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“The hypotheses we accept ought to explain phenomena which we have observed.
But they ought to do more than this: our hypotheses ought to foretell phenomena
which have not yet been observed.”

-William Whewell (1794-1866) English mathematician, philosopher.
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ABSTRACT OF THE DISSERTATION

MULTISCALE COMPUTATIONAL MODELS OF TRANSMURAL
HETEROGENEITIES AND VENTRICULAR ARRHYTHMOGENESIS
by

Sarah N. Flaim
Doctor of Philosophy in Bioengineering
University of California, San Diego, 2006

Professor Andrew D. McCulloch, Chair

Transmural differences in the expression patterns of many ion channels distinguish
myocytes isolated from the ventricular endocardium, epicardium and midmyocardium
of several species. Modifications to ion channel function, e.g. by accessory subunits,
phosphoregulation or congenital abnormalities, may alter cellular electrical activity in
a myocyte subtype specific manner, increasing dispersion of repolarization. However,
in well-coupled myocardial tissue, repolarization gradients are thought to be
minimized by electrotonic coupling.

Advances in molecular biology have yielded a wealth of quantitative information
on the structure, function and regulation of cardiac ion channels. As the consequences
of congenital “ion channelopathies™ are often explored in isolated expression systems,
it is difficult to establish a connection between the molecular mechanisms of ion
channel defects and their clinical phenotypes. Furthermore, the ability to obtain high
resolution measurements of electrophysiological phenomena in vivo is extremely

limited. Thus, the objective was to develop and validate computational multiscale

xxii



models to investigate the hypotheses that 1) transmural heterogeneities in the
molecular mechanisms underlying cellular electrical activity influence patterns of
activation and recovery in well-coupled myocardial tissue, and 2) heritable ion
channel mutations amplify these heterogeneities and contribute to potentially life-
threatening arrhythmogenesis.

In this work, we integrated biophysically detailed ionic models into geometrically
accurate 3D finite element models of cardiac conduction. These models predicted that
1) intrinsic cellular heterogeneities are attenuated in well-coupled myocardial tissue
by electrotonic coupling; 2) autonomic-mediated amplification of spatial
heterogeneities link a molecular level genetic mutation in KCNQ1 with proarrhythmic
cellular events and T-Wave abnormalities; 3) sustained components of Ixy43 and Inar
play a major role in shaping the cardiac action potential; and 4) increased dispersion
of repolarization resulting from an SCNS5SA mutation permits pause-dependent
episodes of polymorphic ventricular tachycardia. These findings suggest that, despite
electrotonic interactions that minimize repolarization gradients, ion channel mutations
may amplify intrinsic cellular heterogeneities thus creating an electrically unstable
substrate. Multiscale computational modeling is a powerful tool to integrate the
molecular mechanisms of ion channel regulation into the native, complex environment
of the cardiac ventricular myocyte and intact myocardial tissue, thus bridging the gap

between congenital defects and clinical phenotypes.
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CHAPTER 1

Introduction

Sudden cardiac death (SCD) is a major cause of mortality within the industrialized
world (153). The abrupt loss of effective heart function usually arises from chaotic
cardiac electrical activity, or ventricular fibrillation (VF). In normal hearts, a
propagating electrical wavefront elicits coordinated contraction of the billions of cells
comprising the heart. Pacemaker cells in the right atria initiate the impulse which
quickly spreads over the heart via the specialized cardiac conduction system. The
pattern of activation controls the sequence of cellular contraction, thus any disturbance
to either the initiation or propagation of the wavefront, clinically known as
arrhythmia, can have potentially serious implications on the ability of the heart to
function effectively as a pump.

Cardiac myocytes normally support a negative potential across the cell membrane
at rest. This resting “transmembrane” potential is maintained by an electrochemical
gradient of K ions between the intra- and extra-cellular space. Electrical stimulation
of an individual cardiac myocyte above a threshold results in a so-called action
potential, during which the membrane is transiently depolarized and repolarized. The
passage of the ionic species (predominantly Na®, Ca** and K*) occurs via membrane-
spanning protein complexes known as ion channels, which change conformation in a
voltage- or time-dependent manner.

Individuals harboring genetic mutations in certain ion channels may be
predisposed to developing serious ventricular arrhythmias. Although the mechanisms

(13

responsible for arrhythmia formation and destabilization arising from these “ion



channelopathies” are not fully understood, it is thought that amplified dispersion of
repolarization may contribute significantly to electrical instability. It is increasingly
recognized that even under normal conditions, measurements of action potential
duration and morphology within the left ventricle are highly heterogeneous (9).
Amplification of these intrinsic electrical heterogeneities is thought to contribute to
increased repolarization gradients and predisposition to arrhythmia formation.
Although there exist apical-basal (48) and interventricular (242) differences in cellular
electrical properties, transmural heterogeneities are arguably the most distinct and
well studied. Recognition of regional variation in the expression and function of ion
channels across the wall of the left ventricle have promoted the notion of transmural
dispersion of repolarization (TDR).

Clinically, an increase in TDR is associated with increased risk of malignant
ventricular arrhythmias (10). Recent studies evaluating what were thought to be
arrhythmia-suppressing drugs yielded the unexpected and disturbing finding that many
agents used in the trials were in fact proarrhythmic (53, 167). Many class I and III
antiarrhythmic drugs, some of which had been administered to patients for decades,
appeared to slow conduction, prolong QT intervals and increase TDR. Although
beneficial for some individuals, these agents were linked with induction of ventricular
arrhythmias and SCD in other patients. Over the years, pharmacological interventions
had been developed without detailed knowledge of the molecular mechanisms
underlying the disease phenotypes and drug interactions. Thus, in order to develop
effective treatments for serious malignant ventricular arrhythmias, it is of the utmost
importance to understand the precise mechanisms of arrhythmia formation and the

role of repolarization heterogeneities within the ventricular myocardium.



1.1 Molecular basis of cellular heterogeneities

Significant differences in the expression pattern of a number of ion channels is an
important functional distinction among cells isolated from the ventricular
endocardium, epicardium and midmyocardium of many species, including human (54,
105), dog (16, 204), guinea pig (16), rabbit (124) and mouse (30). The major
consequence of this systematic variation in ionic currents is a heterogeneity of action
potential duration (APD), morphology and rate-dependence (105). It is hypothesized
that these so-called intrinsic differences promote a normal sequence of activation and
repolarization in healthy hearts, but that exaggeration of repolarization
heterogeneities, via drug actions, inherited mutations or acquired disease, is
proarrhythmic. A large number of experimental studies of ventricular myocytes have
begun to define the molecular and ionic mechanisms underlying the transmural
heterogeneities of ion channel and calcium (Ca2+)-handling proteins. The
corresponding ionic currents include: the transient outward potassium (K") current,
Ixvaz (110); the slowly activating delayed rectifier current, Ixs (109); the late Na"
current, Inar (273); the Na'-Ca** exchanger, Inaca (255, 274); and the SR Ca’"-ATPase
uptake rate, Isgrca (93). Although the focus of this work is primarily on transmural
variation in ion channel expression and function, we also refer to apico-basal and

interventricular differences where relevant.

1.1.1 The transient outward K" current, Iy

Many investigators have measured a strong transmural gradient of the 4-
aminopyridine-(4-AP)sensitive transient outward current, Iy,; (14, 174, 269). A large
Iio1 underlies the prominent spike and dome action potential morphology typical of
ventricular epicardial and (to a lesser extent) midmyocardial myocytes, whereas it is

nearly absent in the endocardium. The molecular basis of this gradient appears to be



species dependent. In the canine and human ventricles, I, is primarily carried by
Kv4.3 channels with some contribution from Kv1.4 (52, 83). A recent investigation
suggests that co-assembly of Kv4.3 with the ancillary () subunit KChIP2 is necessary
for effective channel function in cardiac myocytes (174). A steep transmural gradient
of KChIP2 is thought to contribute to the gradient of I, in canine and human
ventricle, since expression of the Kv4.3 a subunit was found to be homogeneous
across the wall (174). As well as this reduction in o subunit expression, endocardial
Iio1 recovers from inactivation significantly slower than epicardial I, (129). The
slower recovery from inactivation on the endocardium appears to play a small role in
the steeper rate-dependence of APD in epicardial versus endocardial cells (108).

Heterologous expression of Kv4 o subunits fails to reconstitute the gating kinetics
of native I, unless KChIPs are coexpressed (4, 18, 19, 21, 146, 147). The
mechanisms by which KChIPs exert their effects on Kv4 channel activity appear to be
by increasing cell surface expression, slowing inactivation kinetics, and accelerating
recovery kinetics (4, 18, 19, 21, 146, 147). Patel et al (148) recently conducted a
thorough quantitative analysis on the voltage dependence of activation, deactivation,
inactivation and recovery kinetics of Kv4.3 expressed alone and in the presence of
KChIP2 subunits. Their results indicate that KChIP2 isoforms slow closed-state
inactivation, accelerate recovery from inactivation and promote a Ca** dependent
open-state inactivation. Based on their results, these authors propose a continuous
time Markov model that separates the Ca2+-dependent open state from the Ca®'-
independent closed state inactivation (Appendix C: Figure C.1). If the relevance of the
data extends to cardiac myocytes, this model suggests that the kinetic behavior of I,
is much more complex than current ionic models predict.

Many other mechanisms of Kv4 channel regulation have been demonstrated (for a

review see Patel and Campbell (145)). Briefly, these other regulatory subunits include



frequenin (132), MinK-related peptide 1 (MiRP1) (265) , NFAT/calcineurin (177) and
DPPXs (131), which may all contribute to I,; regulation in vivo. Of these, frequenin is
thought to be the most likely candidate (145), possibly due to the structural similarity
to KChIPs (both are neuronal Ca®" sensors containing multiple EF hands). Indeed,
frequenin has been shown to coimmunoprecipitate with Kv4.3 o subunits in mouse
ventricle extracts (68). However, others were unable to detect this association (163).
Furthermore, it has been demonstrated that the interactions of KChIPs with Kv4
channels are substantially stronger and/or more efficient than those of frequenin (163).
Thus, in addition to KChIPs, there may be other important mechanisms of Kv4
channel regulation in cardiac myocytes.

As well as transmural variation, there also exists a marked increase in right
ventricular (RV), as compared to left ventricular (LV), i, density. These transmural
and interventricular differences in the density of I,; lead to voltage gradients during

ventricular activation that manifests as a J (or Osborn) wave on the ECG (258).

1.1.2 The slowly activating delayed rectifier current, Ik

The slowly activating delayed rectifier current, Ik, is usually measured as the
“tail” current resulting from a repolarization step to -20mV following a 5-s
depolarizing stimulus. Both the depolarization current and the tail current are
significantly smaller on average in midmyocardial cells than in endocardial and
epicardial cells (109), which is thought to contribute in part to action potential
prolongation in midmyocardial cells. Mutations in KCNQI1, the pore-forming ion
channel subunit of the Igxs channel, or KCNEI, the B subunit, result in long QT
syndrome type-1 (LQTT1) and type-5 (LQTS), respectively.

The slow kinetics of Ik tail current decay in guinea pigs allow residual activation

or “accumulation” of this current during rapid pacing. This is thought to contribute to



APD rate-dependence (82). This phenomenon does not appear to extend to canine,
where increased recovery rates result in no accumulation under normal conditions.
However, it is observed following application of isoproteronol (210) which results in
PKA phosphorylation of KCNQI1 and a subsequent increase in Ig current density.

In canine and other large mammals, Ixs plays a subsidiary role to the rapidly
activating delayed rectifier current, Ik, in the absence of elevated adrenergic tone
(205). As such it likely serves as a compensatory repolarization reserve when other
currents are inhibited, as evidenced by the greatest APD prolongation response of
midmyocardial cells to Ik, blockers such as sotalol and E-4031 (185).

As well as transmural variation, Iks tail currents are significantly larger in cardiac

myocytes isolated from the RV than from the LV (242).

1.1.3 The late Na" current, Iya

The voltage-dependent cardiac Na' channel carries the large inward current Iy,
responsible for the rapid depolarization of the myocyte membrane potential at the start
of the action potential. Emerging evidence suggests there is a sustained component of
Ina active later during the action potential originating from channels that fail to
inactivate or channels that recover from inactivation during phases 2 and 3 (180, 181).
These openings have been measured in single channels (179, 270) and constitute the
late Na" current (Ina). The probability of cardiac voltage-gated Na' channels opening
at potentials matching the action potential plateau is estimated to be roughly 1% (117).
This is thought to be increased in midmyocardial (109) and failing ventricular cells
(230), in both instances leading to APD prolongation.

Inherited mutations in SCN5SA, the gene encoding the a subunit of the channel,
Nav1.5, may also disrupt Na" channel inactivation, delay cellular repolarization and

be associated with an increased risk of arrhythmia (84, 247). One such example is the



11768V mutation, which increases the rate of recovery of inactivation, leading to an
increase in Phase 3 (but not Phase 2) I, (39). In addition, Inar has been recognized as
one of the major factors contributing to abnormal repolarization in heart failure (117).

The substantial difference in magnitude between the large fast transient current (1
nA, 1 ms) and the smaller late component (~10 pA, 1 s) have hindered thorough
experimental examination of In,. (117). A recent modeling study consisting of three
gating modes of Na" channels (transient, burst and late scattered) suggested that late
components of Iy, transfer about the same amount of charge as the transient current
(117). It also predicted that heart failure significantly slows gating of Inar, resulting in
greatly increased Na" influx during prolonged membrane depolarization.

Information is slowly coming to light as to the relationship between the structure
of Navl.5, its electrophysiological function, and modulation by regulatory molecules.
The cardiac Na' channel has four structural domains, each consisting of six
membrane-spanning subunits and has both intracellular N and C termini. It appears
that interactions between the intracellular C-terminal domain and the intracellular I11I-
IV linker confer stability on Na" channel inactivation (248). The gating modes of
single cardiac Na" channels have specific activation and inactivation kinetics (28).
Modal gating of cardiac Na™ channels may be regulated by phosphorylation through
protein kinase C (224) and/or by protein kinase A (225), mechanisms involving
intracellular Ca*" (51, 223) or mechanical stress on the plasma membrane during
contraction of the heart muscle cell (28). The enzyme Nedd-4.2 appears to play a role

in the trafficking of Navl.5 to the cell surface (234).

1.1.4 The Na*-Ca*" exchange current, Insca

The Na™-Ca*" exchanger (NCX), permits a reversible current, In,ca, that functions

under normal conditions primarily to remove intracellular Ca®". However, it is also an



important modulator of excitation-contraction coupling (ECC) and arrhythmia due to
its effects on Ca®" signaling. A recent report described the presence of a transmural
gradient of In,ca in the canine LV free wall (decreasing from epicardium to
endocardium) (255). This appears to be disrupted in failing hearts via regional
upregulation of In,ca on the endocardium resulting in uniform expression (255).
However, a prior investigation into Ina.c, gradients measured the greatest current
densities in midmyocardial cells (274). Moreover, a recent study reported a reversal of
the Inaca gradient in normal guinea pig hearts, decreasing from endocardium to
epicardium (246) (although this may be due to interspecies variability). It is therefore
difficult to establish the true nature of the transmural gradient of In,ca from these

reports.

1.1.5 The SR Ca**-ATPase, SERCA

There also exist important regional variations in the mechanisms responsible for
myocyte Ca’" homeostasis. Time to peak and the duration of the Ca*" transient are
longer in endocardial cells (46). In addition, SR Ca’" content, as measured by rapid
application of caffeine, is greatest in epicardial cells (46). Experimental evidence
suggests that a combination of electrical heterogeneity and intrinsic differences in
ECC underlie the distinctions in the SR Ca®" concentration and kinetics of the Ca*"
transients. Greater SERCA expression on the epicardium may contribute to a higher
SR Ca”" content and faster decay (93), while the spike and dome morphology of the
epicardial action potential waveform permits a greater L-Type Ca”" current (LCC)
current (64). It is presumed that these differences result in a more coordinated
contraction of the ventricular myocardium, i.e. the faster kinetics of epicardial cells
compensate for the delay in activation. There may also be other regional variations in

protein expression or modulation that have not yet been identified.



1.2 Autonomic regulation of ion channel function

Neurohormonal control is an important functional regulator of cardiac
electrophysiology via the downstream effects on ion channel function. In cardiac
myocytes, norepinephrine (NE) binds to the [;-adrenergic receptor, initiating a
cascade of signaling events resulting in the phosphorylation of a number of proteins,
including the L-type Ca’" channel (LCC), phospholamban (PLB) and KCNQ1, which
all play a role in the generation of the action potential and/or Ca®" cycling (26).
Furthermore, activation of the sympathetic nervous system (SNS) and the subsequent
release of NE are implicated in increased arrhythmogenic risk (71, 218). While (-
blockers are highly successful anti-arrhythmic agents, the electrophysiological
responses to [j-adrenergic agonists and the mechanisms of arrhythmia formation,
particularly with respect to temporal and spatial heterogeneities, remain poorly
understood.

In structurally normal hearts, enhanced SNS activity is thought to facilitate
electrical instability by increasing automaticity, decreasing the threshold for activation
and increasing the heterogeneity of refractoriness (71). Han et al (70) demonstrated
increased dispersion of recovery with stimulation of the cardiac sympathetic nerves.
Recently, Taggart et al (218) demonstrated that the adrenergic agonists isoprenaline
and adrenaline increased the steepness of the slope of the APD restitution curve,
which has been shown to promote wave break and ventricular fibrillation (VF) (142).
Although local applications of NE to the ventricular subepicardium elicited
reproducible ventricular tachyarrhythmias (135), infusion of B-adrenergic agonists
reversed the arrhythmia (135) and does not appear to increase dispersion of
repolarization (71, 135). One explanation that accounts for the differential response is

that increased sympathetic activity via stimulation of cardiac nerves results in
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heterogeneity of neurotransmitter release and cellular response, whereas intravenous
infusion may result in a more uniform modulation of myocardial electrophysiological
properties.

From investigations into the anatomy of the cardiac nervous system, it appears that
sympathetic nerves follow the common pulmonary artery into the plexus supplying the
main left coronary artery, where they are distributed to the myocardium in superficial
epicardial layers. Experimental evidence suggests that the overlap in the location of
sympathetic nerves and the coronary network extends into the myocardium (271). The
distribution of B-adrenergic receptors appears to be nonuniform, with the highest
density occurring in the most innervated regions of the heart (34). This results in a
transmural gradient of receptor density, decreasing from epicardium to endocardium
(34).

Post-infarction injury to peripheral nerves has been shown to trigger neural
remodeling via the reexpression of nerve growth factor (NGF) or other neurotrophic
factor genes (103), which leads to possible hyperinnervation in the heart (69). Many
investigators have observed spatially heterogeneous innervation in the ventricles with
regional hyperinnervation in the periphery of injured myocardium and denervation in
necrotic areas (33, 243). It has recently been confirmed that a significant portion, if
not all, of regenerated nerves are sympathetic (267).

Clinical and experimental observations suggest that this heterogeneous neural
remodeling, while associated with improved hemodynamic performance in transplant
patients (192), results in an electrically unstable substrate. Cao et al noted an
association between the density of regional hyperinnervation in injured ventricular
myocardium and the history of ventricular tachyarrhythmias in patients with severe
heart failure (33). It also appears that a combination of both neural and electrical

remodeling interact adversely to facilitate spontaneous ventricular tachyarrhythmias
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and sudden cardiac death (32), although it is unclear what the underlying mechanisms
are.

Patients with LQT1 harbor mutations in KCNQ1, which encodes the a subunit of
the Ixs channel, and are particularly at risk to SCD during exercise or emotional
stress, suggesting a connection with sympathetic stimulation (195). While healthy
individuals have shortened or unchanged QT intervals with sympathetic stimulation,
QT intervals in many LQT1 patients prolong further, implying a defect at the interface
between the SNS and electrophysiology. Other disorders linked to SNS activation
include LQT2, catecholaminergic polymorphic ventricular tachycardiac (CPVT) and

congestive heart failure (CHF).

1.3 Intracellular Ca* cycling and arrhythmia formation

Depolarization of the cardiac ventricular myocyte activates voltage-gated L-type
Ca”" channels (LCCs) and the resulting influx of Ca*" from the extracellular space
triggers the release of Ca>” from the sarcoplasmic reticulum (SR). This phenomenon,
termed Ca”'-induced Ca®" release (CICR), transiently increases cytosolic Ca*" to a
level which initiates myocytes contraction. The local control hypothesis predicts that
an individual LCC located in the T-tubule will trigger Ca”" release from a small cluster
of ryanodine receptors (RyRs) in the closely apposed SR terminal cisternae (211). A
collection of functionally linked LCCs and RyRs make up a so-called Ca”" release unit
(CaRU). The Ca®" concentration in the subspace surrounding the CaRU is an order of
magnitude larger than that in the bulk cytoplasm (64).

Intracellular Ca®" cycling is an important regulator of normal and abnormal
excitation-contraction coupling (ECC). Briefly, recent experimental data has
demonstrated inactivation of the sarcolemmal LCC to be primarily Ca*-dependent

(107). Fluctuations in intracellular Ca®* levels can modulate the shape and duration of
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the cardiac action potential via altering transmembrane Ca”>" fluxes. Free Ca*" may
also bind to regulatory molecules, such as calmodulin and KChIPs, to modify ion
channel function on a beat-to-beat basis, or over longer time periods (149).

