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Summary:

There is growinig'evidence that cardiac dysfunction in patients with chronic epilepsy could
play a pathogenic role in sudden unexpected death in epilepsy (SUDEP). Recent animal
studies have revealed that epilepsy secondarily alters the expression of cardiac ion channels
alongside abnormal cardiac electrophysiology and remodelling. These molecular findings
represent novel evidence for an acquired cardiac channelopathy in epilepsy, distinct from
inherited ion,channels mutations associated with cardio-cerebral phenotypes. Specifically,
seizure activity has been shown to alter the mRNA and protein expression of voltage-gated
sodium channels (Na, 1.1, Na,1.5), voltage-gated potassium channels (K,4.2, K,4.3), sodium-
calcium exchangets (NCX1), and non-specific cation-conducting channels (HCN2, HCN4).
The pathophysiology may involve autonomic dysfunction and structural cardiac disease — as
both are independently associated with epilepsy and ion channel dysregulation. Indeed, in
vivo and in yitresstudies of cardiac pathology reveal a complex network of signalling
pathways and transcription factors regulating ion channel expression in the setting of
sympathetic overactivity, cardiac failure and hypertrophy. Other mechanisms such as
circulating inflammatory mediators or exogenous effects of anti-epileptic medications lack
evidence. Moreover, an acquired cardiac channelopathy may underlie the
electrophysiological cardiac abnormalities seen in chronic epilepsy, potentially contributing
to the increased risk of malignant arrhythmias and sudden death. Therefore, further
investigation is necessary to establish whether cardiac ion channel dysregulation similarly

occurs in patients with epilepsy, and to characterise any pathogenic relationship with SUDEP.

Key words: lon.channel, remodelling, conduction, sudden death, arrhythmia, seizures

1. Introduction

There is increasing clinical and experimental evidence that cardiac dysfunction occurs in
patients with chronic epilepsy, and could play an important role in the pathophysiology of
sudden unexpected death in epilepsy (SUDEP).! SUDEP is defined as death occurring in

epilepsy in the absence of a known attributable cause,' and ranks second only to stroke when
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comparing potential life-years lost across neurological conditions.? Patients with drug-
resistant epilepsy and those who suffer frequent generalized tonic-clonic seizures are at
greatest risk of SUDEP.? The potential significance of epilepsy-related cardiac dysfunction is
highlighted by evidence of (1) ictal, (i1) interictal, and more recently, (iii) molecular

abnormalities'of'the heart in epilepsy.>

Studies involving patients with chronic epilepsy demonstrate disturbances in cardiac rate,
rhythm and.sepelarization during seizures. Changes in ictal heart rate indicate a degree of
autonomic dysfunction, with tachycardia accompanying almost 60% of epileptic seizures and
bradycardia’occurring in up to 6% of focal seizures.*> Moreover, around 14% of patients with
refractory epilépsy exhibit serious electrocardiographic (ECG) abnormalities such as T-wave
disturbances, ST ¢levation, and asystole.> Though these abnormalities have been reported in
cases of SUDERyit remains unclear whether they can precipitate a fatal event.! Seizure
activity is also.associated with lengthening or shortening of the QT interval corrected for
heart rate (QT¢), reflecting a disruption of ventricular repolarization that may predispose

patients to ventricular arrhythmias.*

Aside from peri-ictal abnormalities, interictal observations reveal a baseline level of
persistent:eardiac-dysfunction among individuals with epilepsy. As with ictal studies,
interictal prolongation of the QTc interval has been reported, especially among individuals
with poor seizurecontrol.® Elevated sympathetic and decreased parasympathetic tone are also
evident upon interrogation of heart rate variability, with a more severe dysautonomia noted in
cases of SUDEP:%® Furthermore, echocardiographic features of systolic and diastolic
dysfunction highlight the functional consequences of myocardial damage secondary to
repetitive ictal'activity.”!! Together, these abnormalities may reflect a degree of underlying

cardiac pathology in epilepsy.

Significantlyprecent animal studies have reported changes in the transcription and
translation of cardiac ion channels secondary to epileptogenesis, accompanied by abnormal
cardiac electrophysiology.!>-'® This has led to the hypothesis that epilepsy secondarily alters
cardiac ien"channel expression, generating a chronic pro-arrhythmic state that increases the
risk of sudden cardiac death or SUDEP. While the pathophysiology of an acquired cardiac
channelopathy in epilepsy is unclear, candidate mechanisms include autonomic dysfunction
and structural remodelling, given their associations with both seizure activity and cardiac ion

channel dysregulation.”!>!7 Indeed, the potential relevance of molecular cardiac dysfunction
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is highlighted by a complex relationship between epilepsy, ion channel mutations,

arrhythmogenic disorders and sudden death.!®1°

Given that ictal and interictal cardiac abnormalities have been extensively reviewed
elsewhere,’ this review will focus on recent evidence for an acquired cardiac channelopathies
in patients with chronic epilepsy. Possible underlying mechanisms are explored, including
intracellular pathways which may mediate ion channel dysregulation. Finally, the potential

clinical significance of molecular cardiac dysfunction in epilepsy is discussed.
2. Methods

To identify.relevant articles, a comprehensive search of the Pubmed database was
conducted from the beginning of indexed records to November 1%, 2018. Key search terms

bR AN1Y YE 1Y

included “epilepsy/seizures”, “cardiac/heart”, “(ion) channel”, “sudden (cardiac)
death/SUDEP”, “protein/mRNA”, “expression/regulation”, “transcription”, “arrhythmia”,
“heart failure/hypertrophy/cardiomyopathy” and “drug/medication/anti-convulsant”. To
locate studies,involving specific ion channel subtypes, the search phrase “SCN* OR KCN*
OR HCN* ORFCACN* OR SLC* OR NCX* OR Na,* OR K,* OR Ca,*” (where *

represents the truncation/wildcard operator) was utilized in conjunction with combinations of

search terms. Reference lists of articles were searched to source additional articles.
3. Altered cardiac ion channel expression in epilepsy
3.1 Evidence from animal studies

Emerging.evidence from animal studies indicates that epilepsy may alter the
transcriptional expression of ion channels in cardiomyocytes. To date, ion channels
implicated inelude hyperpolarization-activated cyclic nucleotide—gated (HCN) channels,
voltage-gated'potassium channels, voltage-gated sodium channels, and sodium-calcium
exchangers as illustrated in Figure 1.!>71¢ Significantly, this may represent a previously

unappreciated form of secondary cardiac dysfunction in epilepsy.

