80

Fig. 3 a—c Space-time plots showing tissue behaviour in response to
an ectopic excitation. The tissue is first paced from the endocardial
end of the strand (x = 0 mm) at time # = 0 ms. The APD varies
throughout the ventricular wall due to the endocardial, midmyocardial
(M) and epicardial cell types having different APDs; the M cells here
are located between 3 and 8 mm to be consistent with APD
distribution in the non-failing human ventricle (Glukov et al. 2010).
The ectopic (S2) excitation is applied at some location in the tissue
(xs2) at some time during late repolarisation (fs;). Depending on the
location and timing of the ectopic stimulus, three behaviours are

5
Transmural Distance (mm)

-

10 15 0 5

V(mv) +20

observed (in the following examples, xs; = 5 mm and the spatio-
temporal location of the ectopic stimulus is shown by an asterisk):
a propagation of excitation is blocked by refractory tissue, when
ts = 360 ms in this example; b bidirectional propagation occurs
when the ectopic stimulus is applied after the vulnerable window,
when tissue either side of the ectopic stimulus site is no longer
refractory, in this case fs, = 400 ms; ¢ unidirectional propagation
occurs if the ectopic stimulus is applied in the vulnerable window,
here when tg, = 380 ms
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threshold and applied at different locations within the
wall over 0.8 mm of tissue) produced unidirectional
propagation.

Statistical analysis

Data were analysed using Origin (OriginLab, Northampton,
MA). Experimental patch clamp results are presented as
mean + SE. Significant differences between means of WT
and mutant groups were tested for using Student’s ¢ tests,
while relationships between groups were examined using
Pearson correlation coefficients. Values of P < 0.01 were
considered statistically significant.

Results
Experimental data

Figure 2 shows experimental data obtained from Xenopus
oocytes injected with WT and mutant hERG RNA. Panels
d—f summarise these experimental data for WT, an R56Q
mutant and four de novo mutations (A797K, V795K,
E847K and A813K). The R56Q mutation replicates a
mutation identified with LQTS type 2 (Chen et al. 1999),
and thus acting as a “control mutation” as it should pro-
duce a long QT interval in our models. The four de novo
mutations chosen for the simulations presented here rep-
resent a cross-section of the different qualitative behav-
iours observed with all 22 mutations previously examined
experimentally by our group (Al-Owais et al. 2009). The
R56Q and A797K mutations both have a decreased peak
current, a positively shifted half inactivation voltage and
faster activation kinetics compared to WT. The V795K and
E847K mutations show positively shifted half inactivation
voltages and faster activation kinetics compared to WT but
no change in channel conductance. The A813K mutation
differs from WT only in that it has faster kinetics. There
were no significant differences between any of the half
activation voltages, or between the slopes of the activation
or inactivation curves (see Al-Owais et al. 2009 for
details). Table 1 quantifies these changes and shows the
alterations made to the parameter values of mutant cells
and tissues in our computational models. Berecki et al.
(2005) showed that the magnitude of experimental inacti-
vation curve shifts is temperature-dependent: shifts
observed at room temperature are greater than those
observed at body temperature. As such, and because our
experimental measurements were made at room tempera-
ture (21-24°C), we scaled our inactivation curve shifts by
0.45 (cf. Table 1 in Berecki et al. 2005) to give an
approximate shift that would have occurred at body tem-
perature. Note that the activation time constant is voltage-
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Table 1 Model Ik, parameter changes for the R56Q “control muta-
tion” and the four de novo mutations

Gir (% of WT)  Tuet (% of WT)  Vi5.inace (mV shifi)

R56Q 28.4 124 +20.2
A797K 195 8.6 +21.4
V795K - 11.2 +19.3
E847K - 40.3 +5.7
A813K - 41.0 -

Parameters were altered according to the experimental data shown in
Fig. 1. The default published parameter values for the model (Ten
Tusscher and Panfilov 2006) were taken as the WT parameters for this
study. A dash indicates the parameter value is the same as WT

dependent and that the mutant time constant formulations
are simply scaled from WT values.