In extreme instances, highly proarrhythmic Ca*"-mediated afterdepolarizations,
both early and delayed, may be observed. These are both examples of triggered
arrhythmias (abnormal impulse initiation). Early afterdepolarizations (EADs) occur
during Phases 2 and 3 of the action potential and are thought to be mediated by
reopening of the LCCs. The resulting influx of Ca*" halts the repolarization process
and results in oscillating fluctuations of membrane potential. EADs are facilitated by
hypertrophy, slow pacing rates, hypokalemia, hypomagnesaemia, hypoxia, acidosis,
the presence of catecholamines and any drug that prolongs repolarization (7, 251).
Delayed afterdepolarizations (DADs) occur after full repolarization and are thought to
originate from spontaneous release of Ca>" from the SR, either due to Ca*" overload or
abnormalities in luminal Ca®" control. Both these Ca*"-mediated after-depolarizations
may trigger a serious polymorphic ventricular tachycardia known as torsade de pointes
(38).

EADs and DADs may also substantially increase dispersion of repolarization,
predisposing the tissue to so-called reentrant arrhythmias (abnormal impulse
propagation). Many dangerous forms of aberrant electrical conduction are driven by
rotating spiral waves of excitation, that form under conditions of inhomogeneous
refractoriness (3) and slowed conduction (251). It is hypothesized that reentrant
arrhythmias may further disintegrate into complex chaotic wavelets of activation,
resulting in VF and potentially SCD (3, 63).

In addition, Ca®" transient alternans in the absence of action potential alternans
may be observed at high stimulation rates, promoting the concept that dynamic

instabilities in Ca®" cycling can influence instabilities in membrane potential (37).
yelng p
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Further experimental investigation has suggested that intact Ca®" cycling is required

for action potential alternans formation (62).

1.4 Inherited and acquired “ion channelopathies”

There exist a number of heritable disorders that predispose certain individuals to
potentially life-threatening repolarization-related arrhythmias. These disorders include
the long-QT syndrome, Brugada syndrome, the short QT syndrome and
catecholaminergic polymorphic ventricular tachycardia. These conditions are
characterized by normal heart structure and seemingly innocuous electrocardiographic
alterations. In some cases, these conditions can also be “acquired” secondary to use of
certain medications in susceptible individuals.

In the last decade, there has been significant progress in determining the genetic
bases of inherited ion channelopathies (for a review, see LeRoy and Russell (102) or
Roberts (167)). Although there is significant overlap in the affected ion channels, the
clinical presentations of each syndrome and the electrical heterogeneities underlying

the ECG abnormalities are distinct.

1.4.1 The Long QT Syndrome

The most common class of ion channelopathies is the long-QT syndrome (LQTS).
The name arises from the characteristic QT interval prolongation on
electrocardiogram (ECG) recordings. QT prolongation is indicative of a delay in
ventricular repolarization. This disorder occurs in 1/3000-5000 individuals and
accounts for a large number of incidences of SCD in children and young adults (36).

To date, there are seven known variants of LQTS, representing mutations in seven
different genes. The most commonly diagnosed conditions are LQT1 (KCNQI

mutations) and LQT2 (HERG mutations), which, along with the less prevalent LQTS5
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(KCNE1 mutations), LQT6 (KCNE2 mutations) and LQT7 (KCNJ2), delay
repolarization by slowing K efflux. LQT3, which represents approximately 8% of
genetically confirmed diagnoses, affects repolarization by increasing the persistent
Na® current, Ina.. LQT4 is associated with mutations in ankyrinB and impaired
function of multiple ion channels including the Na” pump and NCX. It is likely that
more LQTS genes remain to be identified since genetic testing was inconclusive in
around 30% of individuals (102).

There is considerable variability in the clinical presentation of LQTS (169, 222).
The cause of LQTS symptoms, which include seizures, chest pain, syncope and SCD,
is the polymorphic ventricular tachycardia torsades de pointes. The onset of torsades
de pointes in patients with LQTS often develops in a pause-dependent fashion, i.e.,
immediately after a sinus beat after a postectopic pause. However, it can be associated
with either bradycardia (with marked QT prolongation) or sinus tachycardia due to
adrenergic stress. The mechanisms underlying the transition from normal rhythm to
torsades de pointes to VF are unknown, although the prolonged APs are likely to
predispose regions of the myocardium to EAD formation.

Clinical diagnoses are based on patient history and measurement of the rate-
corrected QT interval (QTc by Bazett's formula) >0.46 seconds. However, syncope or
cardiac arrest has been reported in 10-50% of LQTS carriers who have an apparently
normal or borderline QT interval. This suggests reduced penetrance or contributions
by modifier genes or environmental factors (such as electrolyte abnormalities) to the
clinical manifestations of LQTS (102).

In addition to QT prolongation, T wave morphology is often abnormal, consistent
with the concept that repolarization in LQTS displays substantial spatial and temporal
heterogeneity. QT dispersion, as assessed by the difference between the longest and

shortest QT intervals on a 12-lead ECG, is normally 46+18 ms. In patients with
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LQTS, it is 133421 ms (169). Furthermore, the T wave often has a notched or biphasic
appearance. These findings, in turn, suggest that abnormal AP prolongation in LQTS
may occur to a greater extent in some cells than in others. It is increasingly recognized
that even under normal conditions, APs in the ventricle are highly heterogeneous,
which suggests that different ion channel lesions might produce different and
distinctive ECG patterns.

Another diagnostic ECG manifestation of LQTS is T-wave alternans (TWA).
Here, the T wave is not only prolonged and abnormal, but also varies on a beat-to-beat
basis, which indicates temporal variability in repolarization (169). The presence of
visible T-wave alternans often predicts the occurrence of lethal ventricular
arrhythmias (150), although the amplitude of TWA in LQTS patients tends to be of

the order of microvolts and its predictive value uncertain (134).

1.4.2 Brugada syndrome

Brugada syndrome (BS) is another familial cause of SCD in young, apparently
healthy individuals. It appears to be linked to SCN5SA mutations that result in a
reduction of Na" influx across the right ventricular epicardium (102). It is thought that
premature repolarization in this region contributes to electrical heterogeneity of
repolarization and creates an electrical substrate conducive to reentrant arrhythmias
(6).

BS is characterized by ST segment elevation, prominent J-waves and SCD (6).
The incidence is around 1/5000 individuals in the Western World (167) but may be
much higher (1/200) in Thai and Japanese males from certain regions (6). It is also
thought to be responsible for a significant proportion of cases of sudden infant death
syndrome (167). Most drugs are not effective with BS and an implantable defibrillator

is the only recommended form of therapy (167).
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1.4.3 Short QT syndrome

The short-QT syndrome (SQTYS) is a very rare condition characterized by surface
ECG recordings of QT intervals < 300 ms (186), tall peaked T-waves (186) and a high
risk of atrial and ventricular arrhythmias (167). So far, three variants have been
identified, all of which result in a gain of function of K' channels that accelerate
repolarization and shorten APD. The mechanisms whereby these defects induce
arrhythmia are unknown, although regional repolarization heterogeneities between the
epicardium and midmyocardium have been implicated (186). ICD implantation is
recommended, although quinidine has been shown to normalize QT intervals in some

SQTS patients (167).

1.4.4 Catecholaminergic polymorphic ventricular tachycardia

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is characterized
by exercise- or stress- induced bidirectional and polymorphic VT. These ECG
manifestations are consistent with intracellular Ca*" overload and DAD events in
response in increased adrenergic tone. Unlike LQT1, genetic mutations linked to
CPVT result in abnormal Ca** handling and release (167). Gain of function mutations
in the RyR appear to result in enhanced Ca*" leak from the SR and are thought to
account for ~50% of genotyped reports of CPVT (158). Loss of function mutations in
the calsequestrine gene, CASQ?2, that reduce SR Ca”" buffering capacity, have also
been identified as a variant of CPVT (154). As with BS, CPVT is likely to account for

some cases of sudden infant death syndrome (186).

1.4.5 Acquired long-QT syndrome

Marked QT prolongation and torsades de pointes may also occur as a consequence

of administering certain drugs. The mechanism of this “acquired” LQTS is delayed
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repolarization secondary to either a reduction in the rate of K efflux, or, less
commonly, an increase in Na' influx (167). Drug-induced QT prolongation occurs
only in susceptible individuals, suggestive of a genetic predisposition. Case reports of
patients with subclinical congenital LQTS that present with symptoms upon
administration of exposure to Ik, blocker support the hypothesis of a genetic
contribution to elevated risk of acquired LQTS. Genetic testing has identified gene
mutations and single nucleotide polymorphisms (SNPs), mostly related to K
channels, that predispose to acquired LQTS (167).

Normal hearts employ multiple mechanisms to accomplish repolarization. For
instance, over 20 K' channels are expressed in cardiac tissue, most of which
contribute to AP repolarization (167). If one of these mechanisms is impaired, the
redundancies in the system should protect against extreme perturbations. This so-
called “repolarization reserve” may be jeopardized if there are abnormalities, either

congenital or environmental, in several of the repolarization processes.

1.5 Structural heterogeneities

Activation of the ventricles is non-uniform, although well-coordinated by
specialized cells in the cardiac conduction system. Purkinje fibers rapidly conduct
electrical impulses from the atrioventricular node to the bulk of the myocardium. The
fibers extend down the interventricular septum, penetrate into the heart apex and then
branch up the lateral walls of the ventricles (25). Purkinje cells are located in the
bundles of His, in the deepest layer of the endocardium. Thus, the first regions of the
ventricles to be activated are the septum and the endocardial surfaces of both
ventricles; the last, the epicardial surfaces (25).

Another source of electrical heterogeneity in ventricular myocardium arises from

the varying orientation of cardiac muscle “fibers” and “sheets” (176) (138). Cardiac
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electrical propagation within the ventricular myocardium is anisotropic, occurring
fastest along the long axis of the fibers and slower in the transverse directions (96).

A typical cardiac myocyte is electrically connected to roughly 9-11 adjacent
myocytes via proteins known as gap junctions (77). Electrotonic interactions between
neighboring cells may lead to changes in the electrical activity of the myocytes.
Specifically, if two electrically coupled cells have different electrophysiological
properties, the electrotonic current will tend to minimize these differences (251).
Furthermore, the intrinsic electrical properties of individual cells can be modified by
their location with respect to the beginning and end of propagation and collision of

wavefronts (251).

1.6 Controversies

In recent years, the mechanisms underlying the intrinsically long APDs and
extreme rate-dependence of midmyocardial myocytes have been the focus of many
experimental investigations. Previous hypotheses have been centered on the large
(mostly K") outward currents that dominate late repolarization (Phase 3). However,
evidence is emerging that some currents previously measured and defined as being
transient, such as both Iy, and I (specifically Iky43), exhibit smaller sustained
components that may play a role maintaining the AP plateau. It is unknown to what
extent these currents contribute to defining the electrical characteristics of cardiac
myocytes.

The intrinsically long APDs, reduced repolarization reserve and strong rate
dependence of isolated midmyocardial cells (M-cells) has implicated them in
determining the polarity and width of the electrocardiographic T-wave in normal
hearts (9, 13), and reentrant arrhythmia formation in pharmacologically altered hearts

(representative of ion channelophathies e.g. long QT syndromes) (61, 202, 239).
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However, there exists considerable debate as to the extent that midmyocardial cells
play a role in intact myocardium given the tendency of intrinsic electrical differences
to be masked by electrotonic effects. Experimental studies that have addressed this
issue have varying results with evidence both for and against M-cell dominated
electrical gradients (for review see Taggart et al (219)), leading to the question of
whether M-cell-mediated increases in TDR occur in vivo or not. Previous modeling
work has suggested that M-cells are not required for an upright T-Wave (40) and
geometric factors such as wall thickness may alter the extent that intrinsic
heterogeneities influence repolarization patterns (182).

Deflections in the ECG following the T wave are sometimes referred to as U
waves. The origin of these U waves remains poorly understood. Both midmyocardial

cell repolarization and DADs have been implicated as possible mechanisms.

1.7 Computational modeling of cardiac electrophysiology

Computational models in cardiac electrophysiology are valuable in understanding
the normal and diseased heart, and as data accumulate on molecular and cellular
mechanisms, the potential for powerful predictive mechanistic models is growing
rapidly (122). Various parameters are measured in vitro, such as morphology and
biochemistry, and then this information is used to implement these models in silico.

The results are then validated in vivo, leading to iterative model refinement.

1.7.1 Ventricular anatomic models

Anatomically detailed 3D models of geometry and myofiber orientation for
different species have been described for mouse (227), rabbit (237), dog (86, 97, 139),
pig (212), sheep (244), and human (253). Geometries of these models have been

obtained from histological measurements (97, 139, 212, 237), CT (253), or MRI scans
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(86, 244). Myofiber orientations have been reconstructed from histological
measurements (97, 139, 212, 237), diffusion weighted MRI (162, 196), or by
calculations (165). In the latter study, myofiber orientation was calculated by using the
hypothesis that myofibers are oriented such that shortening during ejection is as
homogeneous as possible. Sheet orientations have been obtained by histological
measurements (98) or can be obtained by calculations (17), but there is recent
evidence that sheets can also be measured with diffusion weighted MRI (73). In
addition, Usyk et al (231) included Purkinje fibers to their model, which were fitted to

measurements.

1.7.2 Cellular models of cardiac electrophysiology

Cellular models of cardiac electrophysiology typically describe the action
potential either phenomenologically (e.g. with FitzHugh-Nagumo equations (57)), or —
more biophysically detailed — as a result of changing transmembrane ionic currents
(23, 140). Most of these ionic models are based on the formalism originally
established by Hodgkin and Huxley for the squid nerve (76). In these models currents
are described according to Ohm’s law, where (for example for a voltage-gated
channel) the conductance is dependent on time and voltage and is typically described
as a function of the open-probability of gates (in the form of ordinary differential
equations, or ODEs). Later models (from 1977 (22)) also include ion concentrations.
Ionic models have become increasingly complex, through iterative interactions
between experiment and simulation (140), describing more ion channels and ion
concentrations, the latter in different compartments of the cell (80, 113). Recent
models also include transmural heterogeneity of channel expression (72, 143, 226,
240) or describe certain channels in a more complex manner with so-called Markov

models (38, 80), reflecting channel behavior more realistically than Hodgkin-Huxley
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formulations. These latter models typically have >30 ODEs and are computationally
expensive.
Ionic models have been developed for different species, for mouse (227), rat (143),

guinea pig (113), rabbit (160), dog (58, 80), and human (22, 156, 226).

1.7.3 Multicellular models of cardiac electrophysiology

Cellular level models can be incorporated into larger scale models — either as a
discrete set of cells or tissue bundles or as a continuum. Creating a model that treats
each cell as discrete unit results in what is called a network, or discrete model (101,
228, 235). Tissue models with over 140,000 cells have been produced using this
approach (128). An alternative to this type of modeling is to treat the tissue as a
syncytium and assume that at any given point there exists a transmembrane electrical
potential (monodomain models) or both an intracellular and extracellular space
(bidomain models (60, 74)), for which the electrical potentials are computed.

One of the drawbacks of traditional finite element implementations of
monodomain and bidomain equations is that they fail to represent the discontinuous
nature of electrical propagation. Trew et al (229) have overcome this by using a finite
volume technique that explicitly represents microstructural features such as the
electrically non-conducting cleavage planes between sheets of myocardial fibers. They

demonstrate that these discontinuities have important implications for defibrillation.

1.7.4 Whole heart models of cardiac electrophysiology

Bidomain and monodomain models have been used to examine a wide variety of
cardiac tissues and phenomena in the whole heart, including investigations of Purkinje
fiber (152), reentrant ventricular activity (24, 101, 144) and defibrillation in dog (171)

and rabbit (170), although in general these whole heart simulations use simplified
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ionic models. One exception are the recent mouse and rabbit models of Sampson and
Henriquez (183) where they demonstrate that the smaller the heart, the stronger the

effects of electrotonic coupling (i.e. reducing dispersion of APD).

1.7.5 Implementation issues

Although computer memory and speed continue to grow with advances in
technology, simulations of 3D cardiac electrophysiology problems remain large and
time consuming and continue to grow rapidly along with advances in biology. Issues
of convergence and parameter sensitivity are also of increasing concern as the number
of variables increases. Such memory and computationally intensive models require
high performance computing techniques utilizing distributed and shared memory

parallel computing architectures (92, 214).

1.8  Scope of the dissertation

The fundamental difficulties in simultaneously mapping dynamic myocardial
electrical activity in three-dimensions limit high resolution experimental investigation
of important scientific questions. Thus, the objective was to develop and
experimentally validate computational multiscale models to investigate the hypotheses
that 1) transmural heterogeneities in the molecular mechanisms underlying cellular
electrical activity influence patterns of activation and recovery in well-coupled
myocardial tissue, and 2) heritable ion channel mutations may amplify these
heterogeneities and contribute to potentially life-threatening arrhythmogenesis. This
was achieved via the integration of biophysically detailed ionic models into
geometrically accurate finite element models of cardiac conduction. Concomitant
development of high performance computing techniques was required in order to

solve the complex system of ODEs at each gauss point in the mesh within a
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reasonable time frame. These models have been used to gain insight into cellular
mechanisms of arrhythmia formation within intact heterogeneous ventricular tissue.

Chapter 2 describes the initial development and validation of a heterogeneous
rabbit left ventricular wedge. We use this model to investigate the hypothesis that a
single gene defect resulting in long-QT syndrome type 1 (LQT1), in the presence of
structural and cellular heterogeneities, leads to conditions facilitating the development
of serious ventricular arrhythmias via increased transmural dispersion of
repolarization and Ca**-mediated afterdepolarizations in a rabbit left ventricular tissue
wedge. We also describe the high performance computing techniques developed to
permit timely solution of equations and provide information on the computational
performance of the algorithm on a distributed memory cluster.

In Chapter 3, the analysis is extended to explore the arrhythmogenic consequences
of asynchrony and heterogeneity in rabbit LV myocytes and tissue during f3;-
adrenergic stimulation. Here, we hypothesize that time-varying responses to [3;-
adrenergic stimulation occur as a result of differences in the time course of
phosphorylation of PKA targets, specifically the LCC, PLB and IKS, and that this
asynchronous response results in a transient period of increased dispersion of
repolarization, and thus vulnerability to reentrant arrhythmias.

Chapter 4 examines the contributions of sustained In, and Iky4s to transmural
heterogeneity of early repolarization and arrhythmogenesis in canine left ventricular
myocytes and the effect of the LQT3 mutation, [1768V. We hypothesize that due to
the relatively high resistance characteristic of the ventricular action potential plateau
these small currents can play a role modulating the AP waveform. We also predict that
the increased ratio of Ikyws to Ina. may protect epicardial myocytes from EADs

resulting from the 11768V mutation-induced increase in Inar.
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This model is then upwardly integrated into a canine LV tissue model in Chapter 5
to explore the effects of electrotonic interactions on action potential propagation in
intact heterogeneous tissue. Here, we surmise that (1) electrotonic interactions will
play a major role in modifying the intrinsic electrophysiological behavior of canine
LV myocytes, and (2) regional heterogeneities will play a role in the development of
malignant polymorphic ventricular arrhythmias (such as torsade de pointes) in the
presence of the 11768V mutation.

Finally, Chapter 6 summarizes the work and provides a perspective on its role in
enhancing our understanding of cellular heterogeneities and their contributions to

arrhythmia formation.
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Part of the text of Chapter 1 is a reprint of the material as it appears in,
“Computational models of cardiac electromechanics” by Roy Kerckhoffs, Sarah
Healy, Taras Usyk and Andrew McCulloch in the Proceedings of the IEEE, 94: 769-
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CHAPTER 2

Proarrhythmic consequences of a KCNQ1 AKAP-binding
domain mutation: 3D computational models of structural
and cellular heterogeneity in rabbit ventricular tissue

2.1 Introduction

Long QT syndrome (LQTS) is a cardiac disorder in which the QT interval on the
ECG is prolonged. Patients with mutations in KCNQI1, which encodes the o subunit
of Ik, develop an LQTS (LQT1) particularly susceptible to sudden cardiac death
during sympathetic stimulation (194). While healthy individuals have shortened or
unchanged QT intervals with exercise or stress, QT intervals in LQT1 patients prolong
further (1), suggesting a problem at the interface of the sympathetic nervous system
and electrophysiology.

Further investigation of the molecular mechanisms at this interface led Kass et al
(84) to discover a signaling complex of KCNQI, protein kinase A, and protein
phosphatase-1 (PP1) mediated by the A-kinase anchoring protein (AKAP) yotiao. In
reconstituted systems, the LQT1 associated mutation KCNQ1-G589D disrupted the
signaling complex, preventing -adrenergic regulation of Ixs. This raised the question
of how the mutation may trigger arrhythmogenic cellular events, and how these
cellular mechanisms interact with tissue-level properties of the heart such as fiber
architecture and electrical heterogeneities.

Electrical heterogeneity within the ventricular myocardium arises from a number
of sources. There are intrinsic electrophysiological differences between myocytes
isolated from different regions (most markedly between the epicardium,

midmyocardium and endocardium) of the left ventricle (9). Regional variation in

26
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electrical load due to wavefront propagation and collisions modifies intrinsic action
potential characteristics, as does the degree of electrotonic coupling between cardiac
myocytes (251). Furthermore, the arrangement of cardiac myocytes into fibers and
sheets results in anisotropic conduction (138). The likelihood of reentrant arrhythmia
formation increases under conditions of nonuniform refractoriness, highlighting the
importance of these heterogeneities, especially with regards to pathological conditions
that may amplify dispersion of repolarization.