HCN channels'conduct an inward depolarising Na"/K* current (/) in response to
hyperpolatisation, contributing to cardiac and neuronal pacemaking, and setting of resting
membrane potential .2’ Cardiac expression of HCN2 messenger RNA (mRNA) was decreased
in all chambers except right ventricle, in both rats modelling acquired epilepsy (post-status
epilepticus (SE) model) and genetic epilepsy (GAERS model).!? Left ventricular HCN2

protein expression was also reduced in both animal models of epilepsy. Accompanying ECG
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abnormalities included higher heart rate and QTc prolongation. Both models also showed
increased beat-to-beat variability which normalised with isoprenaline (-agonist) treatment, a
finding mirrored in HCN2-knockout mice,?! implying a potential link between the acquired
HCN2 channelopathy and cardiac phenotype. Importantly, molecular and
electrophysiological changes were 1) consistent across different models of epilepsy, ii)
temporally @ssociated with seizure onset, and iii) persisted for at least 9-10 weeks.'3
Together, these factors support the hypothesis that chronic seizure activity induces a cardiac
HCN2 channelopathy with associated conduction disturbances, independent of epilepsy
aetiology. Ventricular HCN4 mRNA expression was also reduced, though only in animals

with genetie,epilepsy.'?

Voltage-gated sodium channels represent another family of ion channels whose cardiac
expression appeats altered in epilepsy. One group noted increased Na, 1.1 (Scnla) and
decreased Nayl.5/(Scn5a) mRNA expression in ventricular cardiomyocytes from epileptic
rats >1 month after kainate-induced SE, yet protein levels increased for both channels.!* To
explain the'diserepancy in Na, 1.5 changes, the authors postulated that decreased Na,1.5
transcription may;trigger a compensatory increase in Na, 1.5 channel stability on the plasma
membrane. Notably, molecular changes were accompanied by a lengthening of the
ventricular aetion potential consistent with clinical QTc prolongation, attributed to an
increase insstistained late sodium current (/y,;).'* However, Na, 1.5 expression remained
unaltered in i) whole hearts from post-SE rats at a later time-point,'® and ii) ventricular
myocytes from an animal model of Dravet syndrome expressing a human SCN/A4 mutation.??
Therefore, cardiac dysregulation of voltage-gated sodium channels may depend on epilepsy

actiology orichronicity.

Seizure activity may also affect the expression of voltage-gated potassium channels in the
heart. Whole heart myocardial K,4.2 protein expression was decreased two weeks post-
chemoconvulsant.induction of SE in animals.!*!5> Moreover, this animal model of acquired
epilepsy exhibited reductions in both whole heart cardiac K,4.2 and K,4.3 expression 7-18
months post-SEya time period modelling established epilepsy.'¢ Concurrent
electrophysielogical changes included higher heart rate, longer QRS duration, and slower
myocardial conduction velocity. Additionally, there was evidence of abnormal ventricular
repolarization, with greater susceptibility to ventricular arrhythmias and increased QTc length

and variability.'?!3:1¢ These findings are consistent with a decrease in K,4.2 and K,4.3-
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mediated transient outwards potassium current (/,,), which facilitates the early (phase I)

repolarization of action potentials.

Concerning calcium-conducting ion channels, the same group found that whole heart
expression of sodium-calcium exchanger-1 (NCX1) protein was decreased two weeks
following kainate-induced SE. Altered calcium homeostasis was also apparent, consistent
with an expected reduction in NCX1-mediated removal of intracellular calcium.!>
Importantlysthe.early two-week timepoint in post-SE animals falls during the latent phase,
which precedes.the development of recurrent spontaneous seizures.'>?? Therefore, this result
strictly demonstrates an NCX1 channelopathy following status epilepticus — a single
convulsive event, rather than chronic epilepsy per se. Otherwise, there was no evidence of a

change in whole heart L-type Ca,1.2 expression 7-18 months after pilocarpine-induced SE.!

To date, studies have reported altered cardiac expression of i) HCN2 and HCN4; ii)
Na, 1.1 and' Na,1.5; iii) K\4.2 and K,4.3; and iv) NCX1 channels in animals with epilepsy

(Figure 1). However, published evidence of the same phenomena in humans is absent.
3.2 Potential'relevance of inherited cardio-cerebral channelopathies

