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2 Preface

Atrial Fibrillation (AF) is one of the most common forms of cardiac arrhythmia and

affects a large percentage of the human population, especially in the elderly. [1] Cur-

rently, more than 6 million Europeans suffer from AF, and due to ageing this number

will at least double in the next 50 years. [2] Approximately 23-26% of men and women

above the age of 40 will develop AF. [3] Men are more often affected than women. In

humans, AF is associated with strongly increased morbidity and mortality, including

an increased risk for stroke (5 fold), [4] heart failure (3 fold) [4] and myocardial in-

farction (2 fold), [5] that reduces the quality of life. Thus effective treatments of AF

are necessary. There are many treatments available, for instance, cardioversion or rate

control with pharmacological agents, pacemaker technology or catheter ablation, [6]

that primarily address controlling of the heart rhythm or the heart rate. [7] However,

the optimal treatment for AF management is unclear and improvements can be made.

The mechanisms that cause AF are multifactorial, but two basic mechanisms are driv-

ing AF (i.e. triggered activity and reentry) [8]. In short, triggered activity arises from

the occurrence of early and delayed after depolarizations (EADs, DADs), which in-

cidence depends to a large extent on action potential duration prolongation and ab-

normalities in cellular Ca2+ handling. [9] The mechanisms of reentry rely on shortened

refractory periods, atrial conduction slowing and increased circuit path-space. [10] Fol-

lowing AF initiation, subsequent AF events induce electrical and structural remodel-

ing that contributes to an increase in AF stabilization. Structural remodeling, espe-

cially fibrosis, plays an important role in many forms of AF, [11] resulting in AF pro-

gression to permanent forms (Figure 1). Electrical remodeling shortens atrial refrac-

toriness which contributes to persistent AF, [11] and results from the down-regulation

of the L-type Ca2+ inward current and enhancement of K+ inward rectifier currents.

[12, 13] In the isolated guinea pig ventricle, an increased IK1 current can make ven-

tricular fibrillations to become faster and more stable. [14] With respect to the atrium,

increased KIR2.1 mRNA and protein expression in a canine model of atrial tachypac-

ing induced AF was demonstrated by Luo. [15] In human patients with permanent

AF expression of the inward IK1 was 1.9-fold increased compared to patients in sinus

rhythm and the open probability of IK1 is significantly higher (1.2-fold) in AF than in

SR. [16] Thus, AF results in increased KIR2.1 ion channel expession at the mRNA and

protein levels, that shortens the action potential duration and thereby drives reentry

which maintains AF (Figure 2A). Hence, IK1 inhibitors have been proposed as potential

drugs for treating AF. [17]
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Figure 1 . A conceptual model of atrial fibrillation events in relationship to underlying
substrate. AF, atrial fibrillation; CV disease, cardiovascular disease (adapted from
Nattel S et al., Eur Heart J. 2014 and used with permission from Oxford University

Press).

KIR2.1 and its gain-of-function mutations

The potassium inward rectifier (KIR) channel proteins arrange into seven subfamilies,

named KIR1 to KIR7, which are all encoded by KCNJ genes (Figure 3). Each different

protein, named KIR isoform consists of two transmembrane domains, a short pore loop

which contains the potassium selectivity filter and intracellularly located N- and C- ter-

mini. [18] In the heart, mainly IK1, IKAch and IKATP deliver a significant contribution to

normal cardiac electrophysiology. In the ventricle, the KIR2.1 channel protein, encoded

by the KCNJ2 gene, is the major contributor to IK1 displaying much higher expression

(6-10 fold) than in the atria. [19] Functionally, KIR2.1 channels are responsible for sta-

bilizing the negative resting membrane potential and contribute to the final phase of

repolarization. [20] The basic characteristic of the inward rectifier channel is that the
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current voltage relationship is much steeper at potentials negative from the potassium

equilibrium potential than above it, resulting in a larger inward than outward current.

The primary mechanism of this so-called rectification is pore block caused by intracel-

lular Mg2+ and polyamines. [19]

In humans, loss-of-function of KIR2.1 has been associated with Andersen-Tawil syn-

drome, characterized by action potential prolongation, reflected as long QT duration

on the ECG. In contrast, gain-of-function mutations, like V93I and D172N, are associ-

ated with AF and short QT syndrome type 3 (SQT3), and will be discussed further in

this thesis.

The D172N mutation is caused by an aspartic acid to asparagine substitution in the

KCNJ2 gene at the highly conserved position 172. [21] It was demonstrated that D172N

shows a higher open probability at positive potentials and reduced sensitivity to sper-

mine blockage. [22] Thus D172N has a larger outward IK1 current than WT channels.

The increased outward current of D172N would promote faster ventricular repolariza-

tion, thus resulting in shortening of the cardiac action potential and SQT3. [23] V93I is

a valine to isoleucine mutation at the less conserved residu 93. It increases the activity

of the inward rectifier K+ channel which can initiate and/or maintain AF. [24] The V93I

mutation also causes an action potential shortening with a slight hyperpolarized atrial

resting membrane potential and a slowing of the intra-atrial conduction rate. [25] Ad-

ditionally, an increase in the spatial vulnerability was associated with V93I mutation,

which can trigger or maintain reentry. [25]

Pentamidine and its analogue PA-6

In the past, several compounds that inhibit IK1 have been described, such as the anti-

malarial drug chloroquine, [26] the estrogen receptor antagonist Tamoxifen and BaCl2.

[27] However, all of them affect additional types of currents, such as ICa−L, ICa−T, INa or

IKATP channels. [28] Pentamidine is an antiprotozoal drug, which can cause QTc pro-

longation, U-wave alterations and Torsade de Pointes. [29] From previous research,

pentamidine was found to inhibit the IK1 channel in isolated adult canine ventricular

cardiomyocytes by interacting with the cytoplasmic pore regions of KIR2.1. [29] Un-

fortunately, pentamidine is a non-specific IK1 inhibitor. It significantly affects hERG

channel (Kv11.1) maturation and reduces functional Kv11.1 protein expression at the
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cell surface. [30] For this reason, analogues of pentamidine were further investigated

to identify a compound with more specificity; especially an analogue that has no effect

on the Kv11.1 channel. Takanari et al. [31] demonstrated that Pentamidine analogue 6,

named PA-6, is a promising lead compound as it presented high specificity for KIR2.x

currents and did not affect IKv11.1, IKv7.1/MinK, IKv4.3, ICa−L and INav1.5 at 200 nM. The IC50

(IC50: 12-15 nM) of PA-6 was 11-fold lower compared to pentamidine (IC50: 170 nM)

with respect to IK1 inhibition in the inside-out orientation. Furthermore, 200 nM of PA-

6 prolonged action potential duration in isolated canine ventricular cardiomyocytes by

34%, with no proarrhythmia. Based on these characteristics, PA-6 would be a potential

drug for anti-AF therapy (Figure 2B).

In the work described in this thesis, we tested for efficacy of AF cardioversion and car-

diac safety of PA-6 in dedicated large animal models consisting of the goat with rapid

pacing induced AF and the dog with chronic AV block, respectively. Furthermore, we

evaluated the success of cardioversion by PA-6 in awake dogs with naturally occurring

AF. Additionally, we tested if PA-6 could be a useful therapeutic option for treating AF

and/or SQT resulting from two KCNJ2 gain-of-function mutations.

Figure 2. (A) AF increases IK1 which shortens AP duration and promotes reentry
maintaining AF. (B) PA-6 therapy normalizes IK1 and thus AP duration, abrogating

reentry and subsequent AF.
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Drugs and cardiac ion channel trafficking

Currently, the AF treatment is aimed to control rate or rhythm. In rhythm control,

pharmacological cardioversion, electrical cardioversion or catheter ablation have been

used to restore normal sinus rhythm. The published success rates of catheter ablation

is 22-85%. [32] However, the long-term effectiveness of it is still unclear. [33] Phar-

macological cardioversion has an advantage compared with catheter ablation in that

it is not invasive, but it is less effective than catheter ablation. [34] It is hard to de-

velop drugs for long-term maintenance in AF treatment in part due to proarrhythmic

ventricular actions. Recently, the atrial specific IKur current, carried by KV1.5 has been

considered as a major focus of new AF therapeutic strategies. It was demonstrated

that new antiarrhymic drugs that inhibit the KV1.5 current also have effects on ion

channel trafficking. [35] In the future, it may show that drugs that specifically affect

KV1.5 trafficking could provide an effective method for long-term maintenance of SR

in cardioverted patients. Therefore, ion channel trafficking could be a new therapeutic

avenue in AF therapy.

The process of ion channel trafficking consists of forward (towards the plasma mem-

brane) and backward (from the plasma membrane) trafficking. KIR2.1 channels be-

come internalized via the clathrin-mediated endocytosis pathway, and degraded in

the lysosome by an initial discrete cleavage step that removes the N-terminus. [36]

Some inhibitors which affect lysosomal degradation and upstream trafficking can en-

hance KIR2.1 protein expression and also IK1 densities. [36] Class III antiarrhythmic

drugs amiodarone and dronedarone, used in atrial and ventricular fibrillation ther-

apy, can both have detrimental effects on cargo trafficking through the late endo-

some/lysosome compartments. [37] Amiodarone is a multichannel blocker, which can

affect sodium channel, L-type calcium currents and delayed rectifier IKr. [38] Drone-

darone is a synthetic analogue of amiodarone with fewer side effects and has a much

shorter half-life (1-2 vs. 30-55 days). [38, 39] In this thesis, we investigated whether

amiodarone and dronedarone interfere in the process of KIR2.1 trafficking, in particu-

lar their effects on the degradation pathway have been investigated.