Recent examples have shown a promise of computational models for investigating
the impact of gene mutations (38), tissue heterogeneities (120) and dynamical
instabilities (254) on arrhythmic mechanisms. Here, we use an integrative
computational model of ;-adrenergic signaling, excitation-contraction coupling, and
action potential propagation to investigate the proarrhythmic consequences of
KCNQI/KCNEI signaling complex disruption in intact ventricular myocardium.
Model analysis indicates that while the KCNQI1-G589D mutation did not necessarily
prolong the QT interval at rest, sympathetic-stimulated increases in Ic,p, left
uncompensated by increased Iks, resulted in QT prolongation. This impaired response
to sympathetic stimulation precipitated Ca®-mediated afterdepolarizations and
increased TDR in ventricular tissue, significant factors related to arrhythmic risk.
However, moderate increases in heart rate protected against these proarrhythmic

mechanisms.

2.2 Methods

2.2.1 Cellular model of B;-adrenergic signaling

We used a previous mechanistic mathematical model of ;-adrenergic signaling in

rat (188, 190), adapted for the rabbit ventricular myocyte (189). Briefly, the following
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changes were motivated by experimental data: adjusting protein expression levels for
B-adrenergic receptors (55), PDE4 (198), PKA (44) and phospholamban (42);
inclusion of the PDE3 isoform (127); and the addition of a KCNQI/KCNEI signaling
complex containing KCNQI1, KCNEI1, yotiao, PKA, and PP1 (119). Methods for
modeling these signaling networks have been described in detail previously (190).
The new signaling model included a total of five PKA phosphorylation targets: the L-
type calcium channel (Ic,r), phospholamban (PLB), ryanodine receptor (RyR),
troponin I (Tnl), inhibitor-1, and KCNQ1. The KCNQ1-G589D defect associated with
LQT1 syndrome was modeled as a 10° fold increase in the dissociation constant for
KCNQI1 and yotiao (Figure 2.1A).

A previously published model of excitation-contraction coupling in the adult
rabbit ventricular myocyte (160) was modified to include a simple model of calcium-
induced calcium release (56) and a reversible Ca®" SR-ATPase pump (200).
Phosphorylated Ixs channels were modeled as being 3.6x more likely to be actively
gating, with a 35.6 mV leftward shift in the activation curve for the Ik, gating variable,
consistent with whole-cell patch clamp recordings with cAMP and isoproterenol
(245). The signaling and excitation-contraction coupling models were fully connected

with one another (Figure 2.1B).

2.2.2 Multiscale computational model of action potential propagation

All our finite element (FE) models were repetitively refined until the APD and
conduction velocity were converged to within 2%. The finite element mesh forms the
computational foundation for the spatially coupled solution of the governing PDE of
cardiac electrical propagation in a monodomain. Propagating action potentials can be

described by a non-linear reaction diffusion equation:
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where Vi, is the transmembrane voltage (mV), ljon is the sum of the currents that cross
the membrane through ion channels (nA/ecm?), Cy, is the capacitance of the membrane
(uF/cm?), D is the diffusion coefficient (cm?*/ms). The complex fiber-sheet
architecture of cardiac tissue results in anisotropic condition with greater conductivity
along the orientation of the fibers. The diffusion coefficient was chosen to obtain a 2:1
ratio of longitudinal to transverse conduction velocity (40).

We use a collocation-Galerkin scheme that has been shown to result in faster
convergence than other FE methods (172). The tissue is treated as a continuum but the
regional action potential properties are derived from a cellular ionic model consisting
of a system of ordinary differential equations (ODEs) that are integrated over time
using an implicit Runga-Kutta method. No-flux boundary conditions were prescribed
along the edges of the tissue. The derivation of the governing equations and finite

element formulations is presented in Appendix H.

2.2.3 Model validation

The cellular model was previously validated with independent experimental data
from the literature at a variety of functional levels, obtained from isolated rabbit
ventricular myocytes whenever possible. In our ventricular wedge model, the
diffusion coefficient was chosen to yield a transmural conduction velocity of 27 cm/s
at 3 Hz agreeing with results from Sung et al. (215), who measured transverse
velocities of 23 + 6 cm/s in an isolated Langendorff-perfused rabbit heart. All
measurements of electrophysiological function were consistent with the experimental

results from the literature performed in arterially perfused rabbit wedge preparations
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of similar size at 1 Hz (260): endocardial APDyy (217 vs 212 ms), epicardial APDy,
(166 vs. 191 ms), QT interval (245 vs. 251 ms) and transmural dispersion of
repolarization (TDR) (36 vs. 43 ms) (see Figure 2.2C)

2.2.4 High performance computing techniques

Models of action potential propagation are computationally and memory intensive
because of the combination of a small space constant of conduction and the rapid
temporal kinetics of the membrane currents. We have used various strategies to
improve computational performance including:

e The use of an operator-splitting algorithm to decouple the ODE solution of
the cellular model with the PDE solution of electrical propagation (161)

e Development of a python module allowing parallel programming with the
Message Passing Interface (MPI) for parallelization of the ODE solution
(to reduce computational time)

e An implicit scheme for time-stepping

e An implicit Runga-Kutta ODE solver RADAU

e A very efficient linear solver SuperLU

2.3 Results

2.3.1 Experimental validation of APDy, in isolated and ventricular wedge

simulations

To confirm that our model adequately predicted regional action potential
characteristics of isolated and coupled rabbit ventricular myocytes, we upwardly
integrated the Puglisi-Bers ionic model into a three-dimensional model of a rabbit
ventricular wedge. APDy, rate-dependence of WT endocardial, midmyocardial, and

epicardial cell models were validated with published experimental data (124) (Figures
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2.2A and 2.2B). With these regional cell types, the ventricular wedge model predicted
action potential and ECG properties observed experimentally in WT wedge

preparations (260) (Figure 2.2C).

2.3.2 G589D mutation prolongs QT and elevates TDR in a rabbit

ventricular wedge model

Consistent with whole-cell simulations (189), B-adrenergic stimulation prolongs
the QT interval and creates broad T-waves in the G589D mutant but not the WT
wedge model, clearly visible on the simulated ECG (Figure 2.3A). Strong [-
adrenergic stimulation at low pacing rates triggered small EAD-like responses in the
endocardial and midmyocardial regions, but the large EADs seen in single cell
simulations appear blunted due to electrotonic coupling. Sympathetic stimulation
increases APD in the G589D mutant ventricular wedge heterogeneously (Figure
2.3B), elevating transmural dispersion of repolarization (TDR) at large cycle lengths
(Figure 2.3C). TDR is often used as an indicator of arrhythmic risk (236). TDR
increased with cycle length in both WT and mutant tissue models, suggesting a
protective role for higher heart rates (Figure 2.3C). Increased TDR (from 19 to 39 ms)
was also observed in G589D wedge models following a 1.5 second pause from 500
and 333 ms basic cycle lengths.

The likelihood for the G589D proarrhythmic cellular mechanisms to manifest
ECG abnormalities appears further increased in simulations of a larger heart. A very
large, broad T-wave was observed (Figure 2.3D, second beat), due to strong EADs
elicited by endocardial regions (Figure 2.4A). On the subsequent beat, small EADs
isolated to a region of midmyocardium and nonuniform refractoriness (Figure 2.4B)

cause a bifurcated T-wave with an inverted T2 component (Figure 2.3D, third beat).
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Electrotonic coupling appears lower in the larger heart, allowing more irregular

repolarization patterns with the G589D mutation.

2.3.3 Parallel performance of the MyMPI module

By definition, the operator splitting method replaces the continuous interaction
between transmembrane potential “diffusion” and “reaction” with discrete
interactions, thus allowing us to solve the ODEs of the ionic model separately from
the linear system representing the PDEs. Solution times for the ODEs accounted for
95-99% of the total execution time in the rabbit ventricular wedge with our modified
version of the Puglisi-Bers ionic model. Parallelization of the ODEs using the MyMPI
module on a distributed memory cluster reduced this fraction to ~75% (Figure 2.5).
Further speedup was limited by relatively slow interconnects (Ethernet), the somewhat
small problem size, non-dedicated access to computing facilities and additional

communication overhead of typecasting between Python and Fortran.

2.4  Discussion

2.4.1 Mechanisms of arrhythmia formation in the G589D mutation

This study explored the contributions of electrical heterogeneities to mechanisms
that may bridge the KCNQI1-G589D gene mutation to aspects of the LQT1 clinical
phenotype. Incorporating the molecular consequences of the KCNQI1-G589D defect
into a mathematical model of the rabbit ventricular myocyte, we found increased APD
and a susceptibility to afterdepolarizations only with sympathetic stimulation (189).
However, it is unclear how these proarrhythmic cellular events modify action potential
propagation within intact heterogeneous myocardial tissue and manifest ECG
abnormalities indicative of serious ventricular arrhythmias. This motivated us to

upwardly integrate the cellular model into a model of a rabbit ventricular wedge
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preparation. Specifically, we examined the contributions of interactions between these
cellular mechanisms, cell-type heterogeneities, and fiber angle distributions to action
potential propagation and simulated ECGs. These analyses suggest a mechanistic link
from the KCNQI1-G589D gene defect to increased TDR and possible T-wave
abnormalities in the ventricle, clinical indicators of arrhythmic risk in the LQT
syndrome.

Our results also indicated that electrocardiographic abnormalities were more
severe in simulations of action potential propagation in larger hearts. This is consistent
with modeling work by Sampson and Henriquez (183). These investigators report that
in mouse hearts, electrotonic effects on APD are the primary determinant of dispersion
of repolarization, despite the presence of large intrinsic cellular heterogeneities and
reduced coupling. As heart size increases, intrinsic heterogeneities increasingly
augment repolarization gradients. It is plausible that the same argument can be applied

to situations where ion channel defects result in regional APD prolongation.

2.4.2 Limitations

A number of limitations in this study must be considered when interpreting the
results. While heterogeneities in the myocardium can greatly affect action potential
propagation, we have only accounted for the most prominent differences. We have
modeled endocardial, midmyocardial, and epicardial myocytes arranged in transmural
layers (8), although these cells may not be arranged in distinct layers in the real heart
(2). We have modeled fiber angle distributions (237) but not the discontinuous
architecture of laminar sheets (100). The experimental perfused-wedge preparation
has been used in numerous studies of ventricular heterogeneity and acquired LQTS
(12). However, the ventricular wedge used here and in previous experimental work

lacks many anatomic and physiologic features of the intact heart. We did not observe
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torsades de pointes, perhaps due to the size of our ventricular wedge (260). Despite
these limitations, our computational models successfully predicted many known
aspects of cardiac excitation-contraction coupling and its regulation by B-adrenergic
signaling in rabbit.

Our model of Ca*" handling uses a simplified representation of CICR (56), which
is unable to predict stochastic behavior such as Ca*" sparks or the role of Ca>* in the
junctional subspace. However, our model is sufficient to predict graded Ca®" release
(56), cytosolic Ca®" transients (160), and generation of EADs and DADs (38).

Dispersion of repolarization may also be dynamically altered by the restitution
properties of individual myocytes. While we did not conduct a thorough analysis of
this phenomenon in the FE model, we did investigate restitution properties of
epicardial myocytes at pacing rates ranging from 0.5 to 4 Hz and at various
concentrations of isoproteronol (see Appendix A). Briefly, although the model
predicted some isoproteronol-induced steepening of the restitution curve at short
diastolic intervals, it was not as marked as in experimental preparations (218). The
model also failed to predict restitution of intracellular Ca®" release, as observed by
Goldhaber et al (62), which we surmise may account for the altered dynamic
properties following application of isoproteronol. Specifically, we speculate that
steepening of the restitution curve at small diastolic intervals arises in part from
elevated diastolic Ca*" (from the previous Ca" transient) that reduces Icar via a Ca®'-
dependent mechanism. The application of 3;-adrenergic agonists increases the rate of
intracellular Ca*" uptake in the SR, thereby shortening the Ca®" transient. This will
contribute to a steeper dependence of APDgyy on DI at very short S1-S2 intervals
(while [Ca®"); is still decreasing) but a flattening at longer DIs (once [Ca®']; has

returned to diastolic levels).
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Heterogeneity of cardiac innervation and expression of signaling proteins may also
contribute to arrhythmia (236). Specifically, heterogeneity may arise from 1) a
nonuniform distribution of nerve terminals and/or receptors or 2) nonuniform release
of signaling molecules such as norepinephrine (NE). From investigations into the
anatomy of the cardiac nervous system, it appears that sympathetic nerves follow the
common pulmonary artery into the plexus supplying the main left coronary artery,
where they are distributed to the myocardium in superficial epicardial layers.
Experimental evidence suggests that the overlap in the location of sympathetic nerves
and the coronary network extends into the myocardium (271). The distribution of j3-
adrenergic receptors appears to be nonuniform, with the highest density occurring in
the most innervated regions of the heart (34). This results in a transmural gradient of
receptor density, decreasing from epicardium to endocardium (34). However,
preliminary investigations into the consequences of heterogeneity of adrenergic
activation indicated very small differences in TDR (Appendix B). Although local
application of NE is likely to elicit a more severe response, it is also somewhat of an

unphysiological perturbation.

2.4.3 Computational considerations

Experimental investigations have yielded a wealth of quantitative data regarding
the function and regulation of cardiac ion channels. As a consequence, models that
represent individual ion channels (and consequently whole cell models of ionic
currents) are becoming increasingly complex and computationally intensive. Progress
in upwardly integrating these cellular models into tissue and organ level models has
been hindered by the need to develop efficient algorithms and parallelization

techniques to permit timely solution of these large problems.
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However, due to the nature of whole cell models, there is considerable potential
for the use of parallelization techniques to speed up execution time. The solution of
the ODEs is “data parallel” in that the currents passing through the ion channels of a
cell in one location can be calculated independently of those occurring within a cell in
another location. In data parallel applications, the same computations can be
performed on data that is partitioned among several processors. Distributing these
calculations over many processors makes feasible the integration of sophisticated
ionic models (with large numbers of ODEs) into tissue and organ scale models. As the
ODE calculation time grows with the sophistication of the ionic model, the solution of
the linear systems do not change size or complexity. Thus for complex ionic models,
the data parallel solution of the ODE portion of the problem is also where
improvements in speed are most needed.

In order to simulate action potential propagation in larger regions of tissue, a
different parallelization approach is required. In this instance, the monodomain
equation representing the spread of activation is a partial differential equation. Here,
the equations at each point in space are not independent and either algebraic or
geometric parallelization can be employed. In algebraic parallelization of the linear
solve, the global matrix is factorized on several processors, via a special parallel linear
solver, such as the distributed memory version of SuperLU (106), whereas in
geometric parallelization methods, as the name suggests, regions of the full mesh are
distributed over the processors. The main challenge of such domain decomposition
techniques is the assignment of appropriate boundary constraints to the inner non-
physical boundaries. This technique requires iteration toward a converged solution
with frequent updates at the boundaries.

In control parallelization, instructions (not data) are partitioned to separate

processors. This can be used to help overcome the computational hurdles for creating
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a functionally integrated model. These problems are typically solved with different
time and space scales (87, 137, 232) and therefore require schemes for synchronizing
calculations and translating meshes. For smaller spatial scales, as needed for
electrophysiological problems, linear hexahedral elements in the finite element
method are sufficient for convergence, since higher order elements (e.g. cubic
Hermite) are specifically designed to gain enough accuracy with few elements in a
mesh and for the solution of higher order differential equations. Control parallelization
can be exploited to allow the electrical and mechanical portions of the problem to be
solved on different (groups of) processors with carefully developed communication

between instances of these major problem classes.

2.4.4 Conclusions

In conclusion, electrotonic coupling appears to mask the effects of intrinsic
heterogeneities in well-coupled myocardium. These ventricular heterogeneities appear
to combine with cellular arrhythmic mechanisms arising from the KCNQI1-G589D
gene defect to prolong the QT-interval, increase transmural dispersion of
repolarization and promote T-wave abnormalities. Although we successfully
employed data parallelization techniques to decrease simulation execution times,
further efforts are required to decrease memory requirements for simulations in larger

3D tissue models.
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Figure 2.1: (A) Known molecular consequences of the KCNQI1-G589D mutation and
(B) their incorporation into an integrative computational model of cardiac myocyte [3;-
adrenergic signaling and excitation-contraction coupling. G589D disrupts interaction
between KCNQ1 and the scaffolding protein yotiao, which binds protein phosphatase-
1 (PP1) and the regulatory subunits of protein kinase A (PKA) (119). The B;-
adrenergic signaling network acts through cAMP and PKA to regulate phospholamban
(PLB), Ica, the ryanodine receptor (RyR), troponin I (Tnl), and Ixs. The basic
signaling and excitation-contraction coupling mechanisms included in the cellular
model have been described in detail previously (160, 188, 190).
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Figure 2.2: Validation of WT regional action potential characteristics for both single
cell and intact ventricular wedge models. (A) Action potentials from WT endocardial
(circles), midmyocardial (squares), and epicardial (triangles) single rabbit myocytes
from model (left) and experiment (124) (right) paced at 0.3 Hz. (B) Pacing-rate
dependence of APDg, for endocardial (circles), midmyocardial (squares), and
epicardial (triangles) myocytes in the model (left) and experiment (124) (right). (C)
Upper tracings: endocardial (circles) and epicardial (triangles) action potentials from
an intact ventricular wedge in the model (left) and experiment (260) (right), paced at 1
Hz. Lower tracings: corresponding ECG for the ventricular wedge in the model (left)
and experiment (260) (right). Transmural dispersion of repolarization (TDR,
measured from action potentials) and QT interval (measured from the ECG) are shown
graphically.
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Figure 2.3: Role of G589D mutation and [-adrenergic signaling on action potential
propagation in a rabbit ventricular wedge model. (A) After 60 seconds of
isoproterenol stimulation (1 pmol/L), action potentials prolong in G589D mutants
(dashed line) compared with WT (solid line), forming a broad T-wave and prolonged
QT interval on the simulated ECG. (B) Transmural heterogeneity of APDy, for
untreated (empty markers) and isoproterenol-treated (1 pmol/L; filled markers) WT
(circles) and G589D mutant (squares) wedges. (C) Transmural dispersion of
repolarization is particularly elevated in sympathetic-stimulated G589D mutant
models (filled squares) at long cycle lengths. (D) A larger heart decreases electrotonic
coupling, allowing a range of possible T-wave abnormalities in isoproterenol-treated
G589D mutants.  Upper tracing depicts representative action potentials in
endocardium (solid line), midmyocardium (dashed line), and epicardium (dotted line);
lower tracing depicts the corresponding ECG. BCL = 1000 ms for (A),(B),(D).
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Figure 24: In a 1.5 x larger heart, the G589D mutation causes greater
electrocardiographic abnormalities with isoproterenol, including regional endocardial
EADs (upper panel, first beat) and subsequent nonuniform refractoriness (lower panel,
second beat).
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Figure 2.5: Solution times in seconds for the parallelized ODE and serial PDE
portions of the algorithm. These times represent the solution of the monodomain
equation using the Puglisi-Bers ionic model in the 1024 element rabbit ventricular
wedge to 250 ms (1 heartbeat).
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Part of the text of Chapter 2 is a reprint of the material as it appears in, “Proarrhythmic
Consequences of a KCNQI1 AKAP-Binding Domain Mutation: Computational Models
of Whole Cells and Heterogeneous Tissue” by Jeffrey Saucerman, Sarah Healy, Mary
Ellen Belik, Jose Puglisi and Andrew McCulloch in Circulation Research, Vol
95(12):1216-24, 2004. Copyright © 2004 by Lippencott Williams & Wilkins.

Reprinted with permission from Lippincott Williams & Wilkins.



CHAPTER 3

Arrhythmogenic consequences of asynchrony and
heterogeneity in cardiac myocytes during B;-adrenergic
stimulation

3.1 Introduction

Activation of the sympathetic nervous system (SNS) and the subsequent release of
norepinephrine (NE) are implicated in increased arrhythmogenic risk (71, 218). In
cardiac myocytes, NE binds to the [;-adrenergic receptor, initiating a cascade of
signaling events resulting in the phosphorylation of a number of proteins, including
the L-type Ca®" channel (LCC), phospholamban (PLB) and the slow activating
delayed rectifier K™ channel (IKS), which all play a role in the generation of the action
potential and/or Ca*" cycling (26). While B-blockers are highly successful anti-
arrhythmic agents, the electrophysiological responses to 3;-adrenergic agonists and
the mechanisms of arrhythmia formation, particularly with respect to temporal and
spatial heterogeneities, remain poorly understood.

Autonomic-mediated amplification of spatial heterogeneities of ion channel and
Ca®" handling proteins appears to play a leading role in the development of
proarrhythmic states, particularly in patients with long QT-1 syndrome (LQT1) (193).
Adrenergic stimulation can induce Ca®"-mediated afterdepolarizations, both early and
delayed, in isolated ventricular myocytes and ventricular myocardial tissue (85, 118,
157, 241), although controversy exists as to the location of vulnerable regions.
Furthermore, both experimental (202, 241) and clinical (116) data suggest that
application of P;-adrenergic agonist elicits dynamic alterations in action potential

duration (APD), and indicate that the early response (<60s) is associated with greater
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transmural dispersion of repolarization (TDR) than at steady state. The current
understanding of f;-adrenergic signaling fails to account for these transient
observations.