Inherited defects in ion channels which regulate both cardiac and neuronal excitability
may generate axdual arrhythmia and seizure phenotype, representing a potential “cardio-
cerebral channelopathy” (Table 1). Though mechanistically distinct from an acquired cardiac
channelopathy (Figure 2) — whereby epilepsy secondarily alters cardiac ion channel
expression, the same ion channels could be involved in both aetiologies. Significantly, the
electrocardiographic QT prolongation seen in epilepsy constitutes the cardinal feature of long
QT syndrome«(I=zQTS) — which predisposes patients to torsade de pointes (a serious
ventriculartachycardia). Indeed, over 90% of congenital LQTS mutations involve three ion

channel genes — KCNQI, KCNH2, and SCN5A4.%

That a common channelopathy may disrupt electrical activity in both brain and heart is
supported bysseveral observations. Firstly, a retrospective study of 1901 LQTS cases noted a
clinical oveslap between epilepsy and arrhythmogenic syndromes. Patients with a confirmed
genetic diagnesis of LQTS were three times more likely to have a seizure phenotype, while
those suffering seizures were four times more likely to experience arrhythmias.!® Secondly,
genomic analysis of an epilepsy cohort found that nine out of 42 epilepsy patients harboured
potentially pathogenic single nucleotide polymorphisms in LQTS genes, of which five
suffered an arrhythmogenic syndrome as well.!® Mutations in the four HCN genes (HCN1-4)
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were also identified in 19% of cases from a SUDEP cohort.? Lastly, animal studies indicate
that abnormal expression or function of some ion channels mediate a dual cardio-cerebral
phenotype (Table 1, Supplementary Table 1). One example is mice harbouring KCNQ1
mutations (coding for the K,7.1 channel), which display frequent seizures and interictal

epileptiform"EEG discharges, as well as cardiac arrhythmias such as atrial fibrillation.?

Intriguingly, there appears to be an empirical overlap in the ion channels involved in both
inherited.cardio-cerebral channelopathies and acquired epilepsy-related cardiac
channelopathies.(comparing Figure 1 and Table 1) despite their aetiological distinction. For
example, HCN2-deficient mice exhibit both absence seizures and sinus dysrhythmia,?! and
there is also evidence of an acquired HCN2 channelopathy in epilepsy.!'® Likewise, SCN54
mutations have been identified in patients suffering both epilepsy and LQTS,?’ while altered
Na, 1.5 (Scnda)mRNA and protein expression have also been observed in animals with
acquired epilepsy.'* Given this overlap, it is conceivable that ion channel genes linked to a
dual cardio4cerebral phenotype might also undergo altered cardiac expression secondary to

seizure activity:
4. Pathophysiology of altered cardiac ion channel expression in epilepsy

Whilethe pathophysiology of an acquired cardiac channelopathy in epilepsy is poorly
understood,.autonomic dysfunction and structural cardiac disease represent key candidate
mechanisms. This section will first establish how these mechanisms are known to occur in
epilepsy (Sections 4.1 and 4.2), then explore ion channel dysregulation in comparable cardiac
pathology independent of epilepsy (Section 4.3). Other possible factors are discussed in
Section 4.4.

4.1 Autonomic dysfunction in epilepsy

Abnormal autohomic output to the heart may represent an important mediator of cardiac
dysfunctionsinrepilepsy. Tachycardic and hypertensive responses accompanied more than
25% of seizures«in one video-EEG monitoring unit, though less common bradycardia and
hypotensionsalso occurred.”® Indeed, analysis of heart rate variability during seizures revealed
evidence of both.increased sympathetic and decreased parasympathetic activity.?® These ECG
markers of autonomic dysfunction also persist interictally,” with greater severity among
patients suffering refractory seizures.?’ Furthermore, prevention and reversal of QTc
prolongation and arrhythmic susceptibility by adrenergic blockage highlights the role of

seizure-related sympathetic overactivity in driving chronic cardiac dysfunction.!?16

This article is protected by copyright. All rights reserved



Michael CH Li, Page 8

At an intracellular level, animals with chronic epilepsy and an acquired cardiac
channelopathy exhibit f1-adrenoceptor downregulation, ol 5-adrenoceptor upregulation and
increased myocardial connexin-43 expression, indicating elevated sympathetic tone.!>16 B1-
adrenergic overactivity in the setting of epilepsy also coincided with induction of both
classical EAMP/PK A (cyclic AMP/protein kinase A) signalling, and non-classical CaMKII
(Ca?*/calmodulin-dependent kinase II) and ERK1/2 (extracellular signal-regulated kinases
1/2) activation.’> Moreover, experimental studies of cardiac development and disease have
characterised a complex regulatory network governing ion channel gene transcription.3?
Critical developmental and global transcription factors within cardiomyocytes include Nkx2-
5, GATAA4,Tbx5; MEF2 and SRF - some of which are also activated by adrenergic agonists
and proteinkKinases.3'3> Therefore, overstimulation of autonomic pathways may mediate the

transcriptional dysregulation of cardiac ion channels in epilepsy.

Despite cardiac evidence of autonomic dysfunction in epilepsy, the precise origin of this
dysautonomiia remains unclear. Seizure activity originating from or spreading to cortical (e.g.
insula and preé=frontal cortex) and limbic (e.g. hypothalamus, amygdala, cingulate, and peri-
aqueductal [gray) tegulators of brainstem autonomic output may be responsible.’ These
structures lie either within, or in proximity to the temporal lobe, which could explain why
temporal seizuges are associated with ictal tachycardia.?® Accordingly, ECG markers of
autonomiesdysfunction during temporal seizures correlate with electrical activity in the
hypothalamus and amygdala.?* Clues have also arisen from imaging studies of patients with
temporal lobe epilepsy, which revealed functional abnormalities in subcortical autonomic

centres,** andraltered post-ganglionic innervation of cardiac tissue by sympathetic fibres.?
4.2 Structural cardiac disease in epilepsy

Epilepsy is.associated with evidence of mechanical dysfunction and structural
abnormalitiessof'the heart, which may underlie ion channel dysregulation in cardiomyocytes.
Echocardiographic examination of newly diagnosed drug-naive patients with generalized
epilepsy found markers of both systolic dysfunction — e.g. decreased ejection fraction, and
diastolic.dysfunction — e.g. elevated left ventricular filling pressure.! Moreover, a recent
study found increased cardiac stiffness among young patients suffering temporal lobe
epilepsy without pre-existing cardiovascular disease. Regression analyses noted autonomic
dysfunction to be responsible for more than 50% of this cardiac abnormality.3¢ Furthermore,

post-mortem examination has revealed irreversible perivascular and interstitial fibrosis of the
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myocardium among cases of SUDEP, absent in healthy individuals who died of other

causes.3?