In recent years, a growing number of drugs, including antiarrhythmic drugs, cardio-

vascular drugs and non-cardiovascular drugs have been found to be associated with

a prolonged QT interval and increased risk of Torsade de Pointes arrhythmias and/or

sudden cardiac death. The main reason for this proarrhythmic behavior is thought
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to be due to inhibition of rapidly activating delayed rectifier K+ current (IKr). [40]

There are two fundamentally different mechanisms of IKr current inhibition. One is

direct block of channel conductance, another one is disrupted Kv11.1 channel traffick-

ing. [41] For new drugs to reach the market successfully, efficacy and safety are the key

points. Therefore, Kv11.1 channel function is still a major concern in safety pharma-

cology. Interestingly, some agents such as astemizole, dofetilide, E4031 and cisapride

can correct Kv11.1 forward trafficking defects. [36, 42–44] However, the major prob-

lem of these pharmacological correctors is that they are efficient Kv11.1 pore blockers

too. Thus development of a non-channel blocking pharmacological corrector for traf-

ficking defective hERG proteins in both congenital and acquired long QT syndrome

is a promising approach to counteract trafficking defects induced by drugs. Allosteric

modulators of Kv11.1 channel may provide a new strategy to counteract undesired

IKr blockade. [45] The negative allosteric modulator LUF7244, has been developed. It

can displace the potent Kv11.1 blocker dofetilide from its target in the central cavity of

the channel. LUF7244 also is able to counteract action potential duration prolongation

and proarrhythmia induced by drugs. [46, 47] We questioned whether in the presence

of LUF7244, dofetilide mediated rescue of Kv11.1 trafficking would still occur.

Figure 3. Cladogram of the human KCNJ gene family. Bacterial KIRBac1.4 was used
as outgroup. Subfamilies relevant for cardiac electrophysiology are: classical inward
rectifier genes (IK1), acetylcholine-regulated channel genes (IAch), and ATP-sensitive in-
ward rectifier genes (IKATP) (adapted from Sánchez-Chapula J.A. and Van der Heyden
M.A.G., Cardiac Electrophysiology: From Cell to Bedside, 2014, Elsevier Saunders, P

129-137, used with permission from Van der Heyden M.A.G.)
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Thesis outline

In Chapter 2, the electrophysiological effects of enhancing inward rectifier current (IK1)

in experimental models and KCNJ2 gain-of-function mutations associated with human

disease are reviewed. In Chapter 3, we present results on a promising IK1 current in-

hibitor. PA-6, was tested as an AF antiarrhythmic in a goat model of rapid pacing

induced AF. 5 out of 6 goats successfully cardioverted to SR during PA-6 infusion.

Cardiac safety testing in the cAVB dog indicated that PA-6 did not induce TdP ar-

rhythmias in this model. These studies were performed under general anesthesia, and

no information regarding PA-6 application in awake animals was obtained. There-

fore, in Chapter 4, the cardioversion success rate in awake dogs with naturally occur-

ring AF has been investigated and as a secondary endpoint side effects in the clinical

setting were determined. Chapter 5, determines whether there are any differences

between the WT KIR2.1 and its gain-of-function mutations (V93I and D172N) with re-

spect to PA-6 application. We found that PA-6 inhibits IK1 channels that are formed

by gain-of-function KIR2.1 channel proteins, and thus could be considered for further

preclinical evaluation in congenital SQT3 and AF treatment. In Chapter 6, we present

investigations with respect to the effects of the class III antiarrhythmic agents amio-

darone and dronedarone on KIR2.1 trafficking. We hypothesized that they could affect

KIR2.1 trafficking, particularly its degradation pathway. In Chapter 7, the focus is on

the negative allosteric modulator LUF7244 that may have a role in pharmacological

correction of Kv11.1 trafficking defects. It is shown that LUF7244 shortened the ac-

tion potential duration and antagonizes dofetilide-induced early after depolarizations

(EADs) in dog cardiomyocytes, whereas it did not interfere in normal Kv11.1 traffick-

ing or dofetilide-mediated rescue of congenital or acquired trafficking defects. The

final Chapter 8 discusses and summarizes the research results that were presented in

the preceding chapters, and perspectives for future research implications are provided.
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[27] Ponce-Balbuena D, López-Izquierdo A, Ferrer T, Rodrı́guez-Menchaca AA,
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Abstract

Inward rectifier currents carried by KIR2.1 proteins have an important role in cardiac

electrophysiology. Animal knock-outs and human loss-of-function mutation carriers

experience cardiac pro-arrhythmia, but phenotypes are not confined to the heart since

these channels are prominently expressed in many other organs and tissues. We here

review the other end of the spectrum, in which gain-of-function of the KIR2.1 carried

IK1 results in action potential shortening in isolated cardiomyocytes, and QT short-

ening in animals and humans. Gain-of-function mutations in patients often result in

short QT syndrome accompanied with atrial fibrillation. Remarkable, skeletal mus-

cle, neurological and developmental abnormalities are less prominent in these patients

compared to their loss-of-function counterparts. Finally, the most common pathologi-

cal arrhythmia, atrial fibrillation, is associated with KIR2.1 upregulation at the mRNA

and protein level, and concomitant enhanced IK1 density in atrial tissues.
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Introduction

Action potential (AP) formation stands at the basis of cardiac contraction. The un-

even distribution of sodium, potassium and calcium ions between the intra- and extra-

cellular compartment in concert with the presence of voltage sensitive and ion selective

channels on the sarcolemma enables the cardiac myocyte to rapidly change its mem-

brane potential and hence creating an AP. Between subsequent APs, potassium con-

ductance resulting from inward rectifier channels formed by KIR2.x proteins, maintain

a stable resting membrane potential (RMP) that lies close to the potassium reversal

potential. Many basic science insights in the function of these KIR2.x channels have

been obtained from experimental models and human disease in which KIR2.x carried

inward rectifier current (IK1) is reduced. Very informative are the numerous studies on

KCNJ2 mutations that result in KIR2.1 loss-of-function causing Andersen-Tawil syn-

drome in men. Patients show a variety of clinical signs like periodic paralysis, cardiac

arrhythmias and developmental abnormalities. Recently, this interesting field has been

comprehensively reviewed. [1] On the other side of the coin, we find gain-of-function

studies that contribute necessary additional information on the role of this intriguing

ion current on cardiac electrophysiology. As recently it was identified that particular

drugs are able to cause increases in i.e. atrial fibrillation (AF), has been associated with

enhanced IK1 function. This review therefore aims to overview the electrophysiologi-

cal effects of increased IK1 in experimental models and by gain-of-function mutations

leading to human disease.

KIR Channel Properties

IK1 has a pronounced influence on cardiac excitability and arrhythmogenesis. [2] Potas-

sium inward rectifier channels have a unique characteristic whereby they generate

large K+ current at potentials negative to the equilibrium potential of K+ (EK). [3]

However at potentials positive to the EK there is less current flow. This inward rec-

tification of K+ is due to intracellular Mg2+ and polyamines. They are able to physi-

cally block K+ leaving the cell, by binding deep in the channel [4] interacting with the

trans-membrane and cytoplasmic regions. [3] KIR channels have a mutual structure

consisting of two membrane-spanning domains (TM1 and TM2) linked together by a

pore-forming region (H5), which protrudes back into the cell membrane. [3] The amino



20 Cardiac electrophysiological effects of elevated KIR2.1 current

Table 1. Drugs with IK1 increasing properties as off target effects

Compound Main Effect Dose-Effect Relation Reference

Flecainide Nav1.5 Antagonist

KIR2.1 EC50 (-50 mV) = 0.4 ± 0.01 µM
KIR2.1 EC50 (-120 mV) = 0.8 ± 0.01 µM
KIR2.1 Emax (-50 mV) = 53.9 ± 3.6%
KIR2.1 Emax (-120 mV) = 22 ± 1.9%

(7)

Propafenone Na+ Channel Antagonist
KIR2.1 EC50 (-50 mV) = 12.0 ± 3.0 nM
KIR2.1 Emax (-50 mV) = 42.0 ± 2.6%

(8)

Timolol Non-Selective β-Antagonist KIR2.1 EC50 (-50 mV) = 3.2 ± 0.3 nM (8)

Zacopride# 5-HT3 Antagonist
5-HT4 Agonist

KIR2.1 EC50 (-50 mV) = 30.7 µM
KIR2.1 Emax (-50 mV) = 40.7 ± 9.7%
KIR2.1 Emax (-110 mV) = 9.6% ± 4.2%

(9, 10)

#a study of Zacopride mediated activation of IK1 in attenuating ventricular remodeling following myocardial
infarction by the same group contained data irregularities in Fig. 1 and Fig. 2, and has been retracted by the
authors.

and carboxyl-terminals are located in the intracellular region, the general structure is

shown, with the KIR2.1 channel, in Figure 1. Currently there are 15 known KIR sub-

units; they have been classified into seven subfamilies, KIR1.x to KIR7.x. [3] Sequence

homology, between subfamily is 40%, increasing to approximately 60% within sub-

families. [5] In the heart numerous KIR channels have been identified, such as KIR2.1,

KIR2.2, KIR2.3, KIR3.1, KIR3.4, KIR6.2. These channels have varying rectifying strengths

and locations where they are expressed. [5] IK1 is crucial for shaping the cardiac AP

for the following reasons. By adding to a negative RMP, it supports sodium channel

availability in AP upstroke formation. Furthermore, its outward current component

contributes significantly to the final phase of repolarization.

IK1 density, properties and expression of the underlying protein subunits differs be-

tween the atria and ventricle. In general, ventricular IK1 density is much higher (6-10

fold) than that of the atria. [2] Ventricular IK1 channels are dominated by the presence

of KIR2.1 subunits, whereas atrial IK1 results from more equal expression of KIR2.1,

KIR2.2 and KIR2.3 subunits. [6] Here, we will focus on KIR2.1 channels, the highest ex-

pressed and best studied isoform in the heart. KIR2.1 becomes also expressed in many

other tissues [5] and this is likely the basis for the pleiotropic phenotype as seen in

patients with KCNJ2 loss-of-function mutations.
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Figure 1. Schematic representation of the KIR2.1 channel protein structure with the
transmembrane regions 1 and 2 (TM1,2) and the pore-loop (H5) domain illustrated.