Cell electrophysiology

Figure 4 shows simulated M cell Ik, and corresponding
action potentials for WT and mutant virtual cells paced at a
cycle length of 1 s, along with APD restitution curves
obtained using an S1-S2 protocol. Note that in all panels
the A813K traces are overlaid and so effectively indistin-
guishable from the WT traces. Although we only show data
for M cells, we found qualitatively similar results for
endocardial and epicardial cells but, for the sake of brevity,
do not show these data. Note that the initial spike in each
current trace (Fig. 4a), which is present in all cell/mutation
types, is also seen experimentally and is due to the inac-
tivation gate responsible for inward rectification being a
time-dependent process rather than instantaneous (Ten
Tusscher et al. 2004). This initial spike has a larger
amplitude with all mutations compared to WT but is par-
ticularly large with the V795K de novo mutation due to the
relatively fast activation kinetics and relatively large
positive shift of the inactivation curve (combined with the
normal channel conductance) seen with this mutation. I,
during the repolarisation phase is reduced in the R56Q and
the de novo A795K mutations compared to WT, stays
roughly the same with the A813K mutation, and is
increased with both the V795K and E847K mutations, with
these changes reflected in the cell APDs. As expected from
previous experimental (Chen et al. 1999) and computa-
tional (Berecki et al. 2005) studies, the R56Q mutation in
the model resulted in an increased APD compared to WT
(Fig. 4b), from 414 to 450 ms for M cells, an increase of
7%. Only one of the de novo mutations, A797K, resulted in
a prolongation of APD. This de novo mutation—like R56Q
in that it results in decreased maximum channel conduc-
tance, faster activation kinetics and a positive shift in the
inactivation curve—caused an 11% APD increase com-
pared to WT in the M cell, taking APD to 469 ms. Two of
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Fig. 4 Simulated periodic state

Ik, (a) and action potentials (a)

(b) for WT and mutant 51

midmyocardial (M) cells paced 4l

at a cycle length of 1,000 ms. Ea

¢ APD restitution curves "'5_ 3

obtained with an S1-S2 < viesk  WT
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cells < .1 '797,(

0 A_}::%
0 200 400 600
t (ms)

the de novo mutations resulted in decreased APD, with
V795K producing the largest reduction (to 343 ms, a 17%
reduction compared to WT) followed by E847K (a 4%
reduction to 396 ms). Both of these mutations result in
faster activation kinetics and a shifted inactivation curve
but, unlike the mutations causing prolonged APD, do not
result in decreased maximum channel conductance. Note
also that the V795K mutation, which causes the largest of
the two APD reductions, has faster activation kinetics and a
greater inactivation curve shift than the E847K mutation.
The remaining de novo mutation, A813K, caused effec-
tively no change in APD (a 0.6 ms increase). Unlike the
other mutations, A813K only affects the time constant of
activation and does not result in a reduced maximum
channel conductance or a shift in the inactivation curve.
These APD relationships between WT and mutant cells
also hold over a large range of pacing cycle lengths, as
shown in the APD restitution curves of Fig. 4c.

Pseudo electrocardiograms

As the QT interval of the ECG is determined by the tissue
APD, whether a particular mutation will cause a long or a
short QT interval will follow from the cell APD restitution
curves in Fig. 4. Indeed, we do find this to be the case, with
mutations that give the largest APD increases/decreases
also resulting in the largest QT interval increases/decreases
(compare Figs. 4 and 5). Figure 5a shows the pseudo ECG
calculated for WT virtual tissue (which has a QT interval of

Fig. 5 a-c Pseudo-ECGs
recorded from virtual tissues
paced at a cycle length of 1 s.
a ECGs from WT tissue and
A797K and V795K mutant
tissues. b, ¢ Detailed views of
the T waves from mutant tissues
that result in short and long QT
intervals respectively, with WT
shown in both panels as a

—WT
A797K
V795K

reference : : :
0 200 400

t (ms)

Action Potential Duration: < <WT= < < A797K
(b) (c)
50 500 /A797K
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369 ms), along with pseudo ECGs from A797K and V795K
tissues, which give the longest (405 ms) and shortest
(321 ms) QT intervals respectively. Figure 5b shows the T
waves calculated for tissues with mutations that cause
SQTS (V795K and E847K) or no change in the QT interval
(A813K) compared to WT, while Fig. 5c shows T waves
from tissues with mutations resulting in LQTS (R56Q and
A797K). Note that, using our ECG delineation method, all
tissue types give an upright T wave, with the exception of
the V795K mutation, which gives a biphasic T wave.