In the previous chapter, we explored how the KCNQ1 mutation G589D resulted in
an LQT1 phenotype in a multiscale finite element model. However, we investigated
the response only once all phosphorylation states had reached steady-state. Here we
investigate the hypothesis that clinical and experimentally observed time-varying
responses to Bj-adrenergic stimulation occur as a result of differences in the time
course of phosphorylation of PKA targets. This study also aims to investigate how the
dynamic response to [3;-adrenergic agonists may contribute to arrhythmia formation
by spatiotemporal variations in incidences of Ca’"-mediated afterdepolarizations, and
how these heterogeneities interact with a model of LQTI1. We use a previously
developed and validated 3D model of a rabbit ventricular wedge with spatially varying
electrical properties, which integrates computational models of [3;-adrenergic
signaling, myocyte excitation-contraction coupling (ECC) and action potential
propagation. For this study, we investigated the cell and tissue level effects of the
temporal variation of PKA phosphorylation and the spatial heterogeneity of calcium
uptake into the sarcoplasmic reticulum (SR). Our model predicts asynchronous
phosphoregulation of the LCC, PLB and IKS that results in a transient period of

increased dispersion of repolarization, and thus vulnerability to reentrant arrhythmias.

3.2 Methods

3.2.1 Whole cell model of myocyte B;-adrenergic signaling and ECC

A mechanistic mathematical model of [3;-adrenergic signaling has previously been

developed (187), adapted for the rabbit ventricular myocyte, and validated at a variety
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of functional levels with independent published experimental data obtained, whenever
possible, from isolated rabbit ventricular myocytes. The single cell model was
modified to adjust the internal triggering of spontanecous Ca®" release from the
junctional SR to match experimental observations of dose-dependent isoproterenol-
induced DADs (157), such that DADs rarely occur with a concentration 10 nmol/L but

occur in all cell types at many frequencies with 100 nmol/L.

3.2.2 Transmurally heterogeneous rabbit ventricular wedge model

To simulate the electrophysiological effects of B;-adrenergic stimulation at the
heterogeneous multi-cellular tissue scale, we used a previously developed 3D finite-
element model of a rabbit left ventricular wedge (Figure 3.1), which was sufficiently
refined to obtain solutions for conduction velocity and APD that were both converged
to within 1% (189). Briefly, transmural heterogeneity in the wedge was incorporated
using endocardial, midmyocardial and epicardial layers with relative thicknesses of
3:3:2. Relative current densities in each region were estimated from rabbit
(endocardial/epicardial data for the ionic currents Ixs (256), Ik (256), and Iy, (123);
endocardial/midmyocardial/epicardial Iy, estimated from upstroke velocity (124)) or
when necessary canine (I, (8), midmyocardial Ik, Ik, and I, (8)). To account for a
possible transmural gradient of SR Ca’"-ATPase expression reported in canine
ventricular myocytes (94), maximum SR uptake rate was increased from 4.0 mmol/L/s
to 6.0 mmol/L/s in epicardial cells only. This regional variation was derived from
differences in the time constants of Ca®" transient decline observed between
endocardial and epicardial myocytes following application of isoproteronol (ISO),
taking into account species differences in APD. Simulations were performed using a
collocation-Galerkin finite element method (172) and executed in parallel on 32 dual

CPU nodes of a Linux cluster. All measurements of electrophysiological function
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were consistent with the experimental results performed in arterially perfused rabbit
wedge preparations of similar size at 1 Hz. The 3D wedge model upwardly integrates
the cellular ionic model described above including time-varying phosphorylation

levels of PKA targets computed from the signaling model (189).

3.2.3 Data analysis

The APD was measured at 90% repolarization. TDR was defined as the difference
in repolarization time between the first and last cells to return to a resting state along a
line from epicardium to endocardium in the middle of the wedge. All
electrophysiological measurements from the wedge model were performed after a
minimum of 3 beats to allow the model to reach steady-state. A pseudo-ECG was
calculated using the method of Gima and Rudy (61). Early afterdepolarizations
(EADs) were defined as the re-occurrence of a positive gradient of the transmembrane
potential (Vy), whereas delayed afterdepolarizations (DADs) were identified by
spontaneous release of SR Ca®” during the diastolic interval. In single cells for a given
time period, the rate of DAD occurrence was averaged over a period of 10 seconds at
constant phosphorylation states. In the wedge model, DAD frequencies were measured
over 3 beats and represent the volume averaged regional incidences of DADs. The

model of LQT1 was developed previously (189).

3.3 Results

3.3.1 Transient APD prolongation following application of isoproteronol

At most pacing rates and for all myocyte subtypes (endocardial, midmyocardial,
epicardial), predicted APD transiently increased 5-10 seconds after application of
isoproterenol (10 nmol/L), although it decreased below baseline once a steady-state

had been reached (Table 3.1). The magnitude of the transient APD prolonging
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response appeared to be dependent on rate and myocyte subtype, with the greatest
effects observed at slow pacing rates in the midmyocardial cell model. No transient

APD prolongation was observed in any myocyte subtype at 4 Hz.

3.3.2 Asynchronous PKA target phosphoregulation

The whole cell model of B;-adrenergic signaling and ECC predicted faster
phosphorylation of LCC and IKS than that of PLB (Figure 3.2A), contributing to a
transient increase in APD (Figure 3.2B) in a model of a normal ventricular myocyte
paced at 2Hz with ISO = 10 nmol/L. Preventing LCC phosphorylation in the model
resulted in a monotonic decrease in APD and diastolic Ca®", with only a small increase
in systolic Ca”", whereas preventing PLB phosphorylation attenuated the steady-state
decrease in APD and eliminated alterations in diastolic Ca®". IKS phosphorylation
appears to play a strong role in constraining both APD and systolic Ca’". Similar
transient results were obtained in the 3D wedge model (Figure 3.2C) measured at 10
and 60 seconds after ISO. Preventing LCC phosphorylation in the model
monotonically decreased TDR and QT interval, whereas preventing PLB
phosphorylation eliminated much of the steady-state decrease in TDR and QT
interval, further implicating the opposing action of these targets as contributing to the
dynamic repolarization response. Results from preventing IKS phosphorylation

resulted in complex patterns of afterdepolarizations and are not shown here.

3.3.3 Receptor desensitization

Experimental data from a canine ventricular wedge demonstrates QT interval
prolongation and elevated TDR 2 minutes after isoproteronol (100 nmol/L), in the
presence of d-Sotalol (100 umol/L), a blocker of the rapidly activating delayed

rectifier K™ current (202). Model predictions of electrophysiological function from the
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rabbit ventricular wedge model were in qualitative agreement with these results. These
responses occur much later than those measured due to asynchronous
phosphoregulation and are consistent with the time course of ;-adrenergic receptor

desensitization (Figure 3.3).

3.3.4 Spontaneous SR Ca?* release

The beat-to-beat induction of EADs and DADs by ISO (20 nmol/L) in a
midmyocardial cell model paced at 1 Hz is shown in Figure 3.4 along with predicted
tracings of cytosolic and junctional SR Ca®* concentrations and Icar, the LCC current,
to illustrate the various mechanisms of Ca’*-induced V., abnormalities. EADs were
initially observed 5-10 seconds after agonist stimulation, followed by a period of
concurrent occurrence of DADs and EADs. This V,, tracing closely matches measured
data from an isolated ventricular myocyte at similar pacing rate and ISO dose (241), in
which EADs and DADs also commenced within the first 10 seconds and occurred
concomitantly. EADs occurred by either reopening of the LCC, spontaneous release of
Ca”" from the SR, or both, whereas DADs resulted exclusively from spontaneous SR

release.

3.3.5 Asynchrony of PKA target phosphoregulation elicits complex
patterns of spontaneous Ca®* release and contributes to ECG

abnormalities

The cellular model predicts frequent incidences of DADs in all myocyte subtypes
(Figure 3.5A), although midmyocardial myocytes appear more vulnerable earlier on
(at 20 seconds), whereas epicardial myocytes are more susceptible to DADs closer to
steady-state, particularly at faster pacing rates. This prediction is consistent with

asynchrony of PKA target phosphorylation: the initial rapid increase in LCC



50

phosphorylation increases Ca®" influx, contributing to increased APD while also
elevating the risk of DADs during the initial phase, particularly for those myocyte
subtypes and conditions with intrinsically long APDs (slow rates, endocardial and
midmyocardial). Conversely, PLB phosphorylation is likely to be the dominant
mechanism of increased DAD vulnerability in epicardial myocytes, and thus the
incidence of epicardial DADs lagged behind those of the other regions. EADs were
observed at slow pacing rates in the single midmyocardial cell model only, and no
EADs were observed in the 3D model (data not shown).

Predictions from the rabbit ventricular wedge model were also consistent with this
hypothesis (Figure 3.5B), although electrotonic coupling played a significant role,
modifying regional APD and hence altering expected regions of vulnerability. In the
wedge model, the endocardium is the site of the longest APD, and thus in the early
response at slow rates, it is the location most vulnerable to DADs. Once again at
steady-state, the epicardium was the most vulnerable to DADs at all pacing rates.

Following application of ISO, T-waves are generally larger and TDR is increased,
owing to nonuniform APD prolongation (Figure 3.6). At 20 seconds,
afterdepolarization-mediated U-waves begin to appear that merge with the T-wave but
do not affect repolarization on subsequent beats. There is also evidence of slight rate
dependence of U-Wave formation. In order to investigate this more closely, the AP
tracings from the WT 2 Hz model at 60 seconds are displayed above the
corresponding ECG (Figure 3.7A) which indicate that the T and U waves merge due
to epicardial DADs preceding endocardial repolarization. The decrease in DAD
coupling interval increases the frequency of DADs such that they can influence the
subsequent patterns of repolarization, leading to a frequency dependent susceptibility

to T-wave alternans. Late endocardial DADs in LQT1 shorten the APD of the
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subsequent beat which reverses the repolarization sequence and leads to prominent T-

Wave alternans (Figure 3.7B).

3.4 Discussion

3.4.1 Intrinsic spatial heterogeneities contribute to regions of increased

arrhythmic risk

Regional heterogeneities of ion channel expression contribute to the amplitude and
direction of the electrocardiographic T-Wave (9), whereas transmurally varying SR
Ca’"-ATPase expression at least partly accounts for nonuniform Ca®" transients (45).
Adrenergic stimulation appears to amplify these heterogeneities and play a leading
role in the development of an electrically unstable substrate. This is especially true for
patients with inherited conditions such as long QT-1 syndrome (LQT1) (193) and
catecholaminergic polymorphic ventricular tachycardia (95), who are particularly
vulnerable to sudden cardiac death during SNS activation. These conditions are
characterized by serious ventricular arrhythmias associated with elevated sympathetic
tone that occur in the absence of any significant morphological abnormalities. Model
predictions in this investigation suggest that intrinsic spatial heterogeneities play a
role in increasing regional arrhythmic risk, as evidenced by T-Wave alterations and

regionally varying incidences of afterdepolarizations.

3.4.2 Temporal asynchrony of PKA target phosphorylation may underlie

dynamic repolarization response

Bi-adrenergic agonists elicit a much slower response than parasympathetic
influences since they require the action of second messengers. In the past,
investigators have typically considered only steady-state responses to ISO (31, 70, 71,

89, 91, 112, 126), which correspond to a time period when phosphorylation states are
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no longer changing. While the findings of Shimizu and Antzelevitch (202) clearly
demonstrate a dynamic repolarization response following application of 3;-adrenergic
agonist, this appears to result from receptor desensitization. However, others have
reported initial APD prolongation in isolated ventricular myocytes (241). Furthermore,
a transient increase in QT interval was observed in 12 out of 25 normal subjects
following isoproterenol infusion (116). In the same study, no transient increase in QT
interval was observed for exercise, indicating that this phenomenon was not linked to
a chronotropic response. Our model predicts that asynchronous PKA
phosphoregulation may underlie this transient heterogeneous APD prolongation and
increased TDR. The transient response may increase dispersion of repolarization
sufficiently to predispose the tissue to reentry.

A dynamic response to 3;-adrenergic stimulation does not appear to be limited to
ventricular myocardium or electrophysiological function. McConville et al (121)
recently demonstrated a close correlation between the magnitude and time course of
inotropic and metabolic responses to norepinephrine in a perfused rabbit heart, which
both precede the chronotropic response. They also noted a transient maximal inotropic
response, as measured by left ventricular diastolic pressure, that monotonically
decreased to a steady-state. Since PKA also phosphorylates the contractile protein
troponin I, it is conceivable that temporal asynchrony of PKA phosphoregulation may

also underlie this transient response.

3.4.3 Temporal and spatial heterogeneities may contribute to arrhythmia

formation and destabilization in intact ventricular tissue

Patients with decreased parasympathetic tone and increased sympathetic activity
have a higher risk for developing lethal ventricular arrhythmias. Although Ca'-

mediated afterdepolarizations have long been associated with SNS activation,
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substantial controversy exists regarding the location of vulnerable regions within the
transmurally heterogeneous ventricle. Using optical mapping of a canine ventricular
wedge, Laurita et al (94) demonstrated catecholamine-induced triggered activity
mediated by DADs localized predominantly near the endocardium, although Zhang et
al (264) using monophasic action potential recordings observed only midmyocardial
EADs. Furthermore, Nam et al (133) demonstrated that the origin of ectopic activity
after application of ISO could spontaneously shift from the endocardium to the
epicardium, reversing the sequence of activation, greatly increasing TDR, and creating
an electrical substrate capable of induction of polymorphic ventricular arrhythmias.
Here we predict labile T and U wave morphologies that occur as a result of
temporal and spatial heterogeneities. The model results of increased T-Wave
amplitude and width are consistent with experimental results following SNS activation
and this phenotype has been shown to precede some spontaneous ventricular
tachyarrhythmias (203). We also observe pathophysiological T-wave notches, similar
to those observed in canine ventricular wedges, which can occur by merging of the T
and U waves (afterdepolarizations occurring in some regions while other regions are
repolarizing). Controversy still surrounds the cellular mechanism underlying the
formation of the U-Wave and if indeed U-waves exist (259). A popular theory is that
the U-wave represents delayed afterdepolarizations arising from stretch of the
ventricular myocardium. In general, bradycardia-dependent augmentation of U-waves
is observed in healthy controls (216), consistent with the mechanoelectrical theory in
that slower rates allow greater filling of the ventricles. However, the frequency
dependence of U-wave amplitude reverses with application of isoproteronol (115).
Our results consistently implicate afterdepolarizations as strongly contributing to U-
waves during SNS activation, and we speculate that the in vivo response is likely to

result from a combination of both mechanical and adrenergic effects.
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Variations in electrotonic coupling, activation sequence and repolarization reserve
are likely to modify these predictions and may contribute to the discrepancies in the
cited experimental results. Electrotonic coupling has previously been shown to
minimize intrinsic regional differences in APD to a degree dictated by the strength of
the coupling (182) and the sequence of activation can further modify dispersion of
repolarization via heterogeneity of electrotonic loading (prolonging the APD in
regions of wavefront spread and decreasing the APD in regions of wavefront
collision) (184). We have demonstrated here that electrotonic effects can alter
predicted regional incidences of DADs by increasing the risk of endocardial DADs,
and decreasing those in the midmyocardium. Although not explicitly investigated, it is
plausible that a decrease in electrotonic coupling might increase midmyocardial APD
until EADs were localized in this region, as in the experiments of Zhang et al (264),
but that a decrease in repolarization reserve may increase APD uniformly to an extent
where the endocardium remains the most vulnerable region, consistent with the
experiments of Laurita et al (94), which were indeed performed in the presence of the
K" channel blocker, clofilium. Reduced repolarization reserve may also increase the

probability of a DAD-induced action potential.

3.4.4 Experimental validation of asynchronous phosphoregulation

We have found no direct experimental evidence in the literature demonstrating
temporal asynchrony of PKA-mediated phosphorylation. However, preliminary data
from our laboratory with FRET biosensors of PKA activity show >10 s delay in
cytosolic substrate phosphorylation compared with membrane-targeted substrates in
neonatal cardiac myocytes (191). Although this constitutes a somewhat limited
experimental basis for the underlying hypothesis of this work, many experimental and

clinical investigations indicate temporal variation in response to [3;-adrenergic
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agonists. Here we explore the hypothesis that an asynchronous signaling response may

at least in part account for these currently inexplicable results.

3.4.5 Limitations

In this study, we have neglected to include the Purkinje system, which is thought
to respond to SNS activation by increasing automaticity, shortening APD and
enhancing slow action potential formation in depolarized Purkinje fibers (208). It is
possible that in prior investigations, Purkinje cell afterdepolarizations may have been
mistakenly deemed to be of an endocardial origin.

The increased epicardial expression of the SR Ca®"-ATPase has only been reported
in canine. It is possible that this is species-specific and the extrapolation to rabbit is
inaccurate. In addition, the whole cell model ignores B;-adrenergic effects on the Na"
channel, which have been shown to alter conduction velocity in a Vj-dependent

manner(266).

3.4.6 Conclusions

We have investigated the hypothesis that clinical and experimentally observed
time-varying responses to ;-adrenergic stimulation occur as a result of differences in
the time course of phosphorylation of PKA targets. Although direct experimental
validation of the temporal variation in phosphoregulation of downstream targets
differences is scarce, our model is able to recapitulate 1) transient increases in APD in
response to ISO; 2) the temporal pattern of EAD and DAD formation in isolated rabbit
ventricular myocytes; and 3) the clinically observed reverse in frequency-dependence

of U-waves with 3;-adrenergic activation.



Table 3.1: Baseline (before ISO), maximal and steady-state APDs

Baseline APDgy (ms)

Maximal APDgy, (ms)

Steady-state APDgy (mMs)

Freq (Hz) Endo Mid Epi Endo Mid Epi Endo Mid Epi
0.5 276 389 206 322 510 214 245 402t * 194 *
1 226 276 185 266 503 1 197 193 244~ 163 *
2 188 215 160 202 241 167 165 190 135 *
3 170 192 145 172 196 146 152 170 121 *
4 157 176 135 157 176 135 141 156 114 *

* DADs present
T EADs present
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Endo

150 mV

250 ms

Figure 3.1: Rabbit ventricular wedge finite element model with distinct transmural
layers (endocardium, dark grey; midmyocardium, white; epicardium, light grey) and
variation in fiber orientation. Action potential traces from sites along the midline of
the wedge are shown with the corresponding pseudo ECG to demonstrate the
influence of electrotonic coupling and intrinsic cellular heterogeneities on the
activation and repolarization sequence in intact tissue. Epicardial repolarization
corresponds to the peak of the T-wave and endocardial repolarization to the end of the
T-Wave. Pacing rate = 3 Hz.
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Figure 3.2: (A) Asynchronous phosphorylation of PLB, IKS and LCC as evidenced
by varying tso values. (B) Corresponding beat-to-beat alterations in APD, diastolic
Ca®" and systolic Ca*" over the first 60 seconds following simulated application of
ISO (10 nmol/L) for a generic rabbit ventricular myocyte at 2 Hz. Normal APD,
diastolic Ca*" and systolic Ca*" (m) are a result of opposing effects of PKA target
phosphorylation, as evidenced by the substantial differences when phosphoregulation
is systematically removed from each of IKS (o), PLB (¢) and LCC (V). Data are
shown from every second beat only for clarity. (C) Electrophysiological
measurements from the 3D wedge model paced at 1Hz with 100 nmol/L ISO (m).
Preventing LCC phosphorylation eliminates the transient increase in QT interval and
TDR (m) whereas preventing PLB phosphorylation (0O0) attenuates the steady-state
response.
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Figure 3.3: Experimental data from a canine ventricular wedge demonstrating QT
interval prolongation and elevated TDR 2 minutes after isoproteronol in the presence
of an IKR blocker d-Sotalol (202). Model predictions of QT interval and TDR with

30% IKR block demonstrate similar trends which are due to ;-adrenergic receptor

desensitization.
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Figure 3.4: Induction of EADs and DADs by ISO (added at time = 0 s) in a

midmyocardial cell. AP tracings are similar to recordings by Volders et al (241). ISO:
20 nmol/L; Pacing frequency: 1 Hz.
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Figure 3.5: Frequency of spontaneous SR Ca®’ release resulting in DADs in (A)
single ventricular myocytes and (B) the 3D wedge model grouped by pacing
frequency (1, 2 and 3Hz), demonstrating the effect of electrotonic coupling on
regional incidences of DADs. Results are shown at a transient state (20 seconds) and
steady state (60 seconds). ISO: 1 umol/L.
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Figure 3.6: ECG tracings from the rabbit ventricular wedge model at baseline, 20
seconds after application of ISO and 60 seconds after application of ISO at pacing
rates of 1, 2 and 3 Hz. Note that the model predicts a frequency dependent increase in
T-Wave amplitude and area (greatest at slow pacing rates). U-waves begin to appear
after isoproteronol application, although the T and U waves become difficult to
distinguish at higher frequencies. At steady state with pacing at 3Hz, T-Wave

alternans is observed. ISO: 1 pmol/L.
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Figure 3.7: AP traces of (A) the WT model and (B) an LQT1 model at 60 seconds
demonstrating regionally varying incidences of DADs which influence the
morphology of the electrocardiographic T-Waves and U-Waves. Insets show
magnified view of repolarization sequence and DADs.
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The text of Chapter 3, entitled “Arrhythmogenic consequences of asynchrony and
heterogeneity in cardiac myocytes during 3;-adrenergic stimulation” by Sarah Flaim,
Jeffrey Saucerman, and Andrew McCulloch is a reprint of the material as it was

submitted to Circulation Research.