Currently known gain-of-function mutations are depicted by single letter coding.

Drugs that Increase IK1

As there has been a lack of pharmacological tools to specifically enhance IK1 it has been

hard to decipher the role of IK1 up-regulation in cardiac excitability. However in recent

years a number of drugs have been identified that increase KIR2.1 carried currents, al-

beit not specific for IK1, listed in Table 1. Drugs such as timolol and zacopride did show

a decrease in action potential duration (APD), [9, 11] which would be expected with a

KIR2.1 increase. Yet its source whether due to a primary mechanism of action or sec-

ondary effect, has not been deciphered yet. Caballero et al. [7] disscusses the potential

role that KIR2.1, could have when flecainide is administered. Flecainide increases the

effective refractory period (ERP) and prolongs the APD, which is more evident in the

atrial cells compared to ventricular cells. Interestingly flecainide is shown to increase

IK1 in ventricular myocytes and not in the atria. The authors suggest that the increase

in IK1 can account for the differences seen in APD in ventricle versus atria. [7] They

speculate that the IK1 increase can overcome the effects of IKr blockade on APD prolon-

gation in ventricles. Additionally in the atrial cells, APD prolongation is evident due
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to blockade of IKr without interference of increased IK1. Finally, whether IK1 increase in

ventricular myocytes could be a contributing factor to the ventricular proarrhythmic

effects that are, although rarely, seen in flecainide remains to be studied further. Since

an increase in KIR2.1 can have both anti- and pro-arrhythmic properties dependent on

the underlying disease mechanism, it shows the importance of considering IK1 effects

in drug development. However, the listed drugs do not further help with deciphering

the role of KIR2.1 up-regulation on the cardiac electrophysiological properties. This

is due to the vast amount of primary and secondary targets and, yet unknown side-

effects, that these compounds have. Thus more specificity is needed, which can be

established by molecular tools in experimental animal models.

Molecular Tools to Upregulate IK1

To date there are three successful methods in which KIR2.1 has been up-regulated in

animal models/cells, highlighted in Table 2. Transgenic mice (line 1 and 2), aden-

ovirus with human KIR2.1 in guinea pig and lentivirus cardiomyocyte model with mice

KIR2.1- eGFP all display enhanced IK1 function. The data obtained from these animal

and cell models gives a clear indication of the effect of KIR2.1 up-regulation on its elec-

trophysiological parameters without many additional confounding variables. In all

conditions there was a decrease in APD. Additionally there was a general decrease in

QT interval, monophasic action potential duration (MAPD), and ERP. This is expected;

as an overexpression of KIR2.1 would allow more of the positively charged potassium

ions to exit the cell, thus decrease the APD. There was some variation between effects

on APD50 as in transgenic mice there was no change and in guinea pigs injected with

adenovirus there was a 47% decrease. As the IK1 densities between the two are com-

parable, it is believed this is due to the difference in AP morphology and the level of

expression of the underlying ion channels between guinea pigs and mice. Hyperpolar-

ization of the RMP was seen in adenovirus human-KIR2.1 treated guinea pigs, which

reflects findings with gain-of-function patients. [15–17] An increase of conduction ve-

locity (CV) was observed in the KIR2.1-GFP neonatal rat ventricular cardiomyocytes,

however it was not measured elsewhere and varies to that seen in gain-of-function

patients. [16] There were other ECG differences observed in the line 2 transgenic mice,

i.e. increased PR and QRS intervals, that were not observed in line 1 mice which had

a lower level of IK1 transgenic expression compared to line 2 mice. It is important
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to mention that Sekar et al. [14] found that eGFP had significant effects on neonatal

rat ventricular myocytes showing a decrease in APD and CV, conflicting the belief that

eGFP is physiologically inert. Thus for the transgenic mouse model that fused the GFP

to the wild type KIR2.1 cDNA for both animal lines, it may have some influence on the

observed APD decrease. The up-regulation of the KIR2.1 channel in rodent animal

models showed a general decrease in QT, APD, MAPD and ERP. Since the expression

levels of the individual ion channel proteins that form the AP are different between ro-

dents and humans, and hence result in a different AP morphologies between species,

emphasis should be given on the role of IK1 channels in human cardiac electrophysiol-

ogy. Very informative in this respect are the small number of human gain-of-function

mutations in the KIR2.1 coding gene that has been identified and described together

with the associated clinical phenotype.
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Human Gain-of-Function KCNJ2 Mutations Enhancing IK1

In general, human KCNJ2 autosomal dominant gain-of-function mutations are asso-

ciated with the short QT syndrome Type 3 and AF (Table 3). These gain-of-function

mutations are rare but can cause severe heart complications early on in life. The gain-

of-function mutations can weaken the inward rectification, meaning more IKIR2.1 can

be found at potentials positive to the EK as seen in the D172N, E299V and M301K mu-

tations. [15, 17, 19] Studies in cell lines demonstrated that inhibition of normal KIR2.1

channel internalization and degradation results in increased levels of KIR2.1 protein

expression and functional IK1. [22, 23] Interestingly, the K346T mutation exhibited an

increased IK1 amplitude of both the inward and outward component, and an impaired

channel protein degradation may be at the basis of this finding. [20] Remarkably, the

V93I mutation can increase the activity of the KIR2.1 channel however does not display

a decrease in QT interval. [18]

Many of the gain-of-function mutations are associated with AF and brain disorders

such as epilepsy and mental retardation. As KIR2.1 is also localized and involved in

cell excitability in the brain, it is likely to account for the latter phenotype. There are

many common electrophysiological parameters between the mutations, such as a de-

creased QT, APD and a hyperpolarized RMP. Conduction velocity seems to be unaf-

fected, or slightly decreased due to the hyperpolarized RMP. This overlaps with the

data obtained from the overexpressed KIR2.1 in rodent animal models. Interestingly,

in many of the patients a narrowed and peaked, asymmetric T wave was observed in

ECG recordings. Simulation studies provided evidence that this morphology may be

due to a sudden acceleration of the final phase of repolarization which is caused by

an increased contribution of outward potassium current by the mutant channels. [17]

While the V93I mutation did not associate with altered conduction in other potassium

currents (IKur, IKr and IKs), there was a decreased L-type calcium current. This reduction

can facilitate the shortening of the AP and the ERP. [24]

Finally, whereas KCNJ2 loss-of-function mutations are often associated with periodic

muscle paralysis and developmental abnormalities too, gain-of-function mutations ap-

pear to be less associated with these phenotypes.
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AF Associates with Increased Atrial IK1

Approximately 23-26% of men and women above the age of 40 develop AF. [25] Due to

the irregular and uncoordinated, or even absence, of atrial contraction, clotting of the

blood can occur and once released from within the diseased atria these cloths can cause

stroke, lung embolization and myocardial infarction. Furthermore, the uncontrolled

atrial activity results in non-regular ventricular activation and contraction, which on

the long term can result in ventricular remodelling and heart failure. For these reasons,

AF is strongly associated with stroke, heart failure, morbidity and increased mortality.

The mechanisms underlying AF are multifactorial and can be classified into etiologic

factors (heart disease, ageing, mutations) that cause atrial remodelling (structural, au-

tonomic and electrical) which determines the electrophysiologic substrate enabling the

two basic mechanisms driving AF initiation and perturbation (triggered activity and

reentry). [26] In short, triggered activity arises from the occurrence of early and de-

layed after depolarizations (EADs, DADs) seen in the context of APD prolongation

and aberrant sodium-calcium exchanger activity, respectively. Reentry mechanisms

rely on ERP shortening (often concomitant with APD shortening), conduction slowing

or both (Figure 2). As seen in the previous sections, an increased IK1 density is asso-

ciated with AP shortening in experimental models and patients, and it is therefore no

surprise that KCNJ2 gain-of-function mutations have been associated with AF as de-

scribed in the previous section. Moreover, and from a general health perspective more

relevant, a prominent and well documented feature of AF associated electrical remod-

elling is an increase in IK1, along with increased expression of the underlying KCNJ2

mRNA and KIR2.1 protein (Table 4).

AF has been correlated with altered microRNA expression, which in turn may be one

of the causative factors for structural and electrical remodeling observed in the ar-

rhythmic atrium. In a study on the influence of AF on microRNA expression in atrial

tissue from valvular heart disease patients, it was found that 15 microRNAs were up-

regulated and 32 were down-regulated in the right atrial tissue from AF patients. [34]

Remarkably, no differences were found in left atrial tissue samples. Girmatsion [32]

describes an inverse relation between microRNA-1 expression, an inhibitor of KIR2.1

expression, [35] and KIR2.1 mRNA, protein and IK1 in left atrial tissue samples from AF

patients. This inverse relationship could however not be confirmed by Luo et al. [33]

in their study using right atrial appendage material from AF patients. Instead, Luo et
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EAD/DAD Reentry 

 
AF 

driver 
development 

IK1 increase 

Figure 2 
Figure 2. Atrial AP lengthening promotes the occurrence of early and delayed after-
polarization (EAD/DAD) that may result in premature excitation. An increased IK1

density will inhibit this arrhythmic mechanism. AP shortening results in decreased
effective refractory period of the atrial cell thereby promoting re-entry type arrhyth-

mias. An increased IK1 density will promote this arrhythmic mechanism.

al. [33] found an inverse relationship between microRNA-26 and KIR2.1 mRNA and

protein expression, and showed by applying a variety of molecular tools the causative

relation between microRNA-26 and KIR2.1 expression. Important to note is the fact

that both microRNA-1 and microRNA-26 were not detected among the 47 differen-

tially regulated microRNAs described by Cooley. [34] Apparently, KIR2.1 regulation

by microRNAs is complex and many additional studies are essential to shine light on

these intriguing relationships.
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Table 4. Studies comparing human IK1 density and underlying proteins and
transcripts in controls and AF