Tissue vulnerability

Figure 6 shows the computed vulnerable windows for each
of the tissue types, mapped out as space-time plots. The
spatio-temporal size of the vulnerable window (the grey area
in each panel of Fig. 6) is an index of the potential of any
cellular electrophysiological abnormalities during the
repolarisation phase (e.g. an ectopic focus caused by early or
delayed afterdepolarisations, or by triggered activity) to
initiate re-entrant propagation. As such, an increase in the
size of the vulnerable window is considered pro-arrhythmic
while a reduction is seen as anti-arrhythmic. On the
assumption that ectopic trigger activity is equally likely to
occur anywhere in the ventricular wall, this can be quantified
by normalising this area with respect to the vulnerable
window of the WT tissue, to give an increase/decrease in the
probability of a re-entrant arrhythmia. The A795K mutation
gives the largest vulnerable window (1.22 times the size of

b c
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Fig. 6 Space-time plots of
vulnerable windows in WT and
mutant virtual tissues. The black
line in each panel represents
time of 90% repolarisation
along the tissue strand. The grey
area shows the vulnerable
window, defined as the spatio-
temporal region where an
ectopic stimulus elicits
unidirectional propagation
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the WT vulnerable window), followed in descending order
by R56Q (1.12), A813K (0.98), E847K (0.89) then V795K
(0.64). As with APD and QT interval prolongations, the
mutations that result in an increase in the vulnerable window
compared to WT are those that cause a reduction in Ik,
maximum conductance (i.e. A795K and R56Q). All other
mutations reduce the vulnerable window size.

Because the spatio-temporal distribution of the vulner-
able window is determined by the repolarisation sequence
across the tissue, it is reasonable to assume that vulnerable
window size would be correlated to some degree with
transmural dispersion of repolarisation (TDR; the time
difference between the earliest and latest repolarisations):
experimentally, the temporal width of the ECG T
wave (Arini et al. 2008) and its time from peak to end
(Antzelevitch et al. 2007b) have been proposed as mea-
sures of TDR, and changes to the QT interval and T
wave morphology have been linked to arrhythmogenesis
(Lawrence et al. 2005). An ECG marker could therefore

@ Springer
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provide a clinically measurable index of tissue vulnera-
bility to arrhythmia. The relationships among TDR, vul-
nerability and pseudo-ECG markers are examined in
Fig. 7. Cell and tissue TDR are well correlated, as would
be expected, but electrotonic interactions reduce the tissue
TDR. Tissue vulnerability correlates more closely with cell
rather than tissue TDR. The T wave width does not cor-
relate with vulnerability, mainly due to the biphasic T wave
obtained with the V795K mutation, but both Tpea—Teng and
the QT interval correlate closely with vulnerability, with
the QT interval providing a slightly better correlation.

Alternans

Action potential duration alternans characterised using a
dynamic restitution protocol are found in both WT and
mutant virtual cells. Figure 8a shows examples of alternans
recorded from an endocardial cell with the A797K mutation
at a pacing cycle length of 280 ms. Figure 8b, ¢ shows
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Fig. 7 Relationships among TDR, the vulnerable window (VW) width and various ECG intervals, from WT and mutant cells and tissues