CHAPTER 4

Contributions of sustained Iy, and lkys3 to transmural
heterogeneity of early repolarization and arrhythmogenesis
in canine left ventricular myocytes

4.1 Introduction

Significant differences in the expression patterns of a number of ion channels is an
important functional distinction among cells isolated from the left ventricular
endocardium, epicardium and midmyocardium of many species, including human (54,
105), dog (16, 204), guinea pig (16), rabbit (124) and mouse (30). The major
consequence of this systematic variation in ionic currents is a corresponding
heterogeneity of action potential duration (APD), waveform and rate-dependence
(105). It is hypothesized that these so-called intrinsic electrophysiological differences
are responsible for a normal sequence of activation and repolarization in healthy
hearts. Moreover, either exaggeration or significant reductions of repolarization
heterogeneities, due to drug actions, inherited mutations or acquired disease, may be
proarrhythmic. Experimental studies in ventricular myocytes have begun to define the
molecular and ionic mechanisms underlying the transmural heterogeneities of ion
channel and calcium (Ca*")-handling proteins. A relatively extensive data set is now
available for the canine ventricular myocardium. The ionic currents which are known
to exhibit transmural heterogeneities include: the transient outward potassium (K")
current, Ix43(110); the slowly activating delayed rectifier K™ current, Ix,(109); the late
sodium (Na") current, Ina (273); the Na™-Ca®" exchanger, Inaca (255, 274); and the SR
Ca”"-ATPase uptake rate, Isgrca. (93). Important unresolved questions concerning the

functional importance of these transmural heterogeneities remain.

65
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This study was motivated by the possibility that we could integrate data
concerning (i) known heterogeneities, to determine if they are sufficient to explain the
distinct action potential waveforms; and (ii) information regarding known interactions
between the subunits comprising an ion channel, to reproduce channel function within
intact myocytes and explore the functional roles of these interactions. Computational
modeling provides a useful framework with which to integrate extensive experimental
data and develop specific working hypotheses to guide quantitative investigations into
these unresolved questions.

The ionic mechanisms responsible for the intrinsically long APDs and pronounced
rate-dependence of midmyocardial myocytes in the left ventricle have been the focus
of many experimental investigations (9). Most previous hypotheses have been
centered on the relatively large K™ outward currents that are responsible for late
repolarization (Phase 3). However, evidence is emerging that some currents
previously measured and defined as being transient (such as both Iy, and Igya3)
modulate APD as a consequence of their smaller slowly inactivating or sustained
components. The relatively high resistance of the ventricular action potential plateau
provides a substrate in which these small net currents can modulate the AP waveform
(209). In this study, we have investigated the hypothesis that these two currents can
contribute substantially to early repolarization. As such, transmural differences in
these currents may lead to increased APD and arrhythmogenic risk of midmyocardial
myocytes.

Intracellular Ca®" cycling is an important regulator of normal and abnormal
excitation-contraction coupling (ECC) (26). In the myoplasm, Ca*" binds to regulatory
molecules, such as calmodulin, and thereby can modify ion channel function on a
beat-to-beat basis or over longer time periods (149). Furthermore, Ca® -mediated early

afterdepolarizations (EADs) can facilitate the development of potentially life-
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threatening reentrant arrhythmias by increasing transmural dispersion of
repolarization. In an effort to create a mechanistic yet computationally efficient model
of Ca*" cycling in the cardiac ventricular myocyte, Hinch et al (75) used a method
based on time scale decomposition to simplify continuous-time Markov chain
descriptions of L-Type Ca®" channel (LCC) and ryanodine receptor (RyR) gating. This
resulted in a low order system of ordinary differential equations (ODEs) representing
the ensemble behavior of the so-called Ca*" release units (comprising 1 LCC and 5
RyRs) while also retaining many key biophysical properties (75). Greenstein et al (65)
generalized this approach to allow LCC and RyR models of arbitrary complexity, and
combined this model with their equations for ionic currents in canine midmyocardial
myocytes. The resulting whole cell model was shown to faithfully reproduce features
of LCC voltage and Ca®" sensitivity, ECC, and action potential and Ca®" cycling
properties of a canine midmyocardial myocyte (65).

The time- and voltage-dependent properties of the Kv4.3 channel current are now
known to be much more complex than previous models accounted for. This is, at least
in part, due to accessory B subunits, such as the K~ Channel Interacting Proteins
(KChIPs). Specifically, KChIP isoforms both promote cell surface expression and
modify gating kinetics (148). Furthermore, it has been suggested that the steep
transmural gradient of KChIP expression may contribute to the heterogeneous
measurements of Ixy43 across the canine left ventricular wall (174, 269). Patel et al
(148) propose that once Kv4.3 channels transition to the open-state, inactivation can
occur via two distinct mechanistic pathways: a Ca®’-independent closed-state or a
Ca”"-dependent open-state mechanism. However, at present it is unknown whether
these results, obtained in heterologous systems, are relevant to the cardiac myocyte

action potential waveform or excitation-contraction coupling.
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In this study, we completed meaningful modifications to the Greenstein model
(65) of canine midmyocardial myocyte excitation-contraction coupling for epicardial
and endocardial cells. We accomplished this by utilizing recent experimental data
describing the molecular basis of transmural cellular heterogeneity and existing
Markov models of In,. and Ikya3. We first demonstrate the ability of the models to
simulate quantitative features of regionally varying ion channel function or expression
levels. Next, we explore the consequences of a possible Ca**-dependent inactivation
of Ikws on the canine LV action potential waveforms. Finally, we investigate the
contributions of sustained components of Ina. and Ikyws to early repolarization and
transmural heterogeneities of APD in canine LV myocytes. We also explore how an
increase in In,r, €.g. due to the 11768V SCN5A mutation, may contribute to regional
increases in APD and arrhythmic risk, examine potential additional heterogeneities
and suggest targets for further experimental investigation. These models are
biophysically detailed, yet computationally tractable, allowing for upward integration

into tissue- and organ-scale models.

4.2 Methods

The Greenstein model of ECC in a canine midmyocardial myocyte (65) was used
as a basis for the three canine ventricular myocyte models in this study. Briefly, the
original model consists of 76 ODEs, of which 40 represent intracellular Ca** cycling
states. The other 36 ODEs represent gating kinetics and ion transfer relationships of
the known ion channels and corresponding Na®, Ca’", K" and CI" currents. We added
an extra state variable representing open-state inactivation of Ixy43 (148) and replaced
the existing Hodgkin-Huxley equations (3 state variables) with a 13-state Markov
model of In, (39). Thus, our modified models are comprised of 87 ODEs. The ionic

currents we have included as contributors to transmurally heterogeneous action



69

potentials are outlined below. A summary of the original and modified parameters is
provided in Table 4.1. Experimental data used for model validation was converted to a

digital format and digitized using MATLAB.

4.2.1 The transient outward K current, lxys3

This K" conductance is an important regulator of the early repolarization phase of
the action potential. Furthermore, changes in Ikys3 can modify ECC in ventricular
myocytes. In order to investigate the consequences of a Ca*-dependent open state
inactivation of Iky43, as proposed by Patel et al (148), we incorporated an additional
state into the existing homotetrameric Markov model of Greenstein et al (67) (see
Figure C.1). Specifically, the scaling factor for Kv4.3 (controlling current amplitude),
the recovery from inactivation transition rate o; and the closed-state inactivation
transition rate [3; were modified so that they agreed with recent experimental data
(Table 1). The Ca*"-dependent inactivation from the open state was simulated by the
inclusion of an additional state variable I,, and two transition rates, o.,; and B,;. Since
KChiP2 modifies only the Kv4.3 current (not Kv1.4 current), we altered only the
biophysical parameters corresponding to Kv4.3. In the absence of any data to the
contrary, we assumed that Kv1.4 is homogeneously expressed across the wall of the
adult canine left ventricle.

Voltage clamp data from Rosati et al (174) suggests that the current density of I,
from the epicardium of the canine LV is 36% larger and that I;,; from the endocardium
is 80% smaller than in the midmyocardium. We used these data to estimate Kv4.3
scaling factors for epicardial and endocardial myocytes relative to the original value in
the midmyocardial model (65). All three values were adjusted to closely match the
voltage clamp data of Liu et al (130) (although they found no statistical significant

difference between epicardial and midmyocardial Iky43). The KChIP2-dependent
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transition rates (o , B; ) were altered to match data from Patel et al (148). Their data
and this adjustment are based on an abundance of KChIP2 subunits on the epicardium,
and virtually no KChIP2 subunits on the endocardium. The corresponding
midmyocardial transition rates were estimated by interpolating between epicardial and
endocardial values using the measured gradient of KChIP2 mRNA expression of
Rosati et al (174). Since the kinetic measurements of Ix43 were performed at 22°C, all
transition rates were scaled up to account for temperature dependence of this current.
The fourth EF-hand moiety of the KChIP { subunit displays the highest Ca®"
affinity and underlies most of the Ca*" sensitivity. We have assumed that the Ca*'-
dependent transition rate o is linearly dependent on cytosolic Ca®" concentration.
The formulation of the transition rate controlling recovery from open-state
inactivation (f,; ) was based on the voltage-dependent deactivation transition rate, 3,
but scaled to result in an appropriate rate of current inactivation. The relative
contribution of the K channel o subunit transcripts Kv4.3 to Kv1.4 was adjusted
slightly from 77%/23% to 85%/15% to match the data of Dixon et al (52). After all
transition rate modifications were made, Kv4.3 scaling factors were readjusted to yield

appropriate peak currents.

4.2.2 The slowly inactivating or late Na+ current, Iy,

To account for this important biophysical property of In,, we replaced the existing
Hodgkin-Huxley formulation with the Markov model of Clancy et al (39). This
version includes both a background mode, contributing predominantly to the large
transient component of Ix,, and a burst mode, which is activated during the plateau
phase of the AP and results in a sustained inward current of roughly 0.07% of the peak
current density. The background mode also contributes to a second, albeit much

smaller (0.2%), current density peak during Phase 3 repolarization or a ramped
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voltage clamp protocol (39). The magnitude of the channel conductance was reduced
to 4.6 mS/uF to yield a similar peak current density (~300 pA/pF) in both the
Hodgkin-Huxley and Markov formulations.

Experimental evidence suggests that not all SCN5A channels exhibit this bursting
behavior. Furthermore, the data of Zygmunt et al (273) indicate that Iy, is
approximately twice as great in the midmyocardium as in the other regions. To reflect
this heterogeneity, we reduced the bursting state conductance to % of the background
conductance in endocardial and epicardial myocytes and 2 of the background
conductance in midmyocardial myocytes (Table 4.1). To model the 11768V mutation,
we increased the recovery kinetics as described by Clancy et al (39), although to a
lesser extent (50% increase instead of 100%). This resulted in an equivalent increase

in Inar in response in a ramped voltage protocol.

4.2.3 The slowly activating delayed rectifier current, Iy

Our Ik current formulation is the same as that of Winslow et al (250). However,
we modified the maximal conductance in the three types of canine ventricular
myocyte in order to yield tail current densities that match the experimental values of
Liu and Antzelevitch (109). Specifically, the statistically significant difference in

midmyocardial tail currents was accounted for in our model.

4.2.4 Transmural variation in Ca®*-handling proteins

To model heterogeneity of the SERCA uptake rate, we included a scaling term for
both the forward and reverse rate of the existing SERCA pump model, as has been
done by Iyer et al (79). SR uptake in epicardial myocytes was increased by a factor of

2.0, as suggested by the data of Laurita et al (93).
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4.2.5 Computational methods and analysis

All simulations were implemented and executed in MATLAB using the built-in
ode23t integrator with a maximum step size of 0.1 ms. Action potential duration was
computed at 30% and 90% repolarization (APD3, and APDgj). We fitted exponential
functions to the inactivation and recovery curves of Ixy43 in @ manner similar to Patel
et al (148). Briefly, for Tciosedinact and T, the time constants were obtained by fitting

exponentials of the form:

I=A; exp(-t/1)

For 1., the time constants were obtained by fitting exponentials of the form:

I = Ipeak( 1 -eXp[‘t/Trec])

4.3 Results

4.3.1 The transient outward K" current, lxyss

Families of simulated current tracings corresponding to Ik.w3 in epicardial,
midmyocardial and endocardial myocytes are shown in Figure 4.1A. The voltage
clamp protocol is illustrated in the inset. The peak current densities are plotted in
Figure 4.1B along with experimental results of Liu et al (110) for comparison. These
predicted Ik.43 amplitudes for each canine ventricular myocyte subtype are also
consistent with published current densities in a number of previous papers (130, 174,
269). Note that Liu et al (110) did not detect significant differences between epicardial

and midmyocardial myocytes. We chose to use the more complete data of Rosati et al
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(174) as a basis for the Ixy43 scaling parameters. Hence, our model predicts a slightly
larger difference in peak Iky43 between epicardial and midmyocardial cells, although
this is still within the range of experimental variation.

The simulations in Figure 4.2 demonstrate the ability of our model to account for
differences in the gating kinetics of Kv4.3 which have been reported in the presence
and absence of KChIP2 accessory subunits. Since the experimental results for
different KChIP2 isoforms (KChIP2b and KChIP2d) were in general very similar,
these data have been averaged. In our simulations, closed stated inactivation kinetics,
(Figure 4.2A), were measured using a P2 pulse to +50 mV preceded by a P1 pulse of
progressively increasing duration applied at a number of selected membrane potentials
(see inset for protocol). The time course of this family of peak currents was well
approximated by a single exponential with associated time constant, Tciosed,inact- NOte
that the model predictions closely match the experimentally measured voltage
dependence of closed state inactivation. The effect of KChIP2 on steady state
inactivation is also reproduced very well. The experimentally measured mean value of
Telosed,inact at -60 mV for Kv4.3 with KChIP2 diverges from the exponential function
that depicts the voltage dependence of closed-state inactivation kinetics at more
depolarized potentials. Although the model fails to account for this deviation, it is
unlikely to play a significant role in simulations of action potential waveform which
are the main focus of this investigation.

The voltage-dependence of Kv4.3 recovery kinetics was evaluated over the range -
100 mV to -60 mV (Figure 4.2B). A conventional double-pulse protocol (inset) was
used in which interpulse intervals were varied at four selected holding potentials.
Faster recovery kinetics for epicardial as compared to endocardial cells were obtains
at all holding potentials. Both plots are in agreement with experimental results.

Midmyocardial myocyte transition rates for o, Bi, 0oi and Bo; (not shown) were
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interpolated based on reported KChIP2 expression levels. Once again, all model
predictions are within the bounds of reported experimental variation.

Macroscopic inactivation kinetics were examined over the voltage range from
minimal to nearly maximal current activation (—30 to +50 mV). In order to test the
ability of our models to yield inactivation rates, we fitted the time course of activated
current decay to a single exponential function with associated time constant ¢ and
compared this with the experimentally measured values of Patel et al (148) (Figure
4.2C).

We then explored the consequences of a proposed Ca*"-dependent inactivation of
Ixva3 on the canine LV action potential waveforms. Our simulations predict that Ca’'-
independent inactivation of Ik43 alone results in early repolarization (both in terms of
the spike and dome morphology and APD3) exhibiting a pronounced unphysiological
delay in epicardial and midmyocardial myocyte models (Figure 4.3). This is not
consistent with experimental data. In contrast, simulations in which inactivation
proceeded via both Ca**-dependent and -independent mechanisms resulted in more
realistic AP waveforms. These results suggest that KChIPs may modify Iky43 in both a

Ca*"-dependent and -independent fashion.

4.3.2 The slowly inactivating late Na* current, Iya.

Figure 4.4A consists of computed records of In,. activated in response to a series
of depolarizing steps (duration 700 ms) from -140 mV (to relieve inactivation) to
voltages ranging from -60 mV to 0 mV. The resulting current-voltage relationship
(Figure 4.4B) closely matches the experimental measurements of Valdivia et al (233)

over much of the examined range of membrane potentials.
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4.3.3 The slowly activating delayed rectifier current, Iy

Our models predict a heterogeneous distribution of Ik tail currents (Figure 4.5A)
resulting from repolarization to -20 mV following a 5-s depolarizing stimulus (inset;
magnified view of the tail currents). The predicted current-voltage relationship (Figure
4.5B) appears to reproduce the corresponding experimental findings by Liu et al (109)

(inset) accurately.

4.3.4 The Ca**-activated chloride current, lcica)

Our models of epicardial and midmyocardial myocytes include a small
contribution of Icyca) to total transient outward current (Figure 4.6). Note that the net
effect of this was appropriate action potential morphology and duration for these two
myocyte subtypes. However, the lack of any significant outward current generated an
abnormal Phase 2 ‘hump’ which delayed repolarization and prolonged APDyy in
endocardial cells. Selectively increasing Icica) in endocardial cells prevented this and

resulted in an APDy typical of these myocytes at this pacing rate (see Discussion).

4.3.5 Ca* homeostasis and AP morphology in normal canine ventricular
myocytes

A major requirement of mathematical models of cardiac myocyte
electrophysiology and ECC is the ability to accurately simulate qualitative and
quantitative changes in the AP and Ca”" transient, as a function of pacing frequency
and LV location. In Figure 4.7, we demonstrate the ability of our model to predict
Ca”" cycling kinetics which are consistent with the experimental results of Cordeiro et
al (46). Specifically, elevated SR Ca”" content and faster Ca®" transient decay rates are

observed in myocytes from the LV epicardium.
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Figure 4.8 shows the resulting APs at cycle lengths of 500, 1000 and 2000 ms in
the three canine ventricular myocytes subtypes. Table 4.2 compares the predicted
APDyy with the minimum and maximum measured values of Liu and Antzelevitch
(109). In all cases the model predictions are within one standard deviation of the
experimentally reported means.

We also explored the extent to which early repolarization currents play a role in
determining the differences in APD between epicardial, midmyocardial and
endocardial myocytes at varying pacing rates. APD3, was measured and compared
with APDyy. In all cases, the most significant difference was observed at APD;3,. The
difference times (APDyy-APD3;) showed very little dependence on pacing rate and
myocyte subtype.

Our models can be used to investigate the relative contribution of each known
heterogeneity to prolongation of the midmyocardial action potential (Table 4.3). We
systematically switched midmyocardial parameters relating to each heterogeneous
current to epicardial parameters. Specifically, the perturbations were: Gnar, = 1.15
mS/uF, Ggs = 0.02 mS/uF, ksg = 2.0, and all epicardial Ixy43 parameters. Using the
model, we found that modifying Ina. and Ikys3 parameters resulted in the most
significant rate-dependent impact on APDsp. Substituting midmyocardial for
epicardial Ix43 parameters (i) decreased Iky43 conductance, and (ii) altered the KChIP-
dependent effects on Iky3 inactivation. The KChIP modulation of Iky43 played the
major role in shortening APD3 (a mere decrease in Igy43 conductance without KChIP
modulation made little difference to APD measurements). Ixs did not appear to
contribute significantly to midmyocardial rate-dependent APD prolongation under
physiological conditions. No perturbations resulted in large changes to the difference
between APDygy and APD3, suggesting that early repolarization currents dominate

transmural heterogeneities in action potential morphology.
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4.3.6 Proarrhythmia due to the 11768V SCN5A mutation

An enhancement of In,, as in the case of the 11768V mutation (166), did not
appear to alter early repolarization in any of the three myocyte subtypes. However we
observed EADs in both midmyocardial and endocardial myocytes which occurred at
all examined stimulation cycle lengths (Figure 4.9). This pattern of results may
suggest that the sustained component of Ikw3 can not only produce rapid early
repolarization in epicardial myocytes, but may also protect against the late increase in

Ina and subsequent EAD formation.

4.4 Discussion

Current and voltage clamp studies of isolated canine ventricular myocytes have
provided a wealth of quantitative data concerning the electrophysiological properties
of the Na', Ca2+, and K" and CI currents that underlie the action potential and
contribute to action potential heterogeneity. Information regarding the way in which
individual subunits of ion channels can contribute to the electrical functioning of the
ion channels has also been obtained. Evidence is emerging that in many instances, ion
channels are components of macromolecular complexes, containing both pore forming
(o) and accessory (B or 8) subunits, and their function may be modified by a variety of

regulatory proteins (136).

4.4.1 The transient outward K current, lxys3

It has been suggested by many investigators that KChIPs can regulate the
transmural heterogeneity of Iky43 in canine ventricular myocytes (145). In addition to
altering expression levels and accelerating recovery from inactivation, KChIP2
isoforms can modify Kv4.3 gating kinetics by 1) a Ca**-independent slowing of

closed-state inactivation and 2) a [Ca’']i-dependent open state inactivation. This
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current was previously thought to be insensitive to [Ca>'];, and previous models do not
account for this.

The experimental data and proposed model of Patel et al (148) predict that
channels that inactivate by the open-state mechanism must reopen upon
hyperpolarisation before reentering the closed-state (see Figure C.1). Such reopening
events can generate an outward current. This current has been measured
experimentally (49, 148, 178) and is maximal under conditions of elevated [Ca*'];. In
the model we have developed, Ikys43 is most prominent in Phase 1, but can also
contribute to early repolarization since it fails to inactivate completely and can
neutralize the sustained component of In,. This slow inactivation occurs as a
consequence of KChIP2- and [Ca®"]i-dependent modifications to Ixy43 gating kinetics.
This effect may become important in conditions such as congestive heart failure, when
Ikva3 1s significantly downregulated and APDyy is prolonged.

The hydrophobic interactions of KChIPs and Kv4 channels bear a striking
resemblance to the modes of interaction between calmodulin and its target proteins
(268). KChIPs and calmodulin moieties share the structural feature of a 4 EF-hand
scaffold that undergoes Ca*"-mediated conformational changes. Furthermore, elution
profiles from size-exclusion chromatography have indicated that chelating Ca®'
destabilizes the KChIP2-Kv4 interactions (268), consistent with similar results on
calmodulin ion channel interaction. These and other studies suggest a common

. + . . .
mechanism of Ca*" regulation among ion channel proteins.