Number of subjects in study Main findings in AF compared to controls Reference

17 SR and 8 permanent AF
3.4-fold increase of outward IK1 (at -20 mV)
2.0-fold increase of inward IK1 (at -90 mV)

(27)

39 SR and 11 permanent AF 1.8-fold increase of inward IK1 (at -115 mV) (28)
26 SR and 16 permanent AF 1.7-fold increase of inward IK1 (at -100 mV) (29)

7 SR-VHD and 11 AF-VHD
1.9-fold increase of inward IK1 (at -100 mV)
1.8-fold increase in KIR2.1 protein levels

(30)

46 SR and 33 permanent AF
1.9-fold increase of inward IK1 (at -100 mV)
1.2-fold increase in IK1 open channel probability

(31)

31 SR and 31 persistent AF

2.2-fold increase of inward IK1 (at -100 mV)
1.5-fold increase in KIR2.1 protein levels
0.9-fold decrease inKIR2.3 protein levels#

3.0-fold increase in KIR2.1 mRNA levels
0.2-fold decrease in KIR2.3 mRNA levels

(32)

10 SR and 12 AF
1.9-fold increase in KIR2.1 protein levels
1.8-fold increase in KIR2.1 mRNA levels

(33)

#non-significant. Abbreviations: SR, sinus rhythm; AF, atrial fibrillation; VHD, valvular heart
disease

Correcting Increased IK1 by Pharmacological Agents

Short QT and AF are the main symptoms of IK1 gain-of-function in patients. Although

the number of patients with a monogenetic KIR2.1 gain-of-function is rather small, they

may benefit from specific IK1 inhibiting drugs. The largest group of patients that may

benefit from IK1 inhibition can be found in those with persistent and longstanding per-

sistent AF associated with IK1 upregulation as described above. Indeed, chloroquine

that shows IK1, IKAch and IKATP inhibiting capacity, is able to terminate both cholinergic

AF and stretch induced AF in the isolated sheep heart. [36, 37] For now, more spe-

cific IK1 inhibiting compounds are required to determine the contribution of enhanced

IK1 in cardiac arrhythmias and to treat those that largely rely on enhanced IK1 as the

underlying pathological cause.
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Conclusion

Recently it was discovered that timolol, flecainide, propafenone and zacropride in-

crease IK1. Rodent animal studies and human monogenetic disease show high consen-

sus and strongly demonstrate the role of KIR2.1 carried IK1 in cardiac electrophysiology.

In particular, APD and its derivatives MAPD and QT, are sensitive for IK1 increases.

RMP values appear to be less affected by IK1 enhancement. Furthermore, spontaneous

ventricular arrhythmias are rarely associated with increased IK1 density, whereas short

QT syndrome and AF strongly correlate with KIR2.1 gain-of-function. Acquired AF

strongly associates with increased IK1, although the underlying cause-effect relation-

ships are still unclear. Partial reduction of IK1 in human disease like short QT syndrome

and AF may be beneficial for patients.
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Pandit S, Calvo CJ, Grzeda KR, Berenfeld O, Chapula JA and Jalife J. Specific

residues of the cytoplasmic domains of cardiac inward rectifier potassium chan-

nels are effective antifibrillatory targets. FASEB J. 2010; 24: 4302-4312.





Chapter 3

The inward rectifier current inhibitor

PA-6 terminates atrial fibrillation and

does not cause ventricular arrhythmias

in dedicated goat and dog models.

Yuan Ji1,∗, Rosanne Varkevisser1,∗, Dragan Opacic2,∗, Alexandre Bossu1, Marion Kuiper2,

Jet D M Beekman1, Sihyung Yang3, Azinwi Phina Khan4, Dobromir Dobrev4, Niels

Voigt4,5,6, Michael Zhuo Wang3, Sander Verheule2, Marc A Vos1 and Marcel A G van

der Heyden1

*Authors contributed equally

1Department of Medical Physiology, University Medical Center Utrecht, Utrecht, The

Netherlands, 2Department of Physiology, Cardiovascular Research Institute Maastricht,

Maastricht, The Netherlands, 3Department of Pharmaceutical Chemistry, School of

Pharmacy, The University of Kansas, Lawrence, KS, USA, 4Institute of Pharmacol-

ogy, Faculty of Medicine, University Duisburg-Essen, Essen, Germany, 5Institute of

Pharmacology and Toxicology, University Medical Center Göttingen, Georg-August

University Göttingen, Göttingen, Germany, and 6DZHK (German Centre for Cardio-

vascular Research), Göttingen, Germany

Br J Pharmacol. 2017; 174(15):2576-2590

37



38 PA-6 terminates AF and does not cause ventricular arrhythmias

Abstract

Background and purpose: The density of the inward rectifier current (IK1) increases in

atrial fibrillation (AF), shortening effective refractory period and thus promoting atrial

re-entry. The synthetic compound pentamidine analogue 6 (PA-6) is a selective and

potent IK1 inhibitor. We tested PA-6 for anti-AF efficacy and potential proarrhythmia,

using established models in large animals.

Experimental approach: PA-6 was applied i.v. in anaesthetized goats with rapid

pacing-induced AF and anaesthetized dogs with chronic atrio-ventricular (AV) block.

Electrophysiological and pharmacological parameters were determined.

Key results: PA-6 (2.5 mg·kg−1·10 min−1) induced cardioversion to sinus rhythm (SR)

in 5/6 goats and prolonged AF cycle length. AF complexity decreased significantly

before cardioversion. PA-6 accumulated in cardiac tissue with ratios between skeletal

muscle : atrial muscle : ventricular muscle of approximately 1 : 8 : 21. In SR dogs,

PA-6 peak plasma levels 10 min post infusion were 5.5 ± 0.9 µM, PA-6 did not induce

significant prolongation of QTc and did not affect heart rate, PQ or QRS duration. In

dogs with chronic AV block, PA-6 did not affect QRS but lengthened QTc during the

experiment, but not chronically. PA-6 did not induce TdP arrhythmias in nine animals

(0/9) in contrast to dofetilide (5/9). PA-6 (200 nM) inhibited IK1, but not IK,ACh, in

human isolated atrial cardiomyocytes.

Conclusion and implications: PA-6 restored SR in goats with persistent AF and, in

dogs with chronic AV block, prolonged QT intervals, without inducing TdP arrhyth-

mias. Our results demonstrate cardiac safety and good anti-AF properties for PA-6.
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Introduction

The inward rectifier K+ current (IK1) [1] is found in many excitable tissues, including

the heart. [2] IK1 channels are composed of four KIR2.x subunits, either in a homo- or

heteromeric configuration. In ventricles, KIR2.1 subunits are the major constituents,

whereas in atria, KIR2.1, KIR2.2 and KIR2.3 subunits are more equally contributing to

functional channels. [2, 3] Atrial cardiomyocytes have a 6- to 10-fold lower IK1 density

than ventricular cardiomyocytes. [3,4] Nodal tissues lack functional IK1. [5] Due to their

conductive state around the potassium equilibrium potential and strong rectification

behaviour, IK1 currents contribute to the resting membrane potential and its stability

but allow proper action potential (AP) formation. [6] Furthermore, the outward com-

ponent of IK1 significantly contributes to phase 3 repolarization of the AP. [7–9]

Atrial fibrillation (AF) is the most common arrhythmia observed in humans. [10] Clin-

ically, AF is associated with increased risks for heart failure, stroke and death. [11–13]

In a significant proportion of patients, AF progresses, [14] as a result of electrical and

structural atrial remodelling. [15] Both processes increase the duration of AF episodes,

a phenomenon known as ’AF begets AF’. [16] Electrical remodelling results in a short-

ened atrial effective refractory period (AERP) which facilitates atrial re-entry. [17] Cur-

rent guidelines indicate anticoagulation therapy and rate control or rhythm control

(including catheter ablation), [18, 19] but the present treatment regimens often are in-

adequate, [20] and, especially, rhythm control suffers from lack of efficacy and the

occurrence of adverse effects, including cardiac proarrhythmia. [21] As IK1 densities

increase in AF atria [22–24] and may play a major role in AERP shortening, [25] in-

hibitors of IK1 show potential as new drugs in the anti-arrhythmic pharmacotherapy

repertoire. [26]

Starting with pentamidine for which we had demonstrated IK1 inhibiting capacity, [27]

we selected a derivative, the pentamidine-analogue 6 (PA-6) with a highly favourable

IK1 inhibiting profile. [28] PA-6 inhibited both the inward and outward component of

the current carried by KIR2.x with an IC50 of 12-15 nM for the different cardiac KIR2.x

isoforms, as determined in the inside-out orientation of the patch-clamp method. Fur-

thermore, in isolated canine ventricular cardiomyocytes, 200 nM PA-6 prolonged ven-

tricular AP duration by 34%, without the occurrence of proarrhythmia. Finally, 200

nM of PA-6 did not affect IKv11.1, IKv7.1/MinK, IKv4.3, ICa,−L or INav1.5. [28]
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In order to test the efficacy and safety of PA-6 in vivo, we used two established models

in large animals, to avoid having to create and validate a single large animal model for

both purposes. We used the goat model of AF induced by rapid atrial pacing [16, 29]

and determined the effect of PA-6 infusion on the efficacy of cardioversion and on sev-

eral electrophysiological parameters. To determine cardiac safety of PA-6, especially

the absence of ventricular arrhythmias, we used the model of chronic AV block in

dogs. [30] Furthermore, we determined the relation between PA-6 dosing and plasma

and tissue concentration, as well as PA-6 plasma protein binding. Finally, we demon-

strated that PA-6 is able to unmask the precise contribution of IK1 to inward rectifier

K+ current in human atrial cardiomyocytes.

Methods

Ethical statement

All animal care and management complied with the guidelines from Directive 2010/63/

EU of the European Parliament. All animal experiments were approved by the Com-

mittee for Experiments on Animals of the Utrecht and Maastricht University, The

Netherlands, for dog and goat experiments respectively. For human atrial cells, the

study was approved by the local ethics committee of the University Duisburg Essen

(No: 125268-BO), and each patient gave written informed consent. The investigation

conforms with the principles outlined in the Declaration of Helsinki. Animal studies

are reported in compliance with the ARRIVE guidelines. [31,32] The current study has

no implications for replacement, refinement or reduction.