restitution curves for WT and mutant endocardial cells. Note
that the pacing cycle length at which alternans first appear
follows changes seen in APD (compare with Fig. 4)—
alternans first appear in WT at a cycle length of 260 ms,
while with the A797K mutation they first appear at 300 ms,
and with the V795K at 220 ms. All mutations increase the
range of pacing cycle lengths over which alternans appear in
the endocardial cells, with WT having the smallest range
(25 ms) and the V795 mutation the largest (70 ms), while
the temporal heterogeneity of the alternans (i.e. the maxi-
mum difference between the long and short APDs) in the
endocardial cells is increased compared to WT with one
mutation (A797K, from 73 ms to 91 ms) and decreased with
all other mutations (R56Q reduces to 6 ms; of the de novo
mutations, V795K has the largest decrease, to 41 ms). These
relationships hold, at least qualitatively, in the M and epi-
cardial cell types, with the exception of the V795K mutation,
which does not cause alternans in epicardial cells and gives
only a 6 ms APD difference in M cells (this has implications
for emergence of discordant alternans in tissue; see below).
Activation kinetics were the main influence on emergence of
alternans in cells—faster activation kinetics, seen with all
mutations, caused alternans to appear over an increased
range of pacing cycle lengths.

The alternans observed in single cells were suppressed
when the mutations were incorporated into tissues except,
interestingly, with the V795K mutation. In the tissue with
this mutation, the spatial and temporal heterogeneity in
APD alternans resulted in the emergence of concordant or

discordant alternans, depending on cycle length. Figure 9
shows examples of concordant and discordant alternans in
tissue with the V795K mutation, obtained using a dynamic
restitution protocol. The concordant alternans were recor-
ded at a cycle length of 750 ms, the discordant alternans at
a cycle length of 730 ms. Panel a shows example action
potentials from consecutive beats, recorded from nodes
located at the endocardial and epicardial ends of the strand,
while panel b shows all APDs along the strand for the same
two consecutive beats. For concordant alternans the entire
tissue has a short APD for one beat, then a long APD for
the following beat, followed again by a short APD, and so
on. For discordant alternans there is a region of tissue with
along APD and a separate region with a short APD on each
beat. These long and short APD regions swap locations
every beat and are separated by a node with a constant
APD, here located approximately 4 mm from the endo-
cardial end of the tissue. Panel ¢ shows repolarisation times
along the strands, a functionally more relevant measure as
it is these repolarisation times that determine TDR. The
tissue with concordant alternans shows a small TDR (7 ms
for the “odd” beat), but due to the presence of the long and
short APD regions during a single beat, the tissue with
discordant alternans shows a marked increase in TDR,
especially when the long APD region is located epicar-
dially (i.e. the “even beat”, which has a TDR of 22 ms). As
shown in Fig. 7c and in previous experimental studies (e.g.
Pastore et al. 1999), increasing TDR increases the width of
the vulnerable window, and so increases the probability of
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Fig. 8 a Example of electrical
alternans in an A797K
endocardial cell at a pacing
cycle length of 280 ms, showing
long followed by short action
potentials. b, ¢ Restitution
curves obtained using a
dynamic restitution protocol in
endocardial cells with the short
and long QT mutations

(a)

50

25

-25 4

V(mvV)

-50

=75 4

-100 T T T T T

respectively, with WT shown in
both panels as a reference

0 200 400 600 800 1000
t (ms)

Fig. 9 Concordant (fop) and
discordant (bottom) alternans in
virtual tissue with the V795K
mutation. Pacing cycle lengths
were 750 ms for the concordant
alternans and 730 ms for the
discordant alternans. a Example
action potentials from
subsequent beats, shown from
nodes located at the endocardial
(endo) and epicardial (epi) ends
of the strand. Note the break in
the abscissa. b APDs along the
strand for two consecutive
beats. ¢ 90% repolarisation
times along the strands for two
consecutive beats
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any arrhythmogenic triggers initiating re-entrant arrhyth-
mias. Thus, it appears that heterogeneous emergence of
alternans in single cells leads to the emergence of discor-
dant alternans at the tissue level, and that this increases the
vulnerability to arrhythmias.