Animals with epilepsy exhibit similar features of structural cardiac disease, with evidence
of an autonomic contribution. One group noted biochemical, pharmacological and electrical
markers of sympathetic predominance in post-SE animals, which preceded histological signs
of cardiomyocyte'injury one month after SE.” Therefore, seizure-related sympathetic
overstimulationsmay damage the myocardium and lead to maladaptive cardiac remodelling,
with evidenee.of eccentric hypertrophy and a dilated cardiomyopathy secondary to epilepsy.’
Indeed, invasive eardiac monitoring of rats suffering audiogenic seizures confirmed both

systolic and diastolic dysfunction across the cardiac cycle.!!

Significantly sthe structural cardiac abnormalities observed in epilepsy are themselves
independently associated with ion channel remodelling. For instance, failing hearts secondary
to a dilated cardiomyopathy exhibit altered cardiac expression of various Na*, K*, Ca?*, CI-
and HCN channel genes compared with healthy hearts.3® Thus, pathological cardiac

remodelling may likewise mediate the acquired cardiac channelopathies seen in epilepsy.
4.3 Ion chanmel regulation in autonomic and structural cardiac dysfunction

The fact thateepilepsy secondarily alters cardiac ion channel expression implies potential
involvement of transcriptional pathways, distinct from post-translational modulation of ion
channel function. The following discussion will focus on ion channel regulation in the
context of primary cardiac pathology. Given the similarities between models of cardiac
disease and@pilepsy-related cardiac dysfunction, putative intracellular pathways which may

mediate the aequired cardiac channelopathies seen in epilepsy are identified (see Figure 3).
4.3.1 Potassium channels

Primary cardiomyopathic changes alter the transcriptional regulation of voltage-gated
potassium channels involved in both early (K, 1.4/K4.2/K,4.3) and delayed (K, 1.5/K,7.1)
action potential repolarization.’*4° Reductions in K,4.2 and K,4.3 expression have been
demonstrated in heart failure and hypertrophy,**? concordant with the cardiac K,4.2/K,4.3
downregulation neted in epilepsy.!® Indeed, decreased K* channel expression appears
conserved across animals with failing hearts secondary to i) dilated cardiomyopathy,*’ ii)
angiotensin II-mediated hypertrophy,*? iii) primary hypertension,*! and iv) ventricular

tachypacing,*” — increasing the likelihood that an epilepsy-associated cardiac K*
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channelopathy is also mediated by structural dysfunction. Moreover, these animal models
reflect the cardio-autonomic changes seen in epilepsy, including sympathetic overactivity,

ventricular remodelling, and systolic and diastolic failure.’!!

Sympathetic signalling pathways also play an important role in regulating cardiac
expression of voltage-gated potassium channels. One group found that B-adrenergic
stimulation of cardiomyocytes reduced the expression of /,,-associated K,4.2, K,4.3 and
KChIP2 (K:ehannel interacting protein 2) auxiliary subunit, mirroring the potassium
channelopathy.seen in animals with epilepsy.* Regarding the involvement of downstream
pathways, €CaMKII, calcineurin/NFAT and NF-kB signalling all differentially regulated
K4.2, K4.3"and KChIP2 expression in non-stimulated baseline conditions. However, only
NF-kB activation contributed to the downregulation of corresponding /,, current secondary to
B-adrenergie.stimulation.** Stimulation of a;.adrenoceptors similarly decreased cardiac K.4.2,
K,4.3 and KChIP2 levels, but downstream calcineurin/NFAT signalling alternatively
increased Kg4.2"expression.** Following sympathetic induction of cAMP, cAMP-dependent
CREB (cAMPresponse element binding protein) also upregulated K,4.2 transcription and
translation, further highlighting the presence of opposing regulatory pathways.*
Additionally, both JAK-STAT signalling and angiotensin II induced downregulation of K,4.2
post-myocardial infarction,*® while angiotensin Il and phenylephrine (o.1-agonist)
downregulated K,4.3 expression.*’ Aside from adrenergic signalling, K,4.2 expression was
reduced by transcription factor Irx5,*® while K,4.3 expression was decreased by pro-

inflammatory factor BMP-4 (bone morphogenic protein 4).4
4.3.2 Sodium channels

Primary eardiac pathology also alters the expression of voltage-gated sodium channels.
One group.found.that pressure-overload heart failure reduced ventricular Na,1.5 mRNA
expressiony>»mirroring the molecular change seen in animals with acquired epilepsy.'* The
effect of cardiac remodelling on ion channel expression also varies between region, with
increased ventricular but decreased sinoatrial node expression of Na,1.1 and Na, 1.6 channels

in heart failare. %!

Several transcriptional factors may be involved, including GATA4 and Nkx2-5 — both
important global regulators of cardiac development and cardiomyocyte proliferation.3°
Genetic analysis of cardiac tissue from heart failure patients demonstrated that SCN54

(Na,1.5) transcription is directly activated by GATA4.°2>3 Mice lacking transcription factor

This article is protected by copyright. All rights reserved



Michael CH Li, Page 11

Nkx2-5 exhibit decreased ventricular Na, 1.5 expression alongside abnormal cardiac
conduction and contraction.>* Importantly, both GATA4 and Nkx2-5 were transactivated in
mice with adrenergic-induced cardiac hypertrophy,? predicting a pathway that links cardiac

dysautonomia and remodelling to altered sodium channel expression in epilepsy.