4.4.2 The slowly inactivating or late Na* current, Ina.

In heart, the SCN5A-encoded Navl.5 is the predominant carrier of In,. Accessory
subunits also modulate Iy, current density and voltage-dependent gating (136). Recent

evidence suggests that Na' channels contribute not only to the action potential
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upstroke, but also to the plateau phase and repolarization. Sustained activity can result
from channels which fail to inactivate, or channels which recover from inactivation
during repolarization. A recent report by Maltsev et al delineates the behavior into
three separate mechanisms: channel bursting, window current and recovery from
inactivation (117). Here we demonstrate that the sustained component of Iy, can be an
important regulator of early repolarization and underlies to a large extent the increase
in the measured APDs and rate-dependency of midmyocardial myocytes.

The 11768V mutation-induced increase in Ing. is a potent instigator of Ca®'-
mediated EADs originating during Phase 3 repolarization in our model. Specifically,
this mutant has been demonstrated to result in long QT-syndrome type-3 (LQT3).
Previous modeling studies of this mutation have suggested that the alteration in gating
kinetics accounts for AP prolongation and susceptibility to Ca**-mediated EADs (39).
Our simulations demonstrate that these phenotypes are most pronounced in
midmyocardial and endocardial myocytes. These effects are also more marked in our

canine models than previous modeling studies (in guinea-pig) have suggested.

4.4.3 The slowly activating delayed rectifier current, Iy

Some previous models of the ionic currents which underlie the mammalian
ventricular action potentials have tended to overestimate the magnitude of Ik This
may have been a practical adjustment made in order to exceed inward currents and
hence generate the appropriate APDy. It may also have contributed to the role of Ik
in action potential heterogeneity being overstated. Increasing the conductance of Ixs in
the midmyocardium to be equal to that in the other two regions decreased APDy, only
slightly. Our results suggest that, under normal physiologic conditions, other currents

such as In, and Ixya3 may have a greater influence on transmural heterogeneities of

APD.
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4.4.4 The Ca*-activated chloride current, lcica)

The extent to which anionic currents contribute to transmural electrical
heterogeneity has been investigated less thoroughly than their cationic counterparts
(78). No difference in Icyca) current density was measured in canine epicardial and
midmyocardial myocytes (272), but endocardial myocytes were not included in this
study. We could find no subsequent or prior report in the literature of an investigation
into transmural heterogeneity of Icica) in canines that included endocardial cells.
Hence our decision to assign a heterogeneous transmural conductance of this current
is not based on quantitative experimental results. Its inclusion in the model can be
justified by the both the absence of conflicting data, and clear evidence that without it,

endocardial cells display unphysiologic features of AP morphology.

4.45 Heterogeneities in Ca?* fluxes and homeostasis

In canine LV myocytes, time to peak and the duration of the Ca®" transient have
been reported to be longer in endocardial cells (46). In addition, SR Ca®" content, as
measured by rapid application of caffeine, is largest in epicardial cells (46). A variety
of experimental findings suggest that a combination of electrical heterogeneity and
intrinsic differences in ECC may underlie these differences in the SR Ca®*
concentration and kinetics of the Ca®" transients. Greater SERCA expression on the
epicardium may contribute to a higher SR Ca*" content and faster decay (93), while
the spike and dome morphology of the epicardial AP waveform permits a greater L-
type Ca*" current (LCC) current (65). It is presumed that these differences result in a
more coordinated contraction of the ventricular myocardium i.e. the faster kinetics of
epicardial myocyte Ca>" transients compensate for the delay in activation.

It is known that intracellular Ca®" handling can have significant effects on cellular

electrical behavior. Hence it is very important to include mechanistic detail of
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intracellular Ca*" dynamics in studies of the action potential waveform. Many
previous ionic models of ventricular myocyte excitation-contraction coupling have
dealt with intracellular Ca®* cycling in only a qualitative manner. These approaches
therefore lack a mechanistic representation of local CICR control. For instance,
common pool models, as their name suggests, direct Ca®" influx and SR release into a
single cytosolic domain, which simultaneously controls RyR current (80, 141, 143,
250). A consequence of this is that once the RyR current is triggered, the resulting
increase in “subspace” Ca>" ensures an all-or-none SR release. As such, these models
fail to reproduce one of the most important features of Ca’" handling in cardiac
myocytes, that of the graded Ca®" release, in which SR Ca*" release is proportional to
LCC influx (211). A further limitation of many previous models is their very strong
reliance on voltage-dependent inactivation of Ic,. for stability (211). This conflicts
with experimental evidence which consistently points to Ca®>" dependent inactivation
as the dominant mechanism (107). Other model formulations that base SR Ca*" release
on LCC influx do so in a phenomenological manner and have less predictive
capability (56, 114, 155). In contrast, local control models (66, 164, 201, 207) have
successfully reproduced experimental observations. However in general, these are too
computationally intensive for upward integration into tissue or whole organ models.

Our model effectively addresses these limitations.

4.4.6 Limitations

Our model, in its present form, has several limitations. The existence of apparent
discrepancies between the measured In,c, data of Zygmunt et al(274), that of Xiong et
al (255) and the existing model formulation of In,c. prevented the inclusion of
transmural heterogeneity of this current in this study. The disparities may have arisen

from differences in experimental protocols and/or the difficulties associated with
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isolating this current using the required pharmacological approaches. In order to
reconcile the differences in predicted Inica heterogeneities, further experimental
investigation is required. Thereafter, a thorough analysis of this antiporter mechanism
can be carried out.

Our model recapitulates many of the observed differences between Kv4.3 currents
expressed alone and with KChiPs in heterologous systems. However, it fails to predict
Telosed,inact At Membrane potentials more negative than -50 mV. Furthermore, despite
the evidence favoring two distinct mechanisms of inactivation, the current records
were in most cases well characterized with a single exponential with kinetics
corresponding to the fast component (t¢) of the results of Patel et al (148). There may
be several reasons for these discrepancies. Firstly, it is difficult to predict intracellular
Ca®" concentrations (which are thought to regulate the slow component of
inactivation) within the heterologous system. Secondly, as in the case of In,, multiple
open states may underlie the different components of inactivation rate. Finally, many
other mechanisms of Kv4 channel regulation have been demonstrated (see below).

Kuo et al have demonstrated the importance of KChIPs in the regulation of Kv4
channels by analyzing currents in right ventricular myocytes isolated from KChIP™"
mice (90). Their studies reveal a complete loss of I,; in the RV of KChIP”" mice. The
majority of experimental reports confirm the importance of KChIPs in the regulation
of Ixyva3. However, Deschenes et al failed to detect a transmural gradient of KChIP
across the canine LV wall (50). It has been suggested that non-specific binding of the
polyclonal antibody used in this study may have masked the KChIP expression profile
(145).

Many other mechanisms of Kv4 channel regulation have been demonstrated, and
we do not account for these in our model (for a review see Patel and Campbell (145)).

Briefly, these other regulatory subunits include frequenin (132), MinK-related peptide
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1 (MiRP1) (265), NFAT/calcineurin (177) and DPPXs (131). All of these may
contribute to Igy43 regulation in vivo. Of these, frequenin is thought to be the most
likely candidate (145), possibly due to the structural similarity to KChIPs (both are
neuronal Ca”" sensors containing multiple EF hands). Indeed, frequenin has been
reported to co-immunoprecipitate with Kv4.3 o subunits in mouse ventricle extracts
(68). However, others were unable to detect this association (163). Furthermore, it has
been demonstrated that the interactions of KChIPs with Kv4 channels are substantially
stronger and/or more efficient than those of frequenin (163).

We have replicated and normalized model simulations as closely as possible to
experimental data acquisition conditions and protocols. However, in some papers, a
narrow temperature range was given instead of an exact value. The reaction rate
measurement Qo is approximately 3 for gating kinetics and 1.3 for ion transfer, which
may introduce small errors into our predictions. Nevertheless, these errors are well
within the bounds of normal experimental variation. Furthermore, the results from
extrapolating kinetic data to 37°C are in close agreement with independent data.

Some of the results used in the validation process were obtained in heterologous
cell culture systems. Additional modulating proteins, such as caveolins (263), present
in the native environment of the cardiac myocyte sarcolemma may affect channel
function. We also failed to account for any interactions between ion channels and the
actin cytoskeleton and/or the extracellular matrix, which have been suggested to play a
role in whole cell functioning (136).

Recent results also draw attention to a transmural gradient of the o subunit of the
Na'-K" pump, In., in which ion channel expression decreases from epicardium to
endocardium (59). However, it is thought that under physiological conditions,
transmural gradients of intracellular Na" result in nearly homogeneous whole cell Inak.

The paucity of quantitative data regarding these results prohibited the inclusion of this
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electrochemical gradient in our investigation. There also appears to be a gradient of
Icicamp), increasing from endocardium to epicardium (81, 221, 252). However under
normal conditions, cCAMP levels are low and constant, and thus this current is unlikely
to significantly contribute to cellular electrical response.

The Greenstein model is based on dynamic changes in intracellular ion
concentrations and as such displays some degree of nonphysiological “drift”.
However, it is stable (in terms of both APD and intracellular ion concentrations to
within 1.5%) over a period of greater than 50 heartbeats. This degree of stability is
comparable, or better, than previous models of this type (125, 250).

Dixon et al (52) report that Kvl.4 mRNA is present at 16% of the level of Kv4.3
mRNA in the canine LV. However, there appears to be no electrophysiological
evidence for a Kvl.4-mediated slowly recovering cumulatively inactivating transient
outward current phenotype in canine (145). With respect to the original Greenstein
model, we have attempted to make only those changes that confer the molecular bases
of transmural electrophysiological heterogeneities. Therefore, we have modified the
original model of Greenstein et al to reflect the data of Dixon et al by decreasing the
contribution of the Kv1.4 current, but chose not to remove it completely.

Recent experimental investigations suggest that calmodulin binding to KCNQI,
the pore-forming subunit of the Ixs channel, is required for protein assembly and
conferral of Ca*" sensitivity to the Ixs current (199). The role of calmodulin in the
folding and assemble of KCNQ1 is likely to be accounted for indirectly in existing
formulations of Ixs. However, we do not model a Ca*" sensitive component of Igs.
Although we do not account for this potentially important mechanism of functional
regulation of Iks, we demonstrate only a minimal contribution of Ik to repolarization

in canine ventricular myocytes under our simulation conditions. Further investigations
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into action potential regulation during elevated adrenergic tone may require these

interactions to be incorporated into the model.

4.4.7 Suggested experiments

One of the consequences of detailed model development and testing is that it
reveals where the published experimental results in single myocytes fail to fully
account for physiological phenomena. Our results suggest a number of potential
opportunities for further investigation including additional examination of transient
outward currents in canine endocardial myocytes and the detailed nature of the
transmural heterogeneity of Inaca.

Our model may also be a useful tool to aid in the understanding of arrhythmia
mechanisms in patients with Brugada syndrome. This condition is characterized by ST
segment elevation, prominent J-waves and SCD (6). Brugada syndrome appears to be
linked to SCN5SA mutations that result in a reduction of Na' influx across the right
ventricular epicardium (102). It is hypothesized that premature repolarization in this
region contributes to electrical heterogeneity of repolarization and creates an electrical

substrate conducive to reentrant arrhythmias (6).
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4.4.8 Conclusions

We have completed meaningful modifications to the Greenstein model (65) of
canine midmyocardial myocyte excitation-contraction coupling for epicardial and
endocardial cells. Expression levels (current densities) and gating kinetics parameters
for Ikva3, Iks, InaL and SERCA were constrained by experimental data from a number
of different laboratories, using myocytes isolated from the three transmural locations
within the canine left ventricle. Our results suggest that early repolarization currents
such as Ikyws3 and Ina. play a major role in shaping the cardiac AP. The model
predicted that KChIP2- and Ca2+-dependent control of Iky43 permits a sustained
outward current that neutralizes In,. in a rate and subtype-dependent manner. Both
these currents appear to play major roles in the increased AP duration and rate-
dependence in midmyocardial myocytes. Furthermore, the increased ratio of Ixy43 to
InaL appears to protect epicardial myocytes since the incidence of EADs resulting from

the SCNS5A 11768V mutation-induced increase in Iy, 1s much reduced.
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Table 4.1: Modifications to parameters in the Greenstein model.

Original Epi M Endo Heterogeneity References Others

GKs (mS/uF) 0.035 0.02 0.01 0.02  Liu and Antzelevitch (1995)

kNaCa (Xiong) 0.27 0.27 0.11 0.11  Xiong et al (2005) 53’(92"8;2; etal (2000), Wan et
Cordeiro et al (2004), Laurita

kSR 1.00 1.00 0.40 0.40 et al (2003)
Zygmunt et al (2001), Valdivia

GNaL (mS/uF) 0.00 0.001 0.002 0.001 et al (2005)

Kv43Frac 0.77 0.85 0.85 0.85  Dixon et al (1996)
Rosati et al (2001), Liu etal ~ Zicha et al (2004), Nabauer et

Kv4p3Scale 1.00 2.00 1.50 0.22 (1993) al (1996)

koy 1.00 2.25 1.22 0.18

kB; 1.00 1.125 1.69 2.25

B Patel et al (2004) Patel et al (2002), Nabauer et

kot i 0.00 2000 1000 0.00 al (1996)

KBo.i 0.00 0.20 0.10 0.00

lto2scale 1.00 0.50 0.50 2.50  Verkerk et al (2004)

Table 4.2: Experimental measurements of APDy in epicardial, midmyocardial and
endocardial myocytes and comparison with model predictions.

Experiment Model
BCL(ms) APDg, (Mean) APDg, (SD) APDy, APD, APDy, - APDa,
Epicardial 500 197 35 186 131 55
1000 231 44 214 159 55
2000 250 47 277 219 58
Midmyocardial 500 222 29 241 177 64
1000 286 49 270 202 68
2000 338 77 384 303 81
Endocardial 500 212 28 209 139 70
1000 250 33 233 162 7

2000 270 40 290 216 74



88

Table 4.3: Effect of substituting midmyocardial parameters for epicardial parameters
on model predictions of APD: a sensitivity analysis.

% change from

BCL (ms) APDgyq APD3, APDgyq - APD3, baseline
Normal 500 241 177 64
1000 270 202 68
2000 384 303 81
Epi GnaL 500 233 169 64 3.32%
1000 254 190 64 5.93%
2000 345 274 7 10.16%
Epi Ggs 500 238 174 64 1.24%
1000 266 198 68 1.48%
2000 365 287 78 4.95%
Epi kKSR 500 230 165 65 4.56%
1000 251 157 94 7.04%
2000 371 296 75 3.39%
Epi lkvas 500 225 167 58 6.64%
1000 246 185 61 8.89%

2000 329 264 65 14.32%
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Figure 4.1 Heterogeneity of I, in epicardial, midmyocardial and endocardial canine
LV myocytes. (A) Predicted I, current tracings in all three ventricular myocytes
subtypes at 37°C (including voltage clamp protocol). The tracings were recorded
during depolarizing steps (300 ms duration) from a holding potential of -80 mV to test
potentials ranging from -40 mV to +70 mV. The time scale of the record is
abbreviated in order to better illustrate differences in these currents. (B) Peak current
measurements from the voltage clamp protocol in (A) measured by Liu et al(110) at
37°C (left) and predicted by the model (right).
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Figure 4.2: Heterogeneity in the KChIP2-dependent gating kinetics of Iy in
epicardial and endocardial canine LV myocytes over a range of examined potentials.
(A) Voltage-dependence of Kv4.3 closed state inactivation kinetics (-60 to -20 mV)
with representative Kv4.3 closed state inactivation protocol current waveforms for P1
= -40 mV (left). Peak P2 currents were fitted with a single exponential relationship
with indicated Teiosedinact. Inset, voltage clamp protocol. (Right), overlay of the
predicted time constants of closed state inactivation. Inset, experimental data of Patel
et al(148), with averaged results for different KChIP2 isoforms. (B) Voltage-
dependence of Kv4.3 recovery kinetics (-100 mV to -60 mV) with representative
Kv4.3 recovery waveforms at a holding potential (HP) = -100mV fitted with indicated
Trec (left). Inset, recovery protocol. (Right), overlay of predicted values of 1. for Kv4.3
and Kv4.3+KChIP2 isoforms. Inset, experimental data of Patel et al (148).
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Figure 4.4: Heterogeneity of Ina. (A) Voltage clamp protocol and resulting currents
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inset experimental results of Valdivia et al (room temperature) (233).
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Figure 4.6: Contributions of I, and Icjca) to total (Ii) transient outward currents
(upper) in the three myocyte subtypes at a cycle length of 2000ms with corresponding
action potentials (lower). A modified endocardial cell model is included to
demonstrate how upregulation of I¢jca) increases endocardial transient outward current
preventing unphysiologic features of action potential morphology and duration.
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parameters as outlined in the Appendix. (Lower) Model-computed In, (black) and Ixya3
(red). Cycle lengths are in ms.
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Figure 4.9: (Upper) Model-computed action potential morphology, duration and rate
dependence of epicardial, midmyocardial and endocardial action potentials with
altered In, parameters representative of the 11768V SCN5SA mutation. Original AP
tracings are shown in dotted lines for direct comparison. (Lower) Model-computed Ix,

(black) and Iky43 (red) for mutation with original currents shown in dotted lines for
comparison. Cycle lengths are in ms.
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The text of Chapter 4, entitled “Contributions of sustained Ing and Igysz to
heterogeneity of early repolarization and arrhythmogenesis in canine left ventricular
myocytes” by Sarah Flaim, Wayne Giles and Andrew McCulloch is a reprint of the
material as it was submitted to the American Journal of Physiology (Heart and

Circulation).



CHAPTER 5

Computational modeling of arrhythmia formation in an
LQT3 SCN5A mutation: From genetic mutation to clinical
phenotype

5.1 Introduction

Mutations in the genes encoding for ion channel proteins can alter the delicate
balance of ionic fluxes underlying the cardiac action potential. Patients with so-called
“ion channelopathies” are susceptible to a particular polymorphic ventricular
tachycardia known as torsades de pointes (TdP) and sudden cardiac death (168). The
most common of these conditions is the long QT syndrome (LQTS). In addition to QT
prolongation, T wave morphology is often abnormal, consistent with the concept of
ventricular repolarization abnormalities playing a role in creating an unstable
electrical substrate predisposed to arrhythmia formation (102). It is increasingly
recognized that even under normal conditions, measurements of action potential
duration and morphology within the left ventricle are highly heterogeneous (9). The
contribution of these cellular heterogeneities to the transition from normal rhythm to
TdP is unclear.

Recognition of regional variation in the expression and function of ion channels
across the wall of the left ventricle promoted the notion of transmural dispersion of
repolarization (TDR). The intrinsically long APDs, reduced repolarization reserve and
strong rate dependence of isolated midmyocardial cells (M-cells) has implicated them
in determining the polarity and width of the electrocardiographic T-wave in normal
hearts (9, 13), and reentrant arrhythmia formation in pharmacologically altered hearts

(representative of ion channelophathies e.g. LQTS) (61, 202, 239). However, there
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exists considerable debate as to the extent that midmyocardial cells play a role in
intact myocardium given the potential for intrinsic electrical differences to be masked
by electrotonic effects. Experimental studies that have addressed this issue have
varying results with evidence both for and against M-cell dominated electrical
gradients (for review see Taggart et al (219)), leading to the question of whether M-
cell-mediated increases in TDR occur in vivo or not. Previous modeling work has
suggested that M-cells are not required for an upright T-Wave (40) and geometric
factors such as wall thickness may alter the extent that intrinsic heterogeneities
influence repolarization patterns (182). Furthermore, the intrinsic electrical properties
of individual cells can be modified by their location with respect to the beginning and
end of propagation and collision of wavefronts (251). However, midmyocardial APDs,
as measured by recording electrodes or optical mapping of canine ventricular wedge
preparations, consistently exceed those from other regions in a rate-dependent manner.

Another factor more recently implicated as a strong influence on both normal
cardiac electrophysiology and arrhythmia formation is intracellular calcium (Ca®)
cycling (27). Briefly, recent experimental data has demonstrated inactivation of the
sarcolemmal L-Type Ca’" channel (LCC) to be primarily Ca®"-dependent (107).
Fluctuations in intracellular Ca*" levels can modulate the shape and duration of the
cardiac action potential via altering transmembrane Ca®" fluxes. In the myoplasm,
Ca®" binds to regulatory molecules, such as calmodulin, and thereby can modify ion
channel function on a beat-to-beat basis or over longer time periods (149). In extreme
instances, highly proarrhythmic Ca®"-mediated afterdepolarizations, both early and
delayed, may be observed. Here again, conditions in vivo are complicated by a
heterogeneous distribution of Ca®"-handling proteins, including the sarcolemmal
sodium-calcium exchanger (NCX) (255) and the sarcoplasmic reticulum Ca**-ATPase

(SERCA) pump(93).
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The difficulties in obtaining high resolution three dimensional (3D) measurements
of myocardial electrical activity and Ca’" cycling in vivo limit experimental
investigation into the role of intrinsic heterogeneities on the pattern of normal and
abnormal repolarization patterns. Furthermore, experimental measurements may be
influenced by use of anesthetics and other methodological concerns (14, 219). Thus,
we investigated these phenomena using a computational model of the canine left
ventricular wedge preparation with a realistic model of whole cell ionic currents
including mechanistic descriptions of intracellular Ca®*-cycling. The modeling
framework allows us to assess the contributions of the regional variations in ion
channel and Ca**-handling proteins on normal electrical propagation as well as to
investigate how defects in ion channel function may lead to arrhythmia formation.
Specifically, we investigated the proarrhythmic consequences of the 11768V SCN5A
mutation resulting in variant 3 of the long QT syndrome (LQT3). Our simulations
predict EADs localized to the endocardium that trigger midmyocardial and epicardial

action potentials leading to an “R on T” extrasystole on the ECG.