Discussion

The single-cell simulation results (Fig. 4), when taken in
the context of the underlying changes to Ik,, are all con-
sistent with earlier numerical studies of APD changes when
Ik, parameters are altered in isolation or in combinations in
human (Benson et al. 2007, 2009; Peitersen et al. 2008;
Fink et al. 2006; Grandi et al. 2009; Priebe and Beuckel-
mann 1998) and other (e.g. Benson et al. 2008; Zeng et al.
1995) ventricular cell models. Here we have shown that, in
the Ten Tusscher and Panfilov model (Ten Tusscher and
Panfilov 2006): (1) mutations resulting in decreased Ik,
maximum channel conductance result in an increased APD,
regardless of any faster activation kinetics or positive shifts
in the inactivation curve; (2) mutations causing a positive
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shift in the inactivation curve, but with no decrease in
maximum channel conductance, result in a decreased APD,
with the magnitude of the reduction dependent on the
magnitude of the inactivation curve shift; and (3) mutations
that result only in faster activation kinetics cause very little
or no change in APD. Thus, from channel kinetic data we
could predict that a mutation would result in SQTS unless
channel conductance was reduced, when LQTS would
result. In future work, we will examine the roles that Ik,
formulation and action potential morphology have on the
emergence of LQTS and SQTS, and how sensitive any APD
changes are to given Ix, parameter changes in different
models of human ventricular myocytes. In particular, we
will compare the model used in the present study to modi-
fied versions of the same model but with different formu-
lations for Ik, (e.g. Fink et al. 2006), and to completely
different human biophysical models (e.g. Grandi et al.
2009; Priebe and Beuckelmann 1998; Iyer et al. 2004) that
have different (e.g. more triangular) action potential shapes.

Interestingly, with these particular mutations and this
model, cell TDR correlates more closely with vulnerable
window width than tissue TDR does, despite the vulnerable
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window being a tissue-level phenomenon influenced by the
repolarisation sequence across the ventricular wall. How-
ever, the vulnerable window is not only an index of repo-
larisation time and tissue TDR, it takes into account other
electrophysiological phenomena that may contribute to
unidirectional block, such as action potential triangulation,
alteration to the refractory period, or discordant alternans
that occur during the pacing sequence. This may also
explain the correlation between ECG Tpeax—Teng and vul-
nerability, and the finding that the QT interval (an index of
maximum APD rather than TDR) gave the best correlation
with the vulnerable window width. Here we demonstrated
for the Ten Tusscher and Panfilov model (Ten Tusscher
and Panfilov 2006) that cell TDR and QT interval are the
best predictors of tissue vulnerability. It remains to be
tested in other biophysical models of human ventricular
myocytes (Fink et al. 2006; Grandi et al. 2009; Priebe and
Beuckelmann 1998; Iyer et al. 2004) whether cellular TDR
and the QT interval are indeed better predictors of tissue
vulnerability that tissue TDR or Tpeax—Teng-

The correlation of vulnerable window width and the QT
interval (Fig. 7f) may initially seem strange, as SQTS can
be arrhythmogenic, yet we predicted a reduced vulnerable
window (i.e. less arrhythmogenic) for all mutations that
cause SQTS. It should be noted, however, that the vul-
nerable windows measured in this study were at a pacing
cycle length of 1,000 ms, and that the SQTS mutations
generally result in larger cellular alternans over a greater
range of cycle lengths than the LQTS mutations (Fig. 8).
Furthermore, the V797K mutation was the only one to
display alternans in the tissue, with concordant or discor-
dant alternans emerging depending on pacing cycle length
(Fig. 9). Thus, it is important to take into account that
certain substrates for arrhythmias may only manifest under
certain pacing rate conditions, and a variety of different
measures (Lawrence et al. 2005) may help to define the
arrhythmogenicity of a particular mutation.