Animal preparation and experiments

Goats. Eight female Dutch white milk goats weighing between 52.0 and 62.4 (56.7

± 6.2) kg, age 16-24 (21.5 ±2.6) months, obtained from a local farmer were used to

evaluate the effect of PA-6 in an animal model of persistent AF. Goats were housed in

pairs in conventional metal cages (approx. 8 m2) on straw at a constant temperature

and humidity with the 12 h light/dark cycle and free access to food (hay and pellets)

and water. Animal welfare was checked daily, and body weight was measured once

a week. All animals were instrumented with an atrial lead (Medtronic Capsurefix)
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implanted transjugularly and fixed in the right atrial appendage. The pacemaker lead

was connected to a subcutaneously implanted neurostimulator (Medtronic Itrel). AF

was induced and maintained by repetitive 50 Hz burst stimulation every other second,

at four times the threshold, for 3 weeks. [33]

Anaesthesia, both for implantation procedures and for follow-up experiments, was in-

duced with sodium thiopental (20 mg·kg−1) and maintained with sufentanil (6 µg·kg−1·

h−1) and propofol (10 mg·kg−1·h−1). In follow-up experiments, the muscle relaxant

pancuronium bromide (Pavulon; 0.3 mg·kg−1·h−1) was added.

All animals (n = 8) underwent sacrifice experiment 3 weeks after the AF initiation,

when electrical remodelling is complete without significant structural remodelling.

Following termination of atrial pacing and anaesthesia induction, the heart was ex-

posed through a left-sided thoracotomy. Subsequently the animals were allowed to

stabilize for 1 h. AF was considered as stable if it did not terminate spontaneously

during this stabilization period.

Unipolar atrial electrograms were recorded with two custom-made high-density map-

ping electrodes (∅ 4 cm, 247 electrodes, interelectrode distance 2.4 mm) that were

placed on the free walls of right and left atria. Electrograms were recorded with a

custom-made 256 channel mapping amplifier (filtering bandwidth 0.1-408 Hz, sam-

pling rate 1 kHz, A/D resolution 16 bits). The surface ECG was obtained from stan-

dard limb leads.

PA-6 (2.5 mg·kg−1) was infused over 10 min as a bolus, followed by continuous infu-

sion (0.04 mg·kg·min−1) for 50 min. Blood samples were taken at baseline before drug

infusion, after the PA-6 bolus administration (t = 10 min), and at 15, 20, 30, 40, 60, 70

and 90 min after the start of infusion. Skeletal muscle biopsies from the left hind limb

were taken at baseline (before the start of PA-6 infusion), at end of the bolus admin-

istration and at 20 and 60 min after start of the infusion. Left ventricular (LV), right

ventricular (RV), left atrial (LA) and right atrial (RA) tissues were harvested at the end

of the experiment.

Surface ECG traces were analysed using IDEE-Q software (Instrument Development

Engineering and Evaluation, Maastricht University, Maastricht, The Netherlands). QRS,

RR and QTc intervals were analysed for 1 min periods at baseline, directly following

the start of administration of the bolus, directly prior to and after cardioversion. The
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heart rate-corrected QT (QTC) intervals were calculated by using the modified Bazett’s

formula QTc = QT/(RR)0.6 according to Mohan et al. (2009). [34]

For periods of 1 min, local atrial activation times were determined and fibrillation

waves were reconstructed using custom-made analysis software (MATLAB 8.1, The

Mathworks, Inc., Natick, Massachusetts, USA) as described before. [35, 36] AF com-

plexity was quantified as the total number of waves and the number of breakthrough

(BT) waves per AF cycle, mean wave size expressed as number of electrodes per wave,

mean fractionation index defined as the ratio of subsidiary to dominant deflections

and the mean wave conduction velocity. [35–39] All parameters were assessed at base-

line (before PA-6 infusion), during the first minute of maintenance and during the last

minute preceding cardioversion to sinus rhythm (SR).

Atrial fibrillation cycle length (AFCL) was calculated as median AFCL value during

60 s recordings, for both atria independently, and was assessed at three time points

during stabilization period as a baseline, for every other minute during PA-6 infusion.

The fifth percentile (p5) of the AFCL distribution was used as a surrogate parameter

for the AERP during AF. [37]

Dogs. A total of 10 adult mongrel dogs (7 females; 24.0 ± 2.3 kg; 2.6 ± 0.5 year; Mar-

shall, New York, USA) were included in this study. Dogs were housed in pairs in

conventional dog kennels (approx. 8 m2) containing wooden bedding material. Ani-

mals had access to water ad libitum and received dog food pellets twice a day. Cages

were enriched with playing tools, and animals were allowed to play in groups in an

outdoor pen (50 m2) once a day. Dogs were checked for comfort and health every day,

and body weight was established once a week. Dose finding was performed during

four experiments in four normal SR dogs. Yokoyama et al. (2009) [40] infused pen-

tamidine at 4 mg·kg−1·40 min−1 in anaesthetized SR dogs resulting in a QTc increase of

approximately 8% at 40 min. Given the 11-fold difference in IK1 IC50 values between

pentamidine and PA-6 in inside-out measurements, [28] we initially anticipated a PA-6

dose between 0.5 and 2.5 mg·kg−1 to be given in a period of 10-30 min that was subse-

quently adjusted to a period of 10 min. Arrhythmia inducibility by PA-6 and dofetilide

was tested serially in nine chronic atrio-ventricular block (cAVB) dogs. AV block was

induced by radiofrequency ablation, as described previously. [41] In cAVB dog experi-

ments, the animal was paced from the right ventricular apex at 60 bpm. All dog exper-

iments were performed under general anaesthesia, which was induced with sodium

pentobarbital (25 mg·kg−1 i.v.) and maintained by isoflurane (1.5% in O2:NO2 1:2).
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Premedication, pacing protocols and data analysis were as described previously. [41]

ECG parameters, monophasic action potentials (MAP) from left and right ventricular

endocardial sites, were recorded.

PA-6 was dissolved in Milli-Q water and tested at two doses (0.5 and 2.5 mg·kg−1).

Before administration of PA-6, 10 min baseline was recorded. A continuous infusion

of the low dose of PA-6 (0.5 mg·kg −1) was given as a bolus during 10 min followed

by an additional 20 min recording only period. Subsequently, the high dose of PA-

6 (2.5 mg·kg−1) was infused as a bolus over 10 min, and recordings were continued

for another 20 min. Blood samples were collected before, directly after infusion of

PA-6 and every 5 min during the measurement periods. In SR animals, awake ECG

recordings were taken at regular intervals for up to 16 days. In cAVB dogs, dofetilide

was applied at 0.025 mg·kg−1·5 min−1 and recordings were continued for another 20

min. When torsade de pointes (TdP) arrhythmias were observed during the dofetilide

infusion period, infusion was terminated immediately.

ECG data were recorded by the EPTracer program (Cardiotek, Maastricht, The Nether-

lands). ECG parameters were quantified at baseline period and every 5 min after

PA-6 administration. For each time point, RR, PQ, QRS and QT intervals were av-

eraged from five successive beats. LV and RV monophasic APD at 80% repolariza-

tion (LVMAPD80 and RVMAPD80) were analysed by MATLAB 8.3. Beat-to-beat variability

of repolarization was quantified as short-term variability (STV) from 30 consecutive

LVMAPD recordings according to the formula S TV = Σ|Dn+1 + Dn − 2Dmean|/[30 ×
√

2].

Dog cell isolation and patch clamp recordings. Experiments were all performed in

adult ventricular cardiomyocytes (n = 8) isolated from two cAVB dogs (see above)

using rupture patch configuration as described earlier. [28] The isolation procedure has

been already described previously. [42] Patch clamp data were acquired and analysed

with pCLAMP 10 software (Molecular Device, Sunnyvale, CA, USA).

Tissue binding assays and UPLC-MS/MS analysis. The binding of PA-6 to goat

plasma and tissues was evaluated using rapid equilibrium dialysis devices (Thermo

Scientific Pierce, Rockford, IL, USA) as previously described. [43] Thawed goat tissue

samples were mixed with two volumes (vol/wt) of water (threefold dilution) and ho-

mogenized. Blank (untreated) plasma and tissue samples were taken from baseline

period. PA-6 concentrations were determined as described below. For each sample,

technical triplicates were used.
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To prepare samples for ultra-performance liquid chromatography-tandem mass spec-

trometry (UPLC-MS/MS) analysis, plasma (5 µL), tissue homogenate (10 µL) or sam-

ples from tissue binding assays were mixed with 200 µL of 7:1 (vol/vol) methanol-

water containing 0.1% trifluoroacetic acid and internal standard (20 nM pentamidine)

and then vortex mixed for 30 s, followed by centrifugation (2800 × g, 15 min) to pellet

precipitated proteins. The supernatants were dried using a 96-well microplate evap-

orator (Apricot Designs Inc., Covina, CA, USA) under N2 at 50◦C and reconstituted

with 150 µL 15% methanol containing 0.1% trifluoroacetic acid before UPLC-MS/MS

analysis.

The reconstituted samples (2 µL injection volume) were analysed for drug concentra-

tion using a Waters Xevo TQ-S triple quadrupole mass spectrometer (Foster City, CA,

USA) coupled with a Waters Acquity UPLC I-Class system. Compounds were sepa-

rated on a Waters UPLC BEH C18 column (2.1 × 50 mm, 1.7 µm) equilibrated at 50
◦C. UPLC mobile phases consisted of water containing 0.1% (v/v) formic acid (A) and

methanol containing 0.1% (v/v) formic acid (B). Analytical conditions for PA-6 and

pentamidine were the same as those previously described for diamidines. [44] The

characteristic multiple reaction monitoring transitions for PA-6 were m/z 492.3→ 372.3

(for quantification) and 492.3→ 196.1 (for confirmation), and the characteristic single

reaction monitoring transitions for pentamidine was m/z 341.4→120.1, under positive

electrospray ionization mode. The calibration curves for PA-6 ranged from 0.005 to 50

µM for plasma samples and from 0.1 to 100 µM for tissue homogenates. The interday

coefficient of variation and accuracy were within ±15%.