5.2 Methods

5.2.1 Whole cell models of canine ventricular myocyte ECC

The whole cell models of canine epicardial, midmyocardial and endocardial
ventricular myocyte ECC were previously developed and validated against a wide
range of experimental data. Briefly, we included transmural heterogeneities for the
voltage-dependent transient outward current Igy43; the slowly activating delayed
rectifier current, Ixs; the late sodium (Na+) current, Inar; and the SR Ca’"-ATPase

pump (SERCA).
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The model of the [1768V SCN5A mutation was developed by Clancy et al (39). In
our implementation, we increased the recovery kinetics as described by Clancy et al
(39), although to a lesser extent (50% increase instead of 100%). This resulted in an

equivalent increase in In,p in response in a ramped voltage protocol.

5.2.2 3D integrative model of a canine LV tissue wedge

To model transmural heterogeneity at the tissue level, we extracted a two-element
wedge from the posterior LV free wall (average dimensions 1.0 cm (transmural), 0.8
cm (circumferential) and 1.4 cm (longitudinal)) from the original 24 element anatomic
model of the canine ventricular geometry and fiber architecture described by LeGrice
et al (96). The dimensions of the model wedge are within those from the
corresponding experimental preparations (111, 261). The wedge was repetitively
refined in each direction to yield a 2048 element mesh with 21,384 degrees of
freedom. This was sufficient to obtain solutions for conduction velocity and APD at
90% repolarization (APDgg) to within 1% (see Appendix D). Transmural
heterogeneity was incorporated using the epicardial, midmyocardial and endocardial
parameters defined earlier in layers of equal thickness (unless otherwise indicated).
Initial conditions for the finite element simulations were generated from the single cell
models. All initial conditions were at steady state for the relevant pacing rates and
myocyte subtype. Transversely orthotropic conductivities were selected to obtain
activation times consistent with experimental observations (Figure 5.2). No-flux
boundary conditions were prescribed along the edges of the tissue. A pseudo-ECG
was estimated by calculating the potential at an electrode 20 mm from the layer
corresponding to the epicardial surface using the approach of Gima and Rudy (2002).
The conductivity was reduced to 50% of that in other regions in the outermost 10% of

the wedge to account for an experimentally measured increase in tissue resistivity here
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(261). The diffusion coefficient was increased 10-fold in the innermost endocardial
layer, representative of the Purkinje fiber network. Unless otherwise indicated, TDR is
defined as the difference between the maximum and minimum repolarization times

recorded at 90% repolarization.

5.3 Results

5.3.1 M-cells contribute to early dispersion of repolarization

In the first instance we measured activation and recovery times in the
heterogeneous canine LV wedge model for basic cycle lengths of 500, 1000 and 2000
ms. In all cases, the longest APDs were measured on the endocardium and shortest in
the epicardium (Figure 5.1). The last region to complete Phase 2 repolarization (as
defined by APDj3p) was the midmyocardium although the last region to return to
resting membrane potential was the endocardium. APD (and to some extent) TDR

increased in a rate-dependent manner (Table 1).

5.3.2 Electrotonic coupling masks M-cell APDgy, prolongation

Upon closer inspection of cellular electrical activity measured at many sites
through the center of the wedge, the model predicted that APDgy decreases
monotonically from endocardium to epicardium (Figure 5.2). The results from these
simulations are compared with experimental data from Yan et al (261). Model
predictions of endocardial and epicardial APD closely match corresponding
experimental measurements at the examined pacing rates. Among the regions in the
ventricular wedge, the epicardium always displayed the briefest APDgy. Late
repolarization consistently occurred in the opposite direction from activation when the
pacing site was on the endocardium. However, our model fails to recapitulate a

subendocardial peak in APD and an abrupt change in APD at the subepicardium.
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Thus, our model predicts that differences in epicardial and endocardial repolarization

times determines TDR.

5.3.3 Sensitivity of APD predictions to electrode positioning

Since wavefront curvature/collisions with boundaries may alter APD, we
measured APDyy both down the center and on two external faces (upper and lower) of
the wedge (where experimental measurements are taken) (Figure 5.3). Endocardial
APDy is greatest at the site of the stimulus and smallest where the activation wave
hits the opposite endocardial edge (due to asymmetry in the wedge shape, the
activation wave hits the upper epicardial border first, and the last region to activate is
the lower epicardial border). APDgy measurements from the center of the wedge were

of intermediate value as they are neither sites of wavefront initiation or collision.

5.3.4 Sensitivity of APD predictions to layer thickness

Differences in the distribution of the myocyte subtypes may also modify APDy,
and TDR measurements through the wall of the canine LV wedge. In order to
investigate this, we altered the thickness of the midmyocardial cell layer (Figure 5.4).
The model predicted a global increase in APDgy measurements that correlated with the
thickness of the midmyocardial cell layer. However, the model did not predict any
distinct differences in TDR (Table 2), consistent with a dominant role of intercellular

coupling in minimizing repolarizing gradients.

5.3.5 Effect of reduced coupling

Reduced intercellular coupling secondary to some forms of heart disease has been
proposed to predisposing the tissue to arrhythmia formation by increasing TDR. Our
simulations predict that reduced coupling leads to a greater dispersion of both

activation and repolarization (Figure 5.5) as compared with measurements with
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normal coupling (Table 1), but compared with the differences in activation time, the

changes were small.

5.3.6 Effect of reversal of pacing

When the pacing site is located in the middle of the epicardium, epicardial APDy,
measurements were prolonged at all cycle lengths compared with “normal”
endocardial pacing (Figure 5.6). Conversely, predictions of endocardial APDgyy were
shorter. These results are consistent with the modifying effect of the pacing site on
measurements of APDyy. The resulting variation of APDgj across the canine wall is

very small. Epicardial pacing does however increase TDR at all pacing rates (Table 1).

5.3.7 Arrhythmia formation due to the 11768V SCN5A mutation

Simulations of activation and recovery in the canine LV wedge reveal that the
1768V mutation disrupts repolarization patterns in a rate and myocyte-subtype
dependent manner (Figure 5.7). At 2 Hz, endocardial regions experience an EAD that
results in a triggered epicardial AP and an “R on T” extrasystole on the ECG. When
the pacing rate is slowed to 1 Hz, 2 successive endocardial EADs occur, triggering 2
epicardial APs. Upon closer inspection, the complete endocardium appears to
experience the EADs, and the triggered beat is initiated in a region of the
midmyocardium that has recovered and propagates over all of the non-refractory
tissue.

We also investigated the proarrhythmic consequences of a sudden slowing of
pacing rate (similar to a pause in pacing). In the normal canine wedge with BCL =
500ms, slowing to 2000 ms resulted in slightly increased TDR (from 13.0 to 25.3 ms).
However, the same protocol applied in the presence of the 11768V mutation resulted

in a brief episode of polymorphic ventricular tachycardia (PVT) that terminated
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spontaneously after 1.5 seconds. This was followed by ~2 seconds of PVT that
subsequently stabilized to monomorphic VT. The wedge remained in this condition
despite endocardial pacing for the remainder of the simulation (~ 4 seconds) (Figure
5.8). As evident from the action potential tracings, the PVT was associated with the
continuing “triggers” of EADs originating from the endocardium, and fluctuations

between epicardial EADs and triggered beats.

5.4 Discussion

Mechanistic descriptions of CICR are lacking from many previous models of the
cardiac action potential. Those that do are computationally intractable for upward
integration into 2D and 3D models of coupled myocardium. In this study, we use a
simplified mechanistic model of CICR as part of our models of the canine LV action
potential. These models can faithfully reproduce experimentally measured properties
of ECC and whole cell phenomena, and yet remain computationally efficient (65). The
models were used to study the role of electrotonic coupling in modulating intrinsic
differences in the APDyy of canine ventricular myocytes during normal electrical
activation and recovery, as well as the role of cellular heterogeneities in arrhythmia
formation due to the 11768V SCN5A mutation.

This model is relevant far outside the scope of this investigation e.g the model
could also be used as a tool to predict the arrhythmic mechanisms of electrical
remodeling in heart failure, or to investigate the pro- or anti-arrhythmic effects of gene
therapy and pharmacologic interventions. This is also the first report (of which the
authors are aware) of an ionic model integrated into a 3D tissue model that
incorporates 1) local control mechanisms of Ca®" handling and 2) descriptions of
intrinsic cellular heterogeneities based on detailed experimental investigations into the

molecular basis of these heterogeneities. Previous modeling work of this kind has
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been limited to ionic models lacking mechanistic insight into the basis of CICR, and
as such, their predictive ability is limited, especially with regards to arrhythmia

formation.

5.4.1 Transmural heterogeneities

Cardiac myocytes isolated from the endocardium, midmyocardium and epicardium
of the canine left ventricle exhibit distinct electrophysiological properties (9).
However, in intact tissue, the resulting electrical gradients are much smaller due to
electrotonic coupling (220). Controversy exists as to the extent that M-cells contribute
to dispersion of repolarization in intact tissue. The presence of midmyocardial cells is
evident in many wedge preparations (9) (219), yet other studies failed to detect
transmural electrical gradients in vivo (15).

In this study, we simulated electrical activation and recovery in a 3D monodomain
model of a heterogeneous canine left ventricular wedge. Our model predictions of
epicardial and endocardial APDgy match very well with corresponding measurements
in canine wedge preparations (261) for the pacing rates under consideration.
Furthermore, predicted TDR also matches reported experimental values (111).

Our results point to a transmural gradient in late repolarization proceeding from
the epicardium to the endocardium. This supports the argument that electrotonic
effects dominate over intrinsic cellular heterogeneities in determining the sequence of
repolarization. However, we also predict that M-cells may contribute to dispersion of
early repolarization. These results are consistent with our previous modeling studies in
which that the greatest transmural differences occurred during Phase 2 (rather than
Phase 3) repolarization.

Many of our results are consistent with and extend several prior model analyses. A

previous 1D model of action potential propagation demonstrated that electrotonic
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coupling had a diminishing effect on heterogeneity in the intact myocardium which
depends strongly on the extent of intercellular coupling (43). Clayton et al (41) have
conducted similar investigations into the contributions of heterogeneities to normal
propagation and reentry. This study extends their investigations by accounting for
transmural heterogeneities in a more mechanistic manner, as well as making the
analysis apply specifically to canine, a species displaying some of the most distinctive
(and humanlike) transmural heterogeneities. In general, previous studies have relied
upon a large Ixs density, both for timely repolarization, and for conferral of subtype
dependent APDyy measurements (41, 61, 197, 239). In contrast, here we use a model
where the heterogeneities with the biggest impact on APDy are Ixy43 and Inar.

The intrinsic electrical properties of individual cells can be modified by their
location with respect to the beginning and end of propagation and collision of
wavefronts (251). Here, we observed that APDy, measurements may be influenced by
the positioning of the recording electrodes relative to the pattern of activation, which
may explain some of the variability in experimental recordings.

Increasing the thickness of the M-cell region resulted in longer average APDy,
measurements, but no increase in TDR. This may be of relevance in the whole heart
where there may be variation in ventricular myocyte subtype distribution. For
instance, M-cells were found in the deep subepicardium in the lateral free wall of the
left ventricle (9). Longer APDs in this region may lead to an increase in overall
dispersion of repolarization within the ventricle. Reducing intercellular coupling and
epicardial pacing tended to lead to an increase in TDR. These perturbations are both
thought to be proarrhythmic.

Our results are in contrast to many experimental measurements in which the
regions where the greatest APDgy measurements were made in the deep

subendocardium. The degree of TDR observed in experimental preparations also
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appears to depend on the methods used to estimate the parameter. Other factors that
may influence electrical measurements are the use of various anesthesia (5) or electro-
mechanical uncouplers (88). The use of mathematical modeling may help to interpret
these experiments.

Transmural heterogeneity of cell-cell coupling also exists, and is accounted for to
some extent in our model (see Limitations section for a more detailed discussion). A
sharp transition of APDy is observed in the layer between the subepicardium and
midmyocardium (261). These observations suggest the presence of a resistive barrier,
although it is unclear whether this is due to changes in extracellular matrix or gap
junctional resistance. A transmural gradient of connexin43 (Cx43) expression has
been measured across the left ventricular free wall of mouse and rat hearts (257) and
canine (151). In these studies, measurements of subepicardial Cx43 expression were
significantly reduced relative to midmyocardial and subendocardial layers. The
laminar arrangement of myocytes with transmural variation in the orientation of so-
called cleavage planes may also play a role in heterogeneity of electrotonic coupling
(99). Layers of tightly coupled ventricular myocytes run are oriented in the radial
direction with muscle branching permitting interlayer electrical connectivity. Reduced
branching in the midmyocardium may play a role in creating convoluted paths of
activation. This ventricular structural anisotropy is thought to play a role in

arrhythmogenesis (99) and defibrillation (229)._

5.4.2 Mechanisms of arrhythmia formation

Another goal of this study was to investigate how a LQT3 mutation promotes
arrhythmia formation in the intact ventricular myocardium. The exact mechanisms of
ventricular arrhythmia in LQTS patients, in particular induction of TdP, remain poorly

understood. It is generally accepted that mere QT prolongation is not proarrhythmic,
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but that increased dispersion of repolarization that accompanies long QT intervals
leads to an unstable electrical substrate (11). It is hypothesized that amplification of
intrinsic electrical heterogeneities may underlie increased repolarization gradients.
Although there exist apical-basal (48) and RV-LV (242) differences in cellular
electrical properties, transmural heterogeneities are arguably the most distinct and
well studied.

Owing to the infeasibility of breeding large mammals with specific gene defects,
explorations into the mechanisms of arrhythmia formation in LQTS are typically
carried out in pharmacologically altered ventricular wedge preparations (often, but not
always, canine). Drugs that block or enhance the function of specific ion channels are
assumed to represent certain variants of LQTS (e.g. Ixs — LQT1, Ix, — LQT2 and Inar —
LQT3). In many instances, results from these investigations are lumped together,
despite evidence that different ion channel mutations might produce distinctive ECG
patterns (169).

Investigators have typically reported EADs originating from Purkinje fibers or M-
cells (11). However, M-cells are often defined as the region(s) where APDy is longest
(termed “functional” M-cells), which adds confusion to the debate over the role of M-
cells in arrhythmogenesis (111). In patients with LQTS, onset of TdP frequently
develops in a pause-dependent fashion (238). Optical imaging in pharmacologically
altered canine ventricular wedges (representative of LQT2 and LQT3) suggested an
increase in APDy, dispersion following a pause as compared with baseline (111).

Here, the model predicted incidences of endocardial EADs as a result of the
increased rate of recovery from inactivation of the Na" channel due to the 11768V
SCNSA mutation. These EADs propagated to adjacent regions and elicited triggered
responses (“R on T” extrasystoles). They also appeared to induce a short episode of a

TdP-like polymorphic ventricular tachycardia following a sudden reduction in pacing
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rate. These results are similar to observations of phase 2 EADs in a rabbit ventricular
wedge model of acquired LQTS (262) as well as spontaneous premature beats in a
canine ventricular wedge model of acquired LQT3 (111).

The relevance of these results is likely to extend to arrhythmia formation in
humans. Similar gradients of Kv4.3 and KChIP2 isoforms have been observed in
human hearts (130), suggestive of a common mechanism of Ixy43 channel regulation.
M-cells are also observed in humans, with similar characteristics, although the spike-

and-dome morphology is less pronounced (54, 104).

5.4.3 Limitations

One of the major limitations of the FE models described in this study is that we
have used the monodomain approximation for all simulations of -electrical
propagation. Here, the resistance for transmembrane potential “diffusion” represents
the global average of intra-, extra- and inter-cellular resistances. Of the three,
intercellular resistance is likely to be the greatest, as charged particles must diffuse
through gap junctions. As a result, the level of coupling may be overestimated in these
and other simulations that employ a continuum approach. This may explain some of
the discrepancies between experimentally measured repolarization gradients and our
predictions.

The Ca®" handling employed in this whole cell model presents an improved
approach to previous models. However, it fails to incorporate [Ca]sg dependent
release of SR Ca’" through the RyR, one of the mechanisms underlying delayed
afterdepolarizations (DADs). We consider it unlikely that the conditions used in this
study would facilitate the development of DADs in vivo and thus it is not a severe

limitation.
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Although we endeavored to account for all experimentally measured transmurally
heterogeneous ionic currents, we did not include regional variation of the Na'-Ca**
exchanger current (Inaca). A recent report described the presence of a transmural
gradient of In,ca in the canine LV free wall (decreasing from epicardium to
endocardium) (255). However, a prior investigation into Inac, gradients measured the
greatest current densities in midmyocardial cells (274). Moreover, a recent study
reported a reversal of the Inaca gradient in normal guinea pig hearts, decreasing from
endocardium to epicardium (246) (although this may be due to interspecies
variability). It is therefore difficult to establish the true nature of the transmural
gradient of Inac, from these reports.

The estimated volume of M cells in the left ventricular wall has been suggested to
be 30% (54). However, experimental reports provide no clear indications as to how
these M-cells are arranged. Previous modeling work has demonstrated a minimal
effect of midmyocardial cell arrangement on patterns of activation and recovery in 2D
tissue slices (41). Our results are consistent with these and we therefore do not

consider the exact configuration of the layers to play a significant role in our results.

5.4.4 Conclusions

Here, we present a multiscale model linking a genetic mutation to its clinical
electrocardiographic phenotype. This study is the first of which we are aware that
utilizes a model based on biophysical and molecular interactions to explore the
consequences of transmural heterogeneities of ion channel and Ca®" handling proteins
in normal and diseased hearts. These mechanistic models are ideal for further
investigations into the pro and anti-arrhythmic effects of pharmacologic interventions

and for elucidating the mechanisms of arrhythmia.
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Table 5.1: Transmural dispersion of repolarization in ms under normal conditions,
with reduced coupling and with epicardial pacing.

Basic cycle length (ms)

500 1000 2000
Normal 13.0 12.7 33.9
Reversal of pacing 34.4 29.9 42.3
Reduced coupling 23.2 18.6 32.4

Table 5.2: Transmural dispersion of repolarization as a function of midmyocardial
layer thickness. BCL = 1000 ms.

Midmyocardial layer thickness (%) 81.25 68.75 56.25 43.75 31.25 18.75 6.25
TDR (ms) 9.2 12.6 13.8 13.0 12.7 10.4 11.4
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Figure 5.1: APDgj-rate relations in the canine LV wedge model at sites in the
epicardium (A), endocardium (0) and midmyocardium (o). Three measurements in
each region were recorded and averaged.
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Figure 5.2: Distribution of APDyg across the wall of a canine LV wedge model paced
at 1000 ms () as compared with experimental results (o). Every second model
prediction is omitted for clarity. Epi indicates epicardium; Mid, midmyocardium;
Endo, endocardium.
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Figure 5.3: (Left) APDgy measurements from the center of the wedge (o), lower face
(o) and upper face(A). BCL = 1000ms. The arrows indicate the outermost sites of the
three sets of measurement locations. (Right) Activation patterns at 5, 10 and 35 ms
after the initial stimulus.
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Figure 5.4: Altered layer thicknesses and APDyy through the wall of a canine LV
wedge. The layer thicknesses (Epi:M:Endo) were: 2:26:2, 4:22:4, 6:18:6, 8:14:8,
10:10:10, 12:6:12, 14:2:14. TDR for the 7 cases was: 9.2, 12.6, 13.8, 13.0, 12.7, 10.4,
11.4 respectively.
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Figure 5.5: Reduced coupling leads to a greater variation in APDy, across the wall of
a canine LV wedge. It also leads to greater dispersion of activation (see inset).
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Figure 5.6: Epicardial pacing greatly alters the distribution of APDy, across the wall
of a canine LV wedge. Activation times between the endocardium and epicardium are
reversed (see inset).
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Figure 5.7: Abnormal triggered beats on the epicardium resulting from endocardial
EADs with corresponding ECG recordings at basic cycle lengths of 500 and 1000 ms.
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Figure 5.8: ECG and action potential tracings from the 11768V mutant wedge
displaying repolarization-related disrhythmias following a sudden change in BCL

from 500 ms to 2000 ms.



CHAPTER 6

Summary and Conclusions

To wunderstand normal cardiac electrophysiology and how it becomes
dysfunctional requires knowledge of the multiscale and heterogeneous nature of the
heart. High resolution experimental measurements of the global spread of activation
and recovery patterns remains elusive due to tissue damage from recording electrodes.
Computational modeling can aid in interpreting this sparse mapping data and can be
used to provide insights in the biophysical phenomena underlying the physiology and
pathophysiology of cardiac electrical activity. Models inevitably make simplifications
and assumptions and careful validation against experimental data is vital in confirming
the predicative ability of the model. A more complete knowledge of normal cardiac
electrophysiology and the mechanisms underlying arrhythmia will help to increase the
likelihood of clinical success in controlling serious ventricular arrhythmias with
pharmacologic agents.

Despite intensive investigation, the cellular mechanisms for most cardiac
arrhythmias have not been clearly established. In particular, the contributions of
transmural cellular heterogeneities to ventricular arrhythmogenesis are unknown.
Thus, the objective of this dissertation was to create biophysically detailed multiscale
models to investigate the proarrhythmic consequences of several different heritable
ion channel mutations on action potential propagation and recovery in heterogeneous

tissue.