Recurrent myocardial ischaemia secondary to ictal sympathetic overactivity may also
contribute the dysregulation of cardiac Na,1.5 channels. Reactive oxygen species, which are
released,in exidative stress, are known to recruit transcription factors Foxol and NF-kB to
suppress Scada transcription.>>>¢ This is in keeping with the decreased Na,1.5 mRNA
expression Observed among post-SE animals modelling acquired epilepsy.'* Additionally,
transcription of the Scn5a/Scni0a locus is activated by Tbx5 and repressed by Tbx3 —

members of the T-box family of transcription factors involved in cardiogenesis.?
4.3.3 Sodium-calcium exchangers

Both adrenesgic stimulation and heart failure are associated with NCX1 overexpression in
vivo, potentially. representing a compensatory though maladaptive response aimed at
increasing NEX1-mediated extrusion of excess calcium and preserving ventricular function.
Chronic p-adrenoceptor stimulation of the adult murine heart upregulated NCX1 transcription
in a CaMKill-dependent manner, with recruitment of ubiquitous AP-1 transcription factors (c-
Jun and JunB)to NCX1 promoter regions.’’ f-adrenergic stimulation of cardiomyocytes also
increased NCX1 expression via cAMP-PKA signalling,’” while ERK1/2 signalling may play
a role in a-adrenergic upregulation of NCX1.® In the setting of pressure overload-induced
hypertrophy, both i) binding of histone deacetylases HDAC1/5 to Nkx2-5,°° and ii)
calcineurinactivity,®® acted as essential mediators of NCX1 overexpression. In contrast,
myocardial NEXl expression was decreased post-SE and associated with abnormal calcium
homeostasisi'> Though the transcriptional mediators are unclear, it is notable that Egrl (early
growth responsesprotein 1) appears both responsive to adrenergic stimulation,’? and
negatively regulates cardiac NCX1 expression.®! In addition, the transcriptional factor SRF
(serum response factor) crucially regulates “fetal” cardiac genes including NCX1 during

development, while GATA4 ensures cardiac-specific expression of NCX1.62

Given that NCX1 upregulation in heart failure is well-established,® the observed decrease
in myocardial NCX1 expression following status epilepticus!’ argues against structural heart
disease as a mediating factor in this channelopathy. In fact, altered cardiac expression of

calcium-conducting channels may facilitate structural dysfunction, rather than vice versa.

This article is protected by copyright. All rights reserved



Michael CH Li, Page 12

Mice overexpressing NCX1 developed both cardiac hypertrophy and contractile impairment,
proportional to NCX1 levels (homozygous > heterozygous).* These animals also showed a
greater propensity to decompensate into heart failure following a period of haemodynamic
stress. Mechanistically, the deleterious effects of NCX1 overexpression on contractile
function were"attributed to altered intracellular calcium transients and decreased sarcoplasmic
calcium stores, consistent with the role of NCX1 in removing cytosolic calcium.® Indeed,
NCXI1 channels form part of the “fetal” cardiac gene program, whose abnormal re-expression

is thought te underlie pathological cardiac remodelling.5?
4.3.4 HCN channels

Comparatively, fewer studies have examined the transcriptional regulators of HCN
channels in‘eardiomyocytes. One group found that all four HCN genes contain recognition
sequences for NRSF (neuron-restrictive silencing factor), which acts as a repressor of many
neuronal genes.% Accordingly, transgenic mice expressing a dominant-negative NRSF
mutation demonstrated cardiac overexpression of HCN2 and HCN4.67 Therefore, NRSF
activity may theosetically contribute to the downregulation of HCN2 (and possibly HCN4)
channels in animals with acquired and genetic epilepsy. It is worth noting that HCN2 and
HCN4 expressionsalso exhibit regional variation, with increased ventricular expression in rats
following myocardial infarction,%® but decreased sinoatrial node expression in a canine model
of tachypacing=induced heart failure.®® Furthermore, HCN2 and HCN4 expression are 1)
transactivated by the ubiquitous Sp1 transcription factor in hypertrophic cardiomyocytes,”

and ii) increased'by aldosterone in neonatal ventricular myocytes.”!
4.3.5 Calcium channels

There is'no evidence that epilepsy secondarily alters the cardiac expression of L-type or T-
type calcium channels. However, these channels are also involved in cardiac pacemaking,
and their regulation appears likewise disrupted secondary to autonomic and structural
dysfunction. In brief, Egrl was found to mediate the overexpression of Ca,3.2 (Cacnalh) T-
type calcium channels in the setting of cardiomyocyte hypertrophy secondary to o,-
adrenergie,stimulation.”” Nkx2-5 overexpression also upregulated Ca,3.2 mRNA levels,”?
while NRSF repressed ventricular Ca,3.2 expression.®” Additionally, cardiac expression of
Ca,1.2 (Cacnalc) was downregulated in vitro by i) overexpression of Nkx2-5 and GATA4
transcription factors,’”? and ii) CaMKII-mediated translocation of a downstream repressor

complex.’
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4.3.6 MicroRNAs

MicroRNAs (miR) have been increasingly recognized as important negative regulators of
cardiac ion channel expression, and thus, may be involved in the molecular milieu underlying
acquired cardiac channelopathies in epilepsy (Figure 3). MicroRNAs are small non-coding
RNAs that either degrade target mRNAS or inhibit their translation into protein.”>
Specifically, miR-1 and miR-133 were found to repress the post-transcriptional expression of
HCN2 and HEN4.in the setting of age-related atrial fibrillation and post-infarction heart
failure.®7¢ Likewise, over-expression of miR-1 and miR-133 in vitro suppressed potassium
channel K, 7.1 (K€NQ1I) and its associated subunit (KCNE]). Cardiac investigation of mice
lacking miR-1%2"(a member of the miR-1 family) also revealed K,4.2 downregulation
secondary to Lrx5 /overexpression, with abnormalities in cardiac morphogenesis, conduction,
and myocyte.eell.eycling.”” Furthermore, NCX1 expression was repressed by miR-1, which
itself was modulated by transcriptional factor SRF and adrenergic stimulation.”® Other
microRNAghave also been implicated in cardiac ion channel regulation. These findings are