The results of the current study demonstrate the effect of
mutations in the hERG gene on heterogeneous tissue sys-
tems, and they therefore provide confirmation of the link-
age from mutations at the genetic level, through the
structural and cellular levels, to the tissue level in cardiac
systems. Moreover, they provide validation of the utility of
cellular electrophysiological investigations in studies of
cardiac disease, by highlighting the electrophysiological
differences a single mutation can cause at the channel, cell
and tissue levels. This work builds on previous studies (Al-
Owais et al. 2009; Benson et al. 2009) in which the effects
of a variety of hERG mutants were examined. The present
and these previous studies demonstrated a range of effects
on cardiac activity which lead to either lengthening or,
more surprisingly, shortening of the cardiac APD. How-
ever, the differences in the effects of the hERG mutations

in the modelled endocardial, M and epicardial tissues
highlight the limitations associated with relying solely on
electrophysiological results to investigate such a complex
environment as cardiac tissue (see the spatially heteroge-
neous emergence of alternans with the V795K mutation in
section “Alternans” as an example). Certainly, the addi-
tional insight provided by the computational models used
in this study will prove useful in understanding the rela-
tionship between experimental electrophysiology results
and the related clinical manifestation of conditions such as
LQTS and SQTS, and will provide an intriguing basis for
future electrophysiological investigations, which may
focus on attempting to differentiate the potentially subtle,
yet possibly important, differences in the effects of muta-
tions on different cardiac tissues. Furthermore, it appears
that electrophysiology can only go so far in elucidating the
manifestation of genetic changes in cardiac tissue. Indeed,
the use of emerging techniques such as three-dimensional
optical imaging (Walton et al. 2010)—which can give
spatial as well as temporal information on the propagation
of action potentials in cardiac tissues—in conjunction with
existing computational models (Clayton et al. 2011) will
make possible a generation of more refined three-dimen-
sional models of cardiac activity that are informed by
spatio-temporal experimental data and that may prove a
useful tool in dissecting the complex regulation of cardiac
activity.

Clinical implications

Mutations in hERG have been implicated in inherited
LQTS type 2 and SQTS type 1, and drug-induced forms of
LQTS can result from often unforeseen interactions with
hERG (Kannankeril and Roden 2007). A greater under-
standing—from genetics through to tissue electrophysiol-
ogy—will lead to clinical insight into both inherited and
drug-induced forms of LQTS and SQTS. However, the QT
syndromes are complex conditions, both in terms of their
underlying causes and their manifestation in heterogeneous
cardiac tissue. Prolongation of the cardiac action potential,
for example, may be composed of multiple effects that
individually lengthen or shorten the action potential
(Benson et al. 2009). The use of virtual cardiac tissues, as
presented in this paper, is a powerful technique that can
help determine tissue level electrophysiology using sub-
cellular kinetic measurements, and as such could be used to
identify potentially pro-arrhythmic genetic mutations or
drug compounds.

Limitations

Mutant hERG channels were transfected into Xenopus
oocytes, and single-cell electrophysiology was performed
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on prepared oocytes, at 21-24°C. Although this is below
normal physiological temperature, we took steps to account
for this temperature difference by scaling the shifts in the
half inactivation voltages. Nevertheless, it is still possible
that the effects of temperature-sensitive mutations in hERG
may have been masked. Although the Purkinje fibre is used
as a model of drug-induced LQTS in dogs (e.g. Gintant
et al. 2001), and drugs that induce LQTS can induce early
afterdepolarisations in rabbit Purkinje fibres (e.g. Puisieux
et al. 1996), it is still unclear how hERG mutations mani-
fest electrophysiologically in human Purkinje fibres. In a
recent model of human Purkinje fibres (Stewart et al.
2009), complete block of Ik, did not significantly alter
automaticity or APD and did not induce afterdepolarisa-
tions. Another recent human Purkinje fibre model (Samp-
son et al. 2010) showed severe arrhythmogenic activity
with LQTS type 3, but not with LQTS types 1 or 2. As
such, and for the sake of simplicity, we do not include
Purkinje fibres in our models. Limitations of using the
single-cell and tissue models have been discussed in detail
previously (Benson et al. 2008), and we only note here that
the one-dimensional virtual tissue is a computationally
efficient and simplified model of the ventricles that removes
some details, such as tissue structure (Gilbert et al. 2007)
and Purkinje fibres (Stewart et al. 2009; Sampson et al.
2010), that would otherwise make elucidation of tissue-
level mechanisms unnecessarily complicated.
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