122



123

6.1 Contributions to understanding arrhythmia mechanisms

The exact mechanisms of ventricular arrhythmia in LQTS patients, in particular
induction of TdP, remain poorly understood. It is generally accepted that mere QT
prolongation is not proarrhythmic, but that increased dispersion of repolarization
accompanying long QT intervals leads to an unstable electrical substrate (11). It is
hypothesized that amplification of intrinsic electrical heterogeneities may underlie
increased repolarization gradients. Although there exist apical-basal (48) and RV-LV
(242) differences in cellular electrical properties, transmural heterogeneities are
arguably the most distinct and well studied.

Incorporating the molecular consequences of the KCNQI-G589D defect into a
mathematical model of the rabbit ventricular myocyte, we found increased APD and a
susceptibility to afterdepolarizations only with sympathetic stimulation (189).
Extending spatially to model a rabbit ventricular wedge preparation, we examined the
role of interactions between these cellular mechanisms, cell-type heterogeneities, and
fiber angle distributions on action potential propagation and simulated ECGs. These
analyses suggest a mechanistic link from the KCNQ1-G589D gene defect to TDR and
possible T-wave abnormalities in the ventricle, clinical indicators of arrhythmic risk in
LQT syndrome.

The SCNS5A-11768V mutation appears to result in much more severe clinical
phenotype. Here, our canine model predicts incidents of endocardial EADs as a result
of the increased rate of recovery from inactivation of the mutant Na" channel. These
EADs propagated to adjacent regions and elicited triggered responses (“R on T”
extrasystoles). They also appeared to induce a short episode of a TdP-like
polymorphic ventricular tachycardia following a sudden reduction in pacing rate.

These results are similar to observations of phase 2 EADs in a rabbit ventricular
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wedge model of acquired LQTS (262) as well as spontaneous premature beats in a
canine ventricular wedge model of acquired LQT3 (111).

The relevance of these results is likely to extend to arrhythmia formation in
humans. Interspecies variability of cardiac ion channel function and regulation does is
not great between larger mammals (e.g. humans, canine, rabbit). Specifically, similar
gradients of Kv4.3 and KChIP2 isoforms have been observed in human hearts (130),
suggestive of a common mechanism of Ixy43 channel regulation. M-cells are also
observed in humans, with similar characteristics, although the spike-and-dome

morphology is less pronounced (54, 104).

6.2 Contributions to high performance computing of cardiac

electrophysiology

Integration across multiple physical scales and biological functions in simulating
cardiac electrophysiology is now feasible in current cardiac models. These structurally
and functionally integrated models of cardiac electrophysiological function combine
data-intensive cellular systems models with compute-intensive anatomically detailed
multiscale simulations. Numerical models help in generating hypotheses in an iterative
manner together with experiments and are on the threshold of becoming helpful tools
in the clinic.

Here, we present multiscale models linking genetic mutations to clinical
electrocardiographic phenotypes. This study is the first of which we are aware that
utilizes a model based on biophysical and molecular interactions to explore the
consequences of transmural heterogeneities of ion channel and Ca®" handling proteins
in normal and diseased hearts. These mechanistic models are ideal for further
investigations into the pro and anti-arrhythmic effects of pharmacologic interventions

and for elucidating the mechanisms of arrhythmia.
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6.3 Limitations

One of the major limitations of the FE models described in this dissertation is that
we have used the monodomain approximation for all simulations of electrical
propagation. While this is appropriate for the scope of the investigations, future
studies may require the full bidomain model.

Although we successfully employed data parallelization techniques to decrease
simulation execution times, further efforts are required to decrease memory

requirements for simulations in larger 3D tissue models.

6.4 Future Directions

Both the models and the novel computational methods developed are applicable
outside the scope of this thesis. Potential future applications for the rabbit model are
somewhat limited due to the phenomenological formulation of the Ca®" handling
equations. Among other things, this model fails to account for Ca’-dependent
inactivation of Ic,r. Intracellular Ca®* cycling is an important regulator of normal and
abnormal ECC. This motivated the transition to the Greenstein model for subsequent
investigations of arrhythmogenesis.

We modified the Greenstein model of canine midmyocardial ECC by 1) replacing
the Hodgkin-Huxley formulation of In, with an existing Markov model of Nav1.5 that
incorporated a sustained component of this current, Iya; 2) including a Ca®'-
dependent inactivated open state of the Kv4.3 channel and 3) modifying parameters to
reflect experimentally measured transmural heterogeneities of ionic currents. This
model has the potential to be extended in a number of ways. Markov models of ion
channels permit investigations into the consequences of subtle gating transitions
(arising from e.g. regulation by accessory subunits, ion channel defects or

pharmacologic interventions) on whole cell ECC.
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This model may also be used to address the complex issue of arrhythmia
mechanisms in failing hearts. Ventricular tachyarrhythmias occur in 85% of patients
with congestive heart failure (CHF). Nearly half of all deaths in patients with CHF are
due to these arrhythmias degenerating to VF, leading to SCD. The failing heart
undergoes a complex series of changes with unpredictable and sometimes paradoxical
consequences. Biophysically detailed models of whole cell ECC with realistic Ca2+-
handling and regulation by the SNS integrated into a 3D model of heterogeneous
ventricular tissue may aid in gaining an understanding of the underlying mechanisms
of electrical instability in these patients.

The methods developed in this thesis may also be used to perform simulations of
action potential propagation in models of the full right and left ventricles. Here, it will
also be important to include other sources of electrical heterogeneity including those
arising from the Purkinje fibers (47), interventricular heterogeneities (242), apical-
basal heterogeneities (217).

Our results also suggest a number of potential opportunities for further
experimental investigation, including additional examination of transient outward
currents in canine endocardial myocytes and the detailed nature of the transmural

heterogeneity of Inaca.



APPENDIX A

Restitution properties of rabbit epicardial myocytes

The restitution properties of the cardiac action potential and conduction velocity
have been shown to play a role in the stability of reentrant arrhythmia. Restitution is
defined as the influence of the preceding diastolic interval (DI) on either APD or CV.
Cells and tissues with properties corresponding to portions of the APD restitution
curve that are steep (> 1) are thought to be electrically unstable in that they will
experience electrical alternans (oscillations between long and short APDs). Recent
clinical studies have linked alternans with VF formation (175, 206). However, not all
preparations with restitution curves > 1 exhibit alternans (20), and alternans can occur
without the presence of a steep restitution slope (37). Simulations have indicated that
electronic coupling and memory effects may play a role in modifying the degree of
stability of waves (35). Ca®" cycling also appears to be a critical determinant of APD
alternans and restitution steepness (62). Recently, Taggart et al demonstrated that the
adrenergic agonists isoprenaline and adrenaline increased the steepness of the slope of
the action potential duration (APD) restitution curve (218).

Families of S1-S2 restitution curves were measured from simulations of APs from
rabbit epicardial, midmyocardial and endocardial myocytes. These curves were
obtained by pacing at a fixed cycle length until steady-state, and then introducing a
subsequent stimulus after a certain DI. The DI and APD of the ensuing beat constitute
a single point on a restitution curve. By varying the DI, a full restitution curve is
obtained.

At pacing rate of both 1 and 3 Hz, the model predicted some steepening of the

restitution curve at short diastolic intervals in response to isoproteronol (Figure A.1).
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However, it was not as marked as in experimental preparations (218). The model also
failed to predict restitution of intracellular Ca®" release (Figure A.2), as observed by
Goldhaber et al (62), which we surmise may account for the altered dynamic
properties following application of isoproteronol. Specifically, we speculate that
steepening of the restitution curve at small diastolic intervals arises in part from
elevated diastolic Ca*" (from the previous Ca** transient) that reduces Ic,. via a Ca’'-
dependent mechanism. The application of B, adrenergic agonists increases the rate of
intracellular Ca*" uptake in the SR, thereby shortening the Ca®" transient. This will
contribute to a steeper dependence of APDgyy on DI at very short S1-S2 intervals
(while [Ca®"); is still decreasing) but a flattening at longer DIs (once [Ca®']; has

returned to diastolic levels).
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APPENDIX B

Heterogeneity of cardiac innervation and TDR

From investigations into the anatomy of the cardiac nervous system, it appears that
sympathetic nerves follow the common pulmonary artery into the plexus supplying the
main left coronary artery, where they are distributed to the myocardium in superficial
epicardial layers (271). Experimental evidence suggests that the overlap in the
location of sympathetic nerves and the coronary network extends into the myocardium
(271). The distribution of B-adrenergic receptors appears to be nonuniform, with the
highest density occurring in the most innervated regions of the heart (34). This results
in a transmural gradient of receptor density, decreasing from epicardium to
endocardium (34).

We performed preliminary investigations into the consequences of heterogeneity
of adrenergic activation. Despite relatively large differences in NE application (Figure
B.1), our model results pointed to very small differences in TDR, both with the
experimentally measured heterogeneity of sympathetic nerve terminals, and a reverse
in this gradient (Figure B.2). Although larger gradients may result from local
application of NE which are likely to elicit a more severe response, it is also

somewhat of an unphysiological perturbation.
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Figure B.2: Simulated ECGs from rabbit LV wedges with homogeneous,
heterogeneous and reverse heterogeneous concentrations of isoproteronol.



APPENDIX C

Markov models of Kv4.3 and Nav1l.5
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Figure C.1: Proposed Kv4.3 gating model including the effects of KChIP2 isoforms
as suggested by Patel et al (148), but with parameters of Greenstein et al (67). C,,
closed states; CI,, inactivated closed states; O, open state; and Ip, open inactivated
state. KChIP2 isoforms alter gating kinetics by accelerating recovery from closed state
inactivation (increasing o), slowing closed state inactivation (decreasing ;i) and
promoting a Ca*"-dependent open state inactivation. Transition rates o, Ba, o, i and
Boi are voltage-dependent, a,; is Ca2+-dependent, and scaling factors (fi-fs, bi-bs)
modify the interaction between activation and inactivation (67).
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Figure C.2: Proposed Nav1.5 gating model of Clancy et al. The upper (U) states are
part of the “background” mode whereas the lower (L) states constitute the “burst”
mode. The transitions shown in red are those modified by the 11768V mutation.



APPENDIX D
Numerical convergence

D.1 Numerical instabilities

Functional biophysical processes often occur on different time and spatial scales.
Operator splitting (OS) methods are powerful tools for the multiscale analysis of
biophysical phenomena, as they allow the use of specialized codes for different
processes. Reaction-diffusion equations, such as the monodomain equation for
electrical propagation, are often solved with OS methods. Operator splitting replaces
the continuous interaction between diffusion and reaction with discrete interactions.
The diffusion component tends to induce stability and act over long time scales,
whereas the reaction term tends to induce instability and act over short time scales.
Thus the reaction equations tend to be solved in smaller “sub” time-steps.

The penalty of using OS is that it may limit the numerical accuracy and order of
convergence and can lead to subtle instabilities that are difficult to detect. With
reaction-diffusion equations, instability usually manifests as unphysiological
oscillations in time/space. Using larger diffusion steps leads to blow-up of the reaction
solution. The situation when the diffusion component is highly stable and the reaction
component unstable is particularly dangerous. We therefore performed careful
analyses of the stability and accuracy of the FE solutions obtained with both the

Puglisi-Bers and the modified Greenstein ionic models.
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D.2 Timing convergence

For the Puglisi-Bers ionic model, an OS timestep of 0.1 ms yielded stable and
converged solutions. The ODEs of the ionic model were solved using RADAUS,
which uses an implicit Runge-Kutta method of order 5 and adaptive time-stepping.
This solver was designed for stiff equations, such as those representing ion channel
gating.

One of the differences between the Puglisi-Bers and the modified Greenstein
model is the replacement of Hodgkin-Huxley formulations with Markov models of ion
channel function. For the fast acting Na™ channel, this increased the stiffness of the
system and lead to situations where the solution of the ODEs became unstable and
errored out during periods when large gradients of transmembrane potential existed
(as the wavefront propagates transmurally). These errors were eliminated by using an
OS timestep of 0.0lms. We therefore implemented a basic adaptive time-stepping
method whereby the timestep was decreased transiently during wavefront propagation
(for ~50ms) and increased again once the entire mesh was activated. This successfully
eliminated RADAUS errors without too great a penalty on solution time.

Even with the adaptive time-stepping, we still observed some small amplitude, but
disconcerting, oscillations at a few points on the boundaries of large 3D meshes.
However, we were able to confirm that these oscillations did not affect the
measurements made in the center of the mesh, which is where we recorded electrical
data, or to the rendering of the solution. We therefore concluded that these meshes
were borderline stable. This finding highlights yet another issue modelers must
consider when implementing increasingly complex biophysically detailed models in

3D anatomical models.
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We also investigated the differences in numerical convergence (with respect to
time) when using 1) homogeneous and 2) heterogeneous initial conditions (ICs). In
both cases, the ICs were obtained after running the single cell models for several beats
until a steady-state was reached. When homogeneous ICs are used, the initial beat is
discarded as the APD is not within 2% of the subsequent beats (see Figure D.1).
However, when the ODE ICs are set to converged states from single cell models for
the relevant ventricular myocyte subtype, the first beat was already converged to 0.5%
(Figure D.2). Therefore, unless otherwise indicated, the ICs for all FE models were

heterogeneous.

D.3 Spatial resolution

The required spatial resolution for a converged solution was determined by
repetitive refinement of a 3D linear 1x4x5 mm mesh. The results (Figure D.3)
demonstrated that spatial convergence to less than 0.5% error was achieved at a
resolution of 0.3 mm and to less than 1% error at a resolution of 0.6 mm (in terms of
both activation time and action potential duration). Similar results were obtained in a

2D mesh (data not shown).
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Figure D.1: The first 5 beats of a 2D heterogencous model demonstrating the
numerical convergence with homogeneous ICs. Recordings from the first beat are
shown in red, and subsequent beats in blue.
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Figure D.2: The first 3 beats of a 3D heterogencous model demonstrating the
numerical convergence with heterogeneous ICs. Recordings from the first beat are
shown in red, and subsequent beats in blue
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Figure D.3: Spatial convergence to less than 0.5% error was achieved at a resolution
of 0.3 mm and to less than 1% error at a resolution of 0.6 mm (in terms of both
activation time and APDyj).



APPENDIX E

Stimulus protocols

We investigated the strength-duration relationship for the single cell models by
altering the stimulus duration and magnitude over a wide range and noting those
values of the cross product which just elicited an action potential. The resulting
strength-duration curve is a rectangular hyperbola as shown in Figure E.1. For single
cell simulations, we selected a stimulus of 10 A/F for duration 5 ms which lies on the
curve. This is consistent with the simulations in the original manuscripts (64) (159).
The membrane time constant was calculated from the graph as ~18ms.

For all the FE models we attempted to stimulate as small a region as possible in
order to avoid stimulus artifacts (Figure E.2). Once again, we selected a stimulus close
to threshold. We also investigated the sensitivity of the FE model to suprathreshold
stimuli. The threshold stimulus was 20 A/F for 5 seconds (Figure E.3). In general,
with larger stimuli, the stimulus nodes produce a larger overshoot, a longer AP, and
have a slightly greater conduction velocity. As the distance from the stimulus site

increases, so too does the effect of the longer AP.
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Figure E.1: Stimulus strength-duration curve for the modified Greenstein model.
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APPENDIX F

Parallelization considerations

Parallelization techniques can be roughly divided into two categories: data
parallelization and control parallelization. In data parallel applications, the same
computations are performed on data that is partitioned among several processors. An
example of this is in the solution of the ODEs representing the local cellular processes.
If local values of membrane potential are known, the currents passing through the ion
channels of a cell in one location can be calculated independently of those occurring
within a cell in another location. Distributing these calculations over many processors
makes feasible the integration of sophisticated ionic models (with large numbers of
ODEs) into tissue and organ scale models. As the ODE calculation time grows with
the sophistication of the ionic model, the solution of the linear systems do not change
size or complexity. Thus for complex ionic models, the data parallel solution of the
ODE portion of the problem is also where improvements in speed are most needed.

In some instances, such as for the linear solution of partial differential equations,
the data is not independent and either algebraic or geometric parallelization can be
employed. In algebraic parallelization of the linear solve, the global matrix is
factorized on several processors, via a special parallel linear solver, such as the
distributed memory version of SuperLU (106), whereas in geometric parallelization
methods, as the name suggests, regions of the full mesh are distributed over the
processors. The main challenge of such domain decomposition techniques is the
assignment of appropriate boundary constraints to the inner non-physical boundaries.
This technique requires iteration toward a converged solution with frequent updates at

the boundaries.
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In control parallelization, instructions (not data) are partitioned to separate
processors. This can be used to help overcome the computational hurdles for creating
a functionally integrated model. These problems are typically solved with different
time and space scales (87, 137, 232) and therefore require schemes for synchronizing
calculations and translating meshes. For smaller spatial scales, as needed for
electrophysiological problems, linear hexahedral elements in the finite element
method are sufficient for convergence, since higher order elements (e.g. cubic
Hermite) are specifically designed to gain enough accuracy with few elements in a
mesh and for the solution of higher order differential equations. Control parallelization
can be exploited to allow the electrical and mechanical portions of the problem to be
solved on different (groups of) processors with carefully developed communication

between instances of these major problem classes.



APPENDIX G

Electrotonic interactions

Intrinsic electrical heterogeneities are minimized by the electrotonic interactions
between electrically coupled cardiac myocytes in intact tissue. Intercellular coupling
is permitted by gap junction channels composed of connexins. As adjacent cardiac
myocytes become electrically uncoupled, e.g. by a drop in intracellular pH, junctional
resistance (R;) increases. This promotes arrhythmia formation by decreasing
conduction velocity and increasing dispersion of repolarization.

Active properties of the cell membrane during the course of an action potential
result in a dynamic membrane resistance (Ry,), impacting the spread of spatial current
flow during recovery (249). Although the highest measurements of R, are recorded
during Phase 3 of the ventricular action potential, relatively high Ry, during the plateau
provides a substrate in which these small net currents can modulate the AP waveform
(209).

For our simulations, we used diffusion coefficients of 2.4 cm’s”! in the fiber

direction and 0.6 cm?s™

in the transverse direction. These values correspond to
conductivities of 0.48 S/m and 0.12 S/m respectively. The longitudinal conductivity is

in agreement with other simulations (213)and experiments (29).
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APPENDIX H

Finite element equations

Propagating action potentials can be described by a non-linear reaction diffusion

equation:

Vo _y.pyy, - lin
C

m

where Vi, is the transmembrane voltage (mV), ljon is the sum of the currents that
cross the membrane through ion channels (pA/cm?), Cp, is the capacitance of the
membrane (uF/cm?), D is the diffusion coefficient (cm*/ms). The passive spread of
current is governed by the diffusive term and the ionic currents (from the ionic model)
by the reactive term. This parabolic system of partial different equations is solved
using a hybrid collocation-Galerkin finite element method (173).

The transmembrane potential Vp,, global coordinates, local fiber direction, and
parameters of the governing equation are all approximated at each point within the
domain by Lagrange or Hermite finite element interpolation. Each variable is
interpolated using parameters defined at the global nodes of the finite element mesh.
The value of a variable at any point within the domain is obtained by mapping the
global parameters to element parameters and then forming a linear combination with
the interpolating basis functions. Thus, the finite element seeks an approximate

solution to the reaction-diffusion equation in the form:

Vm zVAm = Z\Pivmi
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where W are the basis functions. The element basis functions, are functions of the
element coordinates only. The transmembrane potential field is always interpolated
with Hermite basis functions. The solution method attempts to minimize the difference
between the actual (unknown) and approximated solution.

We begin by rewriting the governing equation in component form:

ot Ox OX; C

ov, :i D Np | i
i j m

Here the components of the diffusion tensor are functions of the global

coordinates, X;. It is more convenient for us to express them with respect to the local

fiber coordinate system, Vp, as the diffusion tensor then becomes diagonal:

ot ox, v, | v, &%, ) C

Ny _ gV 0 Laxj 8Vm]_l
We then transform the spatial derivatives of Vp to the local finite element
coordinate system, &:

2
Ny _ i Vo, g OV, |
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and

B™ = DU a_élﬁ
v, ov,

In order to evolve a solution in time, a system of ODEs must be derived from this
equation. Here we use the collocation method to satisfy the PDE at a discrete set of

points. This method yields sparser finite element matrices than the Galerkin method

(173).

0 o’ .
l//#(g)Fg‘(E) de = Al Vo +B™ u(e) Fbﬂ(s)\/m _Ilﬂ
dt 0¢ 0&,0¢, C

m

Thus we end up with a system of equations of the form:

M Do iy, = Tl
dt C

m
We must also discretize in time as well as space. Here we use a finite difference

scheme:

V n+1 _V n
m m +
At

M K[H\/Q“+(1—9)VH=%

m

where 6 is a weighting symbol. If 8= 1, the method is termed “fully implicit”.

When 6= 0, the method is termed “explicit”. We rearrange this equation to yield:

[M +OAtK ]V =[M —(1-0) AtK |V, —Atléﬂ

m
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These equations form a sparse linear system which is solved with the linear solver
SuperLU. The coefficient matrices do not contain any time-varying terms and thus the
matrix factorization step need only be performed once. The right hand side term is
updated every time step from the solution of the ODEs representing the ionic model.

Cubic Hermite interpolation results in 2" parameters for each global node (where n
is the spatial dimension). If we place 2" collocation points within each element, the
number of unknown parameters equals the number of equations, except for on the
boundaries. To resolve this, we formulate Galerkin finite element equations for the

boundaries. Here, we assume a no flux boundary condition:

oV,

m

on

The Galerkin formulation is as follows:

g(%j:g o8 og" avm |
ot\ on ot\ ox ox; 9,

The term Gﬁl/axi is the single contravariant base vector of the finite element
coordinate system normal to the boundary. The boundary flux is made orthogonal to

the global basis function, ?’a(g)lla(g):

| m a
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