summarised in"Supplementary Table 2.
4.4 Other mechanisms

Epilepsyais associated with disruption of the blood-brain barrier and local release of
inflammatorysmediators such as interleukin (IL)-1p, IL-6 and tumor necrosis factor o
(TNFa),” which may conceivably enter the circulation and affect myocardial ion channel
expressionglndeed, it has been shown that TNFa downregulates the cardiac expression of
K,4.2 and K 4.3 channels in vitro.8° One group also screened IL-2 for transcriptional
modulation of ion channel genes in myocardial cells, noting upregulation of Scn3b — a gene
associated withsBrugada syndrome and atrial fibrillation.®! Another inflammatory factor,
TGFP1 (Transforming growth factor B1), increased ScnSa and decreased Kcnd?2 gene
expressiominmurine ventricular myocytes.®> However, studies have only demonstrated
elevations in post-ictal plasma IL-6 and IL-8, along with increased interictal levels of plasma
IL-6 in temporal lobe epilepsy.®* Therefore, there is no indication that any specific cytokine is
both 1) systémically elevated in epilepsy, and ii) associated with cardiac ion channel

dysregulation.

Furthermore, an exogenous contribution to cardiac ion channel remodelling from anti-
epileptic drug (AED) therapy was considered. Only one study was identified, reporting

upregulation of Scn9a and Scnlb gene expression with administration of valproate in vitro,
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but this result has not been followed up.?* In fact, the association between AED therapy and
cardiac electrophysiology also remains unclear. While AED-treated epilepsy patients more
frequently exhibit ST segment abnormalities compared with the general population, the effect
of epilepsy itself could not be excluded as pre-medication ECGs were unavailable.®>
Moreovefyaformal review failed to find conclusive evidence of an association between any

specific AED and QTc prolongation, noting a lack of clinical data.8¢
4.5 Summary

The pathophysiology of altered cardiac ion channel expression in epilepsy may
predominantly inyolve autonomic dysfunction and structural cardiac disease, as both
mechanismssarerindependently associated with 1) epilepsy, and ii) ion channel dysregulation.
Specificallyepilepsy appears to alter autonomic output from the central nervous system,
overstimulating sympathetic signalling pathways in cardiomyocytes. In parallel, seizure-
related adrenergic overactivity may damage the myocardium, leading to a cardiomyopathy
that may further elevate autonomic stimulation of the heart. Consequently, intracellular
pathways are activated, altering the transcriptional regulation of ion channels (see Figure 4A).
Evidence supporting a contribution from AED therapy or circulating inflammatory markers is

lacking.
5. Clinical significance of altered cardiac ion channel expression in epilepsy

Clinically, perhaps the most pertinent question is whether an acquired cardiac
channelopathy contributes to the elevated risk of sudden death in epilepsy. Figure 4B
illustrates the"hypothesis that altered cardiac ion channel expression chronically disrupts
cardiac electrieal function in epilepsy, rendering patients more susceptible to serious
arrhythmia$. Perhaps a two-hit model is involved — the first “hit” being a pre-existing
electrophysiological vulnerability secondary to molecular remodelling, and the second “hit”

being an acute seizure or cardiac stressor that triggers a life-threatening arrhythmic event.

Several factors indicate that altered cardiac ion channel expression may underlie
conduction.abnormalities in the setting of epilepsy. Firstly, molecular and
electrophysiological abnormalities demonstrate functional concordance. Given that action
potential repolarization is initiated by /,,-conducting K,4.x channels but opposed by Zy,;-
conducting Na,1.x channels, a decrease in K,4.2/K,4.3 and increase in Na,1.1/Na,1.5
expression would expectedly lengthen the ventricular action potential, consistent with QTc

prolongation.!>!14-16¢ Moreover, the ion channels implicated in an acquired cardiac
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channelopathy secondary to epilepsy are, themselves, independently associated with
abnormal cardiac electrophysiology. For example, deletion of cardiac HCN2 channels led to
sinoatrial arrhythmias,?! while functional knockout of K,4.2 markedly prolonged action

potentials and the QTc¢ interval.}’

The next step.is to consider the relationship between epilepsy-related conduction
abnormalities (e.g. QT interval changes) and cardiac mortality or SUDEP. QTc prolongation
was independently associated with ventricular arrhythmia and sudden cardiac death in both
healthy population-wide cohorts,® and patients with acquired long QT intervals, e.g. due to
ischaemic hieart disease, diabetes, or QT-prolonging drugs.®® Similarly, QTc dispersion
(variability) was found to incrementally increase the risk of sudden cardiac death.’® Recently,
one group showed that heart rate variability was decreased among cases of SUDEP versus
individuals.with.epilepsy, indicating autonomic dysfunction.® This was consistent with earlier
evidence of a correlation between SUDEP risk and lower RMSSD (Root Mean Square of
Successive Differences) — reflecting depressed vagal modulation of heart rate variability.*!
However, otherstudies comparing suspected SUDEP cases with matched epilepsy controls

revealed no difference in resting ECG measures nor heart rate variability.*>%3

Elucidating:the role of altered cardiac ion channel expression in SUDEP is complicated by
uncertainties surfounding the circumstances of SUDEP itself. Firstly, it is difficult to
ascertain thereardiac contribution to SUDEP events given their multifactorial
pathophysiology. Cerebral compromise, hypoventilation, hypoxia, and brady and tachy-
arrhythmias-arewall implicated.'** Indeed, investigating the mechanism of death is limited by
the extremely low likelihood of witnessing a SUDEP event with continuous cardiorespiratory
monitoring. Even the fortuitous capture of SUDEP in animals with ion channel deletions or

mutations reveal a distinct sequence of cerebro-cardio-respiratory features for each death.?6:%