Human atrial cardiomyocyte isolation and electrophysiological recordings. Right

atrial appendages were obtained from 12 patients with SR. Atrial cardiomyocytes were

isolated using a standard protocol, [45] suspended in storage solution (mM: KCl 20,

KH2PO4 10, glucose 10, K-glutamate 70, β-hydroxybutyrate 10, taurine 10, EGTA 10,

albumin 1, pH = 7.4) and investigated within 6 h. Only well-striated, rod-shaped my-

ocytes were used for current recordings.

Membrane currents were measured with standard whole-cell voltage-clamp technique.

[46, 47] Borosilicate glass microelectrodes had tip resistances of 2-5 MΩ when filled

with pipette solution (in mM: K-aspartate 80, NaCl 8, KCl 40, Mg-ATP 5, EGTA 2,

GTP-Tris 0.1, HEPES 10, pH = 7.4). Cardiomyocytes were superfused with a solution

containing (in mM) NaCl 120, KCl 20, MgCl2 1, CaCl2 2, glucose 10, HEPES 10, pH =
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7.4 at 22-24◦C. Seal resistances were 4-8 GΩ. Series resistance and cell capacitance were

compensated.

Drugs were applied via an additional rapid solution exchange system (ALA Scientific

Instruments, Long Island, NY, USA). Data were not corrected for the calculated liquid

junction potential ( 12 mV, software JPCalc, version 2.2). To control for cardiomyocyte-

size variability, the currents are expressed as densities (pA/pF).

Data and statistical analysis

The data and statistical analysis comply with the recommendations on experimental

design and analysis in pharmacology. [48] Groups were not randomized, and opera-

tors and data analysts were not blinded. Data were analysed using GraphPad Prism

version 6.00 for Windows (GraphPad Software, La Jolla California USA). For nor-

mally distributed data, a Student t-test or ANOVA for paired samples with Tukey’s

HSD post hoc or Bonferroni correction for multiple comparisons were used, while non-

parametric data were analysed using Wilcoxon rank-sum test and Friedman’s test with

Dunn’s multiple comparison test. For human atrial cardiomyocytes differences be-

tween group, means were compared by unpaired Student’s t-test. Results are pre-

sented as mean ± SD unless mentioned otherwise. Values of P < 0.05 were considered

significant.

Materials

Dofetilide was supplied by Procter & Gamble Pharmaceuticals (Cincinnati, Ohio, USA).

Other compounds were supplied as follows: isoflurane (Abbott Laboratories Ltd, Maid-

enhead, UK); PA-6 (ENDOTHERM GmbH, Saarbruecken, Germany); pancuronium

bromide (Inresa Arzneimittel GmbH, Freiburg im Breisgau, Germany); propofol (Fre-

senius Kabi Nederland BV, Zeist, the Netherlands); sodium thiopental (Rotexmedica

GmbH, Trittau, Germany); sufentanil (Hameln Pharma Plus GmbH, Hameln, Ger-

many).
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Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries

in http://www.guidetopharmacology.org, the common portal for data from the

IUPHAR/BPS Guide to PHARMACOLOGY, [49] and are permanently archived in the

Concise Guide to PHARMACOLOGY 2015/16. [50]

Results

PA-6 in the goat model of atrial fibrillation

Cardioversion success rate. At 3 weeks after AF induction, six of the eight goats

(75.0%) were in stable AF (not terminating spontaneously for 60 min). Of these six

goats, five animals cardioverted to SR during PA-6 infusion at the end of bolus (2.5

mg·kg−1·10 min−1) or briefly thereafter during maintenance (0.04 mg·kg−1·min−1) ad-

ministration (n = 5, 83%, Figure 1), with a mean time to cardioversion of 13.2 ± 4.9 min

(6-19 min). The other animal cardioverted 11 min after the end of PA-6 infusion (71

min from start of nfusion). Compared to baseline, PA-6 prolonged RR and QT times

following cardioversion but did not affect QRS duration in AF goats (Table 1).

In two SR goats, PA-6 administration (2.5 mg·kg −1·10 min−1) tended to prolong QTc

(349 vs 432 ms for goat #1 and 356 vs 376 ms for goat #2) and QRS width (59 vs 71 ms

and 59 vs 69 ms) at the end of infusion, but did not consistently affect RR duration (683

vs 542 ms and 665 vs 613 ms).

Table 1. Electrophysiological parameters (in ms) in AF goats (n = 5) that cardioverted
during PA-6 application

Baseline Bolus (0-1 min) Pre-conversion (1 min) Post-conversion (1 min)
RR 310 ± 49 323 ± 40 334 ± 41 583 ± 75∗

QRS 41 ± 1 40 ± 3 41 ± 4 40 ± 2
QT 241 ± 33 240 ± 29 257 ± 30 341 ± 34∗

QTc n.d.a n.d. n.d. 472 ± 29

aQTc correction cannot be derived in AF conditions.
*P < 0.05 versus baseline.

http://www. guidetopharmacology.org
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Figure 1. AF termination during PA-6 administration in goats with rapid pacing in-
duced AF (n = 6). (A) Left atrial electrogram (a) and unipolar ventricular electrogram
(v) recordings of goat #1 demonstrating AF and irregular ventricular rhythm (base-
line), decrease in AF complexity (first minute of maintenance) and finally cardiover-
sion resulting in SR (cardioversion). AFCL and fractionation index for each stage are
indicated. (B) The end of each bar represents the moment of cardioversion. Baseline:
60 min of stabilization period after turning off the pacemaker and preceding the start
of the PA-6 infusion; Bolus: administration of 2.5 mg·kg−1 PA-6 over 10 min; Main-
tenance: administration of 0.04 mg·kg−1·min−1 PA-6 over the next 50 min; Washout:

washout period after the end of PA-6 infusion.
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PA-6 increases AFCL. During PA-6 infusion, the AFCL gradually prolonged, as shown

for two goats in Figure 2A, B. The median AFCL was stable during stabilization period

in all animals and significantly higher in the LA than in the RA (139 ± 23 vs 111.7

± 29 ms; P < 0.05). The significant difference in AFCL between the atria remained

throughout the whole protocol.

The largest increase in AFCL duration occurred during bolus infusion, and this pro-

longation was significant compared to baseline AFCL for both atria. After infusion

of the PA-6 bolus, the AFCL did not show a significant further increase during the

maintenance period (Figure 2C). The prolongation of AFCL was somewhat more pro-

nounced in the RA, but the difference in AFCL prolongation between the atria was not

significant (Figure 2D).

P5 AFCL values, a surrogate marker for the refractory period, also had significantly

lower baseline values in the RA, compared with the LA, and this difference became

more pronounced after drug administration (Figure 2E). However, the relative in-

creases in p5 of the AFCL caused by PA-6 were not significantly different between

LA and RA (Figure 2F).

PA-6 decreases the complexity of AF

Representative wave maps of three consecutive beats of AF at baseline, during the

first minute of maintenance and during the last minute preceding cardioversion are

presented in the Figure 3A (left panel). These wave maps show the number of waves,

the origin of waves (peripheral or breakthrough) and the size of waves. PA-6 infusion

decreased the number of (peripheral and breakthrough) waves, while simultaneously

increasing wave size. The right panel of Figure 3A illustrates the concomitant decrease

in fractionation index during PA-6 infusion.

The parameters related to AF pattern and complexity confirm that PA-6 decreased AF

complexity equally in both atria, by reducing the total number of fibrillation waves

and the number of BT waves per AF cycle (Figure 3B, C). This was associated with an

increase in wave size (Figure 3D) and a decrease in mean fractionation index (Figure

3E). However, the conduction velocity of fibrillation waves was not affected by PA-6

(Figure 3F). The decrease in AF complexity was comparable in both atria. A tendency
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Figure 2. PA-6 lengthens the AFCL. (A, B) Time course for AFCL in both atria during
PA-6 infusion until the moment of cardioversion to SR in two goats. CV, cardioversion
to SR. (C) AFCL for the LA and RA, (D) relative change in AFCL, (E) p5 of the AFCL
and (F) relative change of p5 of the AFCL. All parameters were calculated for the
baseline, the first minute of maintenance period (maint. start) and the last minute
preceding cardioversion. Data for n = 5 goats displaying cardioversion are shown. *
P < 0.05, significantly different as indicated; #P < 0.05, significantly different from

corresponding value in LA.
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Table 2. Electrophysiological parameters (in ms) in sinus rhythm and cAVB dogs in
control conditions and upon drug application

Sinus rhythm (n = 4) cAVB (n = 9) cAVB (n = 9)
Baseline PA-6 Baseline PA-6 Baseline Dofetilide

RRa 601 ± 54 605 ± 55 1000 1000 1000 1000
PQb 129 ± 20 125 ± 18 n.a. n.a. n.a. n.a.
QRS 75 ± 5 75 ± 4 117 ± 9 118 ± 8 115 ± 10 115 ± 11
QTc 306 ± 21 326 ± 16 384 ± 40 465 ± 89∗ 381 ± 26 600 ± 33∗

STV 0.29 ± 0.02 0.39 ± 0.17 0.60 ± 0.22 1.20 ± 0.68 0.77 ± 0.23 1.82 ± 0.88
LVMAPD80 197 ± 21 216 ± 28 236 ± 20 285 ± 52∗ 249 ± 18 400 ± 64*

acAVB dogs are paced from the right ventricular apex at 1 Hz;
bcAVB dog has per definition no PQ conduction;
*P < 0.05 versus baseline.

toward organization of AF was present already during the first minute of PA-6 main-

tenance, and a significant difference compared to baseline values was present during

the last minute preceding the cardioversion.