Secondlyywhether the potentially fatal consequences of a pro-arrhythmic state manifest
interictally or peri-ictally depends on whether SUDEP events occur during, or in the absence
of seizures."Although some SUDEP cases have been witnessed without seizure activity,”
many argue'that SUDEP is almost exclusively seizure-related®’ given the lack of definitive
EEG and clinical\documentation to the contrary.! However, other evidence suggests that
epilepsy itself is a risk factor for sudden cardiac death in the absence of peri-mortem
seizure.”® Therefore, cardiac and autonomic dysfunction may render epilepsy patients more

vulnerable to fatal arrhythmias both during and between seizures.
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Lastly, it is important to consider whether cardiac dysfunction in epilepsy is potentially
preventable or reversible. Treatment with atenolol, a B1-selective antagonist, may prevent
and/or reverse QTc prolongation and susceptibility to ventricular arrhythmias.!>'® However,
it is not known whether an epilepsy-related acquired cardiac channelopathy could similarly
be modulatedby*pharmacological blockade of sympathetic activity, or perhaps reversed by
AED:s in ligu of seizure reduction. Moreover, the prospect of prevention or reversal is limited
by a lack of reliable and validated SUDEP biomarkers, without which one cannot identify
high-risk epilepsy patients who might benefit from cardiac-directed therapy.2%-%4

6. Conclusions

Recent animalystudies indicate that epilepsy secondarily alters the cardiac expression of
sodium (Nay)s petassium (K,), calcium (NCX), and cation-conducting (HCN) channels.
Alongside ictal and interictal changes in autonomic, electrophysiological and dynamic
cardiac function, a molecular cardiac channelopathy further highlights the complexity of
brain-heartiinteractions in epilepsy. Clinical investigation is required to determine whether
patients with epilepsy undergo similar remodelling of cardiac ion channel expression, given
the possibility that such changes may underlie a pro-arrhythmic state. While there is evidence
that sympathetie-overactivity and myocardial remodelling facilitate transcriptional
dysregulation of ¢ardiac ion channels in epilepsy, the precise pathophysiology remains
unknown. Inrthis'review, putative intracellular pathways were identified by synthesising
findings from epilepsy studies and the cardiac literature. However, this approach is limited by
the variablesbehaviour of intracellular mediators and transcription factors in homeostatic
versus pathological environments, and in primary cardiac pathology (e.g. post-infarction or

pressure-overload heart failure) versus cardiac dysfunction secondary to epilepsy.

The significance of future work in this area depends on establishing the extent to which an
acquired cardiac:channelopathy predicts or influences cardiac morbidity and mortality in the
context of epilepsy. Specifically, it will be important to investigate the underlying neural,
cellular, and transcriptional mechanisms involved. Perhaps a combination of intracellular
pathwaysgand likewise a combination of different ion channels, additively or synergistically
impairs cardiacfunction in patients with chronic epilepsy. Thus, the impetus may fall on
isolating the mechanisms that are most clinically significant. Investigating pharmacological
prevention of an acquired cardiac channelopathy in epilepsy will also be of interest but

requires the pre-requisite establishment of robust SUDEP biomarkers to identify individuals
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at risk. Future research in this area will hopefully improve our understanding of the

pathophysiology and significance of epilepsy-related cardiac dysfunction, both in a molecular

and clinical context.

KEY POINTS:

e Establishing the clinical significance of an acquired cardiac channelopathy in

e Animalstudies show that epilepsy alters the cardiac expression of sodium
(Naglel/1.5), potassium (K,4.2/4.3), calcium (NCXT1), and cationic (HCN2/4)
channels

e An acquired cardiac channelopathy may partly facilitate the pro-arrhythmic state
seen in epilepsy, contributing to the risk of sudden death

¢ Inherited ion channels mutations co-expressed in brain and heart highlight the
relationship between epilepsy, cardiac dysfunction and molecular changes

e Although the underlying pathophysiology remains uncertain, epilepsy-related
autenomic dysfunction and cardiac remodelling may play a predominant role

epilepsy.is vital, given the implications for cardiac dysfunction and mortality
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Figure 1: Evidence of altered cardiac ion channel expression secondary to epilepsy in
animals. Animals with acquired epilepsy following chemo-convulsant induction of status
epilepticus exhibit altered cardiac mRNA and protein expression of HCN2, K.4.2, K.4.3,
NCX1, NayJ:yand Na,1.5.12°1¢ Animal models of genetic epilepsy exhibit altered cardiac
mRNA and'protein expression of HCN2,!? altered mRNA expression of HCN4 (in ventricles

only),!3 but'no change in Na, 1.5 channels.?

Figure 2: Schematic representation of the aetiological difference between inherited and
acquired channelopathies. (A) An acquired cardiac channelopathy secondary to epilepsy —
epilepsy secondarily alters the gene and protein expression of cardiac ion channels, in
association with'pro-arrhythmic abnormalities in cardiac conduction. (B) An inherited cardio-
cerebral channelopathy — inherited mutations in ion channels expressed in brain and heart

generate a dual seizure and arrhythmia phenotype.