PA-6 lengthens QTc in dogs but does not induce TdP arrhythmias

In SR dogs, PA-6 infused at a dose of either 0.5 or 2.5 mg·kg−1·10 min−1 did not cause

significant effects on RR, PQ, QRS, QTc and LVMAPD80 duration or on the pro-arrhythmic

marker STV as determined on the LVMAP (STVLVMAPD80) (Table 2, Supporting Infor-

mation Figure S1).

In isolated ventricular cardiomyocytes from cAVB dogs, 200 nM PA-6 inhibited both

inward and outward IK1 (Figure 4A). In cAVB dogs, PA-6 administration at 2.5 mg·kg−1

·10 min−1 did not significantly alter QRS or STV but prolonged QTc and LVMAPD80 du-

rations (Table 2, Supporting Information Figure S2). PA-6 did not induce TdP arrhyth-

mias in nine cAVB dogs (Figure 4B, D). In contrast, the IKr blocker dofetilide induced

TdP arrhythmias in five dogs using the same set of nine animals (Figure 4C, D). Fur-

thermore, dofetilide resulted in more pronounced QTc and LVMAPD80 prolongation than

PA-6 (Table 2).



PA-6 terminates AF and does not cause ventricular arrhythmias 51

Figure 3. PA-6 decreases the complexity of atrial fibrillation for LA and RA. (A) Fib-
rillation patterns. Wave maps of three consecutive AF beats at baseline, at the first
minute of maintenance and at the last minute preceding cardioversion (left panel) re-
constructed based on the mapping data acquired with LA spoon electrode ( 4 cm, 247
electrodes, interelectrode distance 2.4 mm). Wave maps depict the total number of
waves, origin of the waves (peripheral and breakthrough), wave size and wave order.
The right panel depicts the calculation method of the unipolar fractionation indexes
at one electrode for three different time points according to dominant activations. The
fractionation index is calculated as the ratio between the number of dominant (green)
and subsidiary (red) deflections. (B) Total number of waves per cycle, (C) number of
epicardial breakthrough waves per cycle, (D) wave size expressed as mean number
of electrodes assigned to one wave, (E) fractionation index (mean values of ratios of
remote to local deflections per electrode) and (F) mean conduction velocity for each

electrode. Data for n = 5 goats displaying cardioversion are depicted in panel BF.
* P < 0.05, significantly different as indicated.
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Figure 4. Absence of pro-arrhythmia upon PA-6 application in cAVB dogs. (A) IK1

currentvoltage relationships from isolated ventricular cAVB cardiomyocytes (n = 8)
for control (closed circles) and 200 nM PA-6 (open squares) treatment. Inset: en-
largements of currents from 90 to 10 mV. (B) Electrocardiogram (leads II and AVR)
displaying normal paced cAVB rhythm following PA-6 (2.5 mg·kg−1·10 min−1) appli-
cation. (C) Electrocardiogram (leads II and AVR) from the same animal as in panel
A, showing TdP arrhythmia episode following dofetilide (25 µg·kg−1·5 min−1) appli-
cation. (D) Quantification of TdP arrhythmias in nine cAVB animals tested serially
with dofetilide and PA-6 (in random order). Non-filled: normal cAVB rhythm; check-
ered pattern: TdP arrhythmia inducible (three or more TdP arrhythmias). *P < 0.05,

significantly different from PA-6.

PA-6 pharmacokinetics in goats and dogs

Figure 5A provides plasma profile of PA-6 in AF goats. Cmax (6.7 ± 1.3 µM) was ob-

tained at the end of the bolus. During maintenance infusion, plasma PA-6 concentra-

tions gradually dropped (1.7 ± 0.5 µM). Thirty minutes following the end of mainte-

nance infusion, PA-6 plasma levels were (0.5 ± 0.2 µM). Goat plasma spiked with PA-6

at 0.5, 1, 5 and 50 µM resulted in a PA- 6 unbound fraction of 0.59 ± 0.06% (3.0 nM), 0.67

± 0.14% (6.7 nM), 1.54 ± 0.35% (77 nM) and 7.41 ± 0.54% (3.7 µM) respectively. During

the experiment, skeletal muscle PA-6 levels increased to 3.6 µM. Atrial and ventricular

PA-6 concentrations were approximately 8- and 21-fold higher respectively (Table 3).
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Table 3. PA-6 tissue concentrations (µM) after start of infusion

Tissue 10 min 20 min 60 min
Skeletal Muscle 2.3 ± 2 2.6 ± 1 3.6 ± 2
Right ventricle n.a. n.a. 78 ± 14
Left ventricle n.a. n.a. 70 ± 21
Right atrium n.a. n.a. 29 ± 4
Left atrium n.a. n.a. 30 ± 6

PA-6 administration to SR (n = 2) and cAVB (n = 2) dogs at the low and high dose

resulted in a two-peaked PA-6 plasma profile (Figure 5B). Cmax at low dose were 0.41

± 0.18 and 0.47 ± 0.17 µM for SR and cAVB respectively, whereas Cmax at the high dose

were 5.75 ± 1.30 and 5.33 ± 0.63 µM respectively. Thirty minutes following start of

administration of the high dose, PA-6 plasma concentration of 0.30 ± 0.12 and 0.44 ±

0.32 µM were achieved for SR and cAVB dogs respectively.

Follow-up QTc measurements in awake cAVB dogs for more than 2 weeks after PA-6

administration at the high dose indicated absence of QTc changes when compared to

predosing, either at idioventricular rhythm or when paced from the right ventricle at 1

Hz (Figure 6). Therefore, the observed QTc prolongation during the experiment (t = 30

min) (Table 2, Supporting Information Figure S2) was not persistent during follow-up,

suggesting rapid clearance from cardiac tissue.

PA-6 inhibits basal IK1 in human atrial cardiomyocytes

Typical current traces and current amplitudes at 100 mV in the time course of an ex-

periment are shown in Figure 7A, B. Cell capacitances averaged 107.0 ± 7.2 pF (n = 26).

Agonist-independent basal current was measured by applying a depolarizing ramp

pulse from -100 to +40 mV [holding potential 80 mV; 112 (mV/s); see inset in Figure

7A, C]. Ba2+ (1 mM) was applied at the end of each experiments in each cardiomyocyte,

and the inward rectifier K+ currents were analyzed after subtraction of the resulting

leak currents.

Application of 2 µM carbachol (CCh) resulted in rapid initial increase (“Peak”) of IK,Ach

amplitude followed by a decrease to a “quasi steady-state” level despite continuous

presence of CCh (“desensitization”) (Figure 7B). [46] IK,Ach was defined as the CCh-

sensitive current increase. [46, 51] PA-6 (200 nM) was applied after 1 min washout of
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Figure 5. PA-6 plasma concentrations in AF goats and cAVB dogs. (A) PA-6 plasma
concentrations (nM) in cardioverted AF goats (n = 5) following PA-6 infusion (0-
10 min bolus (2.5 mg·kg−1·10 min−1, dark grey bar), 10-60 min maintenance (0.04
mg·kg−1·min−1, light grey bar), 60-90 min (washout)). (B) PA-6 plasma concentrations
in SR (n = 2) and cAVB dogs (n = 2) following a low dose [0-10 min (0.5 mg·kg−1·10
min−1, light grey bar)] and a high dose (30-40 min 2.5 mg·kg−1·10 min−1, dark grey bar)

bolus. Washout between 10-30 and 40-60 min respectively.

Figure 6. Absence of chronic QTc interval prolongation in cAVB dogs (n = 9) upon 16
days post-infusion. ECG recordings were taken in awake animals during idioventric-

ular rhythm (IVR) or right ventricular apex pacing at 1 Hz (RVA VVI60).
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CCh and resulted in an immediate and maintained block of IK1 (Figure 7B, D). CCh

(2 µM) was applied a second time with the first (S1) application serving as internal

control, the second (S2) being measured in the presence of PA-6 (Figure 7A). IK,ACh was

smaller during S2 than S1 suggesting incomplete recovery from desensitization, but

the degrees of IK,ACh desensitization, expressed as S2/S1 ratio, were similar in PA-6

experiments and in time-matched controls (Figure 7B, E).

Figure 7. Effect of PA-6 (200 nM) on inward rectifier K+ currents in human atrial
cardiomyocytes. (A) Original recording of basal current with response to 2 µM carba-
chol (CCh; upper panel; IK,ACh was defined as CCh-sensitive current) and response to
200 nM PA-6 (lower panel). (B) Time course of IK1 and IK,ACh during two successive
CCh applications (S1, S2, 4 min apart). During activation the initial increase (’Peak’)
of IK,ACh faded (’rapid desensitization’) to a quasi-steady-state level (’QSS’). PA-6 (200
nM) was applied 1 min after the first CCh application (right panel) and compared
with application of bath solution only (left panel; time-matched controls, TMC). (C)
Basal current and CCh-activated IK,ACh at ’Peak’ and ’QSS’. (D, E) Effects of PA-6 (200
nM) on basal current and on the S2/S1 ratio of IK,ACh at ’Peak’ and ’QSS’. Data are ex-
pressed as mean ± SEM. *P < 0.05, significantly different from time-matched controls

(TMC). Numbers indicate cardiomyocytes/patients.
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Discussion

Here, we demonstrated, by using two established large animal models for efficacy and

safety testing, the validity of IK1 as a safe drug target in AF therapy. We showed that

the specific IK1 inhibitor PA-6 is indeed able to inhibit AF in a goat model of pacing

induced AF. Our results demonstrate that cardioversion is preceded by prolongation

of AF cycle length and an increase in atrial refractoriness and a concomitant decrease

in AF complexity. The conduction velocity of atrial fibrillation waves was not affected.