Figure 3: Possible intracellular pathways mediating an acquired cardiac channelopathy
in epilepsy. Altered transcription and/or translation of K\4.2, K,4.3, Na,1.1, Na, 1.5, NCX1,
HCN2 and HCN4 has been demonstrated in cardiac tissue from animal models of epilepsy.
Chronic epilepsy leads to sympathetic overactivity and structural cardiac remodelling, which
may activate several downstream signalling pathways and mediators including cAMP/PKA,
CaMKII, ERK1/2, and calcineurin/NFAT. In turn, activation of cardiac transcription factors
such as GATA4 and Nkx2-5 may mediate the upregulation or downregulation of target ion
channel genes. MicroRNAs (miR) also inhibit the translation of ion channel mRNA into
protein. (Forward arrow represents upregulation, transverse arrow represents downregulation,
circular arrow represents differential regulation depending on isoform, and dotted lines

represent,abbreviated pathways.)

Figure 4: Schematic representation of the potential pathophysiology and significance of
altered cardiac ion channel expression in epilepsy. (A) In chronic epilepsy, abnormal
autonomic output.to the heart may increase adrenergic signalling in cardiomyocytes and
damage the myocardium, leading to cardiac remodelling. Consequently, modulation of
downstream effectors and transcription factors may differentially regulate cardiac ion channel
expression. (B) An acquired cardiac channelopathy may underlie the abnormal

electrocardiographic parameters and conduction disturbances seen in epilepsy. These
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interictal changes are thought to induce a pro-arrhythmic state, in which a subsequent insult

such as a seizure may trigger a terminal event.
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Table 1: lon channel's associated with both aberrant neurona and cardiac excitability phenotypes®

cardiomyocytes

Family | Gene Protein Function Association with epilepsy Association with arrhythmias
Conducts fast depolarizing inwards
) Dravet syndrome and SUDEP, ) .
SCN1A Nal.1 Na’ current for AP generation and GEFS+ Cardiogenic paroxysma SVT
propagation
SCNIB Na, subunit| Interacts with Na, 1.5 to modulate its Dravet syndrome; Brugada syndrome type 5;
Bl function and surface expression GEFS+ Susceptibility to polymorphic VT
Voltage-
gated Conducts fast depolarizing inwards Generalized epilepsy;
. ) . LQTStype3;
sodium SCN5A Nal5 Na" current, and sustained/late Neonatal seizures,
) Brugada syndrome type 1
channels sodium current SUDEP
Conducts depolarizing ) ) o Bradycardia and catecholamine-induced
SCNB8A Nagl.6 ) Early infantile epileptic encephal opathy ) )
inwards Na“ current ventricular arrhythmias
Conducts depolarizing LGS, infantile spasms and refractory
SCN10A Na1.8 ) . Brugada syndrome
inwards Na" current selzures
o SUDEP;
Conducts repolarizing ) ) o ) Frequent AV blocks, prolonged
KCNA1 K\1.1 Focal epilepsy with episodic ataxia ) )
outwards K* current bradycardias and excessive PVCs
K, subfamily ) ) LQTStype6;
Interacts and co-assembles Generalized epilepsy; .
KCNE2 | E regulatory . . Familial AF;
; with K,11.1 (and K\4.3) Neonatal seizures
subunit 2 Brugada ECG pattern
Voltage- B -
Conducts rapidly-activating delayed ) )
gated KCNH2 T Generalized epilepsy; LQTStype2;
) K111 outward rectifying K* current for )
potassum| (hERG) o Focal epilepsy SQTStypel
repolarization
channels
Conductsinward rectifying K* Familial AF;
KCNJ2 Kir2.1 current for repolarization and RMP Autism-epilepsy phenotype SQTStype 3;
stabilization LQTStype 7 (Andersen-Tawil syndrome)
Conducts slowly-activating delayed Focal and generalized seizures; LQTStype 1;
KCNQ1 K,7.2 outward rectifying K* current for Interictal EEG discharges; SQTStype 2;
depolarization SUDEP Familial AF
Conducts L-type inwards Ca®* Neonatal onset enilenti helonath Brucedasvnd voe3
eonatal on: ileptic enc 0] ; rugada syndrome type 3;
Voltage- CACNA1C Calz2 current responsible for AP plateau eprep ) ephalopety gaca sy ) yP
gated ) o ) Late-onset epilepsy LQTS type 8 (Timothy syndrome)
and intracellular Ca™ transients
calcium
Conducts T-type inwards Ca® Bradycardia, slowed sinoatrial pacemakin
channels | cACNALG | mCagi > P , Juvenile myoclonic epilepsy Y P 9
responsible for pacemaking and slowed AV conduction
HCN Conducts an inwards depolarizing
hannel HCN2 HCN2 Na'/K* current in response to hyper- Absence epilepsy Sinoatrial dysrhythmia
channels
polarization for pacemaking
Enables Ca®* release from the
CPVT;
Other Ryanodine sarcoplasmic reticulum for Epileptiform EEG activity; o . .
RYR2 o ) o ) ) Exercise-induced ventricular arrhythmia
channels receptor 2 | excitation-contraction coupling in Generalized seizures

and sudden cardiac death

AP (action potential); SVT (supraventricular tachycardia), SE (status epilepticus), SUDEP (sudden unexpected death in
epilepsy), GEFS+ (generalized epilepsy with febrile seizures plus), VT (ventricular tachycardia), GTCS (generalized tonic-

clonic seizure), LQTS (long QT syndrome), LGS (Lennox-Gastaut syndrome), TLE (temporal |obe epilepsy), AV
This article is protected by copyright. All rights reserved




(atrioventricular), PV C (premature ventricular contraction), AF (atrial fibrillation), SQTS (short QT syndrome), CPVT
(catecholaminergic polymorphic ventricular tachycardia).

&See Supplementary Table 1 for relevant references.
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BLACK = Change in protein levels
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(A) Acquired cardiac channelopathy in epilepsy
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