Among the many changes that occur during AF progression, increases in KIR2.1 func-

tion, protein and mRNA expression were found in several studies comparing AF pa-

tients of different aetiology with matched controls. [52] For this reason, pharmacolog-

ical inhibition of IK1 was suggested as a new treatment option, [53, 54] although the

potential side effects of neurological, ventricular-, skeletal- and smooth-muscle related

complications may have hampered development of specific IK1 inhibiting compounds

for this purpose.

In Langendorff-perfused sheep heart, chloroquine, which inhibits IK1 (IC50 = 0.69 µM),

IKACh (IC50 = 0.38 µM) and IKATP (IC50 = 0.51 µM) channels, terminated stretch-induced

AF at concentrations between 1 and 4 µM [55] and cholinergically induced AF at 10

µM. [56] The authors reported that chloroquine decreased AF frequency and the num-

ber of breakthrough waves just before AF termination, as we found in our in vivo PA-6

experiments in goats. We show that PA-6 increases the AFCL and AERP (as shown by

the surrogate parameter of the p5 of the AFCL histogram). [37] The decrease in the total

number of waves and breakthrough waves per AF cycle and an increase in the size of

fibrillation waves indicate that PA-6 makes the fibrillation pattern much simpler. Pre-

viously, we showed that progressive atrial electrical and structural remodelling make

the fibrillation pattern more complex and thereby make AF more stable. [33, 38, 57]

Conversely, a decrease in AF complexity, as observed during PA-6 infusion, would

make AF less stable and therefore AF termination more likely.

IK1 may have a pivotal role in rotor stability, [58, 59] and we would expect that PA-6

impairs rotor stability. We have not observed stable rotors in the mapped atrial re-

gions. However, rotors may have been present outside our field of view, such as the

posterior LA, which in the goat is not accessible for epicardial mapping. Nevertheless,

our results are fully compatible with a decrease in rotor stability with IK1 blockade.
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With decreased rotor stability and frequency, break-up into ’daughter waves’, [60] and

therefore, the complexity of fibrillatory patterns at more distant sites would also be re-

duced. Therefore, irrespective of the mechanism responsible for AF maintenance, mul-

tiple wavelets or rotors with ’daughter waves’, the decrease in AF complexity would

be related to a decrease in AF stability.

Class IC and III anti-arrhythmic drugs were evaluated earlier in the same goat model

used here. In general, Class IC blockers primarily cause a reduction in conduction ve-

locity, whereas class III inhibitors increase AERP, but all drugs that can successfully

terminate AF reduce the complexity of AF, regardless of the observed prolongation in

AFCL. Following 3 to 4 weeks of pacing induced persistent AF, cibenzoline resulted in

cardioversion rates of 78%, [61] flecainide in 33 and 67%, [61, 62] d-Sotalol in 92% [62]

and the combination of AVE0118 + dofetilide in 100%. [63] PA-6 administration, at sim-

ilar times following AF induction, resulted in a cardioversion rate of 83% and thereby

performs better than flecainide, comparable to cibenzoline and combined AVE0118

± dofetilide application, but less efficient than d-sotalol. Direct comparison of these

drugs, even in the same animal model, is not straightforward, because of the differ-

ent dosages used. However, all studies used up to the highest tolerated dose and had

similar safety endpoints with respect to QRS duration and ventricular proarrhythmia.

Importantly, the efficacy of cardioversion of a particular drug can be species- specific.

For example, although d-sotalol was highly successful in restoring SR in goats, it was

less effective than flecainide in humans and therefore is not used in clinical practice for

pharmacological cardioversions. [64, 65]

The present study reflect an early point in the development of AF-induced remod-

elling. A decrease of cardioversion rate upon AF progression in the AF goat model,

measured in awake goats, was observed for flecainide (60, 33, 33 and 17% at 1, 4, 8 and

16 weeks of AF respectively), cibenzoline (80, 78, 67 and 63% at 1, 4, 8 and 16 weeks

of AF respectively) [61] and AVE0118 + dofetilide (80, 33, 50, 0, 0 and 0% at 1, 2, 3, 4,

5 and 6 months of AF respectively). [33] Follow-up studies with PA-6 are required to

determine efficacy at later time points during AF-induced remodelling.

We used the cAVB dog to investigate the potential pro-arrhythmic actions of PA-6. Pre-

viously, we used this model to investigate the pro-arrhythmic and anti-arrhythmic ac-

tions of various clinically used drugs and experimental compounds, including anti-AF

drugs. [41, 66–69] This is the first study that investigates specific IK1 inhibition in this

model. In SR animals, no reduction in conduction velocity was evidenced by either PQ
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or QRS interval changes, whereas QTc prolongation was less than 7%. The cAVB dog,

with its compromised repolarization reserve, [67] showed a more severe QTc prolon-

gation (21%), whereas also here ventricular activation (QRS width) was not impaired.

Moreover, no pro-arrhythmia was observed in contrast to dofetilide application in the

serially tested animals. IK1 inhibition was proposed to be pro-arrhythmic. [70] This

view is mainly based on experiments in which BaCl2 was applied to small and large

animal models. As argued by us earlier, specific inhibition of IK1 by BaCl2 is not pro-

arrhythmic and has only minor effects on the resting membrane potential in various

animal models and isolated tissues. [6] Only at higher concentrations of BaCl2 (>10

µM), when IK,Ach and IK,Ach channels become affected also, resting membrane depolar-

ization and arrhythmic events become evident. In classical experiments performed by

Roza and Berman (1971), [71] infusion of 1 µmol·kg−1·min−1 of BaCl2 in normal dogs

under anaesthesia resulted in a course of events that eventually resulted in hypoten-

sion, flaccid paralysis of skeletal muscles, ventricular tachycardia and fibrillation. [71]

Finally, hypokalaemia occurred, most likely resulting from an extra-intracellular potas-

sium shift. This findings strongly reflects the course seen in barium poisoning cases

in man. [72] Interestingly, potassium administration to dogs counteracted most of the

clinical signs. [71] No serum potassium levels were measured in our canine experi-

ments, although we expect these to be already low, as earlier studies demonstrated

serum potassium concentrations of 2.8 mM in the experimental setting of the cAVB

dogs. [66]

It cannot be excluded that the effects of PA-6 are species dependent, but when we com-

pare PA-6-mediated block between human and white bream (fish) KIR2.1, that share

82.9% sequence identity at the protein level, no differences in blockade were obtained

(Supporting Information Figure S3). Amino acid sequence identities for KIR2.1, KIR2.2

and KIR2.3 between human, dog and goat are significantly higher (95-99%) (Support-

ing Information Figure S4). As demonstrated before, KIR2.1, KIR2.2 and KIR2.3 chan-

nels have similar sensitivities to PA-6. [28] For these reasons, we do not anticipate that

channel differences due to isoform expression alterations or sequence variation be-

tween species would affect outcome. However, species-dependent differences in IK1

density may have an effect on pro- and anti-arrhythmic effects. In a direct comparison,

ventricular IK1 density in canine ventricular cells is twofold to threefold higher than in

human ventricular cardiomyocytes [73] which may increase the sensitivity of the hu-

man ventricle for IK1 inhibition compared to dog. Furthermore, IK1 densities found in

the atrium are 10-fold [3] or fivefold [4] lower than in the ventricle of dogs and humans
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respectively, which may provide a safety margin for anti-arrhythmic IK1 inhibition in

the atrium and pro-arrhythmic activity in the ventricle. Finally, we provided evidence

that also human atrial IK1 is a target for PA-6. For the goat, KIR2.x isoform expression

data and accompanying IK1 densities are currently not available and deserve further

attention.

Recently, the effects of PA-6 application to Langendorff-perfused rat hearts were re-

ported. [74] In contrast to our findings, no lengthening of the atrial ERP was observed.

The authors observed prolongation of the ventricular AP and ventricular fibrillation

occurred in two out of six hearts assessed. Several factors may explain the differ-

ences between our findings and those of. [74] The relative contribution of IK1 to atrial

and ventricular repolarization and resting membrane potential stability is likely to dif-

fer between murine and many other animal models, as well as its blockade by PA-

6 may result in different pro-arrhythmic liability, as brought forward in the Skars-

feldt report. [74] Interestingly, a recent paper involving the same research group on

Langendorff-perfused guinea pig hearts did not report any pro-arrhythmia of PA-

6. [75] The authors emphasized that the relative contribution of IK1 to repolarization

is lower in guinea pig than in rat. Secondly, our in vivo models include factors like

autonomic regulation, mechanical function and anaesthesia, which all affect cardiac

function differently, whereas an ex vivo Langendorff heart model lacks these factors.

The lipophilic PA-6 accumulates in cardiac tissues as established here, especially in

the ventricle. Currently, we cannot provide a clear explanation for this phenomenon.

It is however tempting to speculate that the high levels of expression of IK1 channels,

especially in the canine ventricle, [3] may be the basis of this finding.

Our current results, obtained from goats and dogs, demonstrates cardiac safety and

good anti-AF properties for PA-6. Furthermore, PA-6 is able to target human atrial IK1.

Therefore, PA-6 might be considered as an interesting compound for further clinical

evaluation as a potential anti-arrhythmic drug for AF.

Limitations

An important limitation of our study is that cardioversion efficacy of PA-6 in the goat

model of AF was tested in animals under general anaesthesia. The anaesthesia reg-

imen contained thiopental which is a known IK1 inhibitor that most likely acts via
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interfering with PIP2. [76] Furthermore, conversion was tested at 3 weeks of pacing-

induced AF only. Given the current study set-up, we cannot exclude that potential

PA-6 activity outside the heart contributes to the anti-arrhythmic efficacy nor can we

exclude that additional potassium currents within the goat atrium are involved.

Current safety studies focused on cardiac arrhythmias in the cAVB dog only. At this

point, no statements can be made on skeletal muscle, including respiratory muscle,

and neurological effects and these questions await further analysis. This study made

use of a single-dose regimen for efficacy and safety testing in large animal studies.

A full doseresponse relationship, both with respect to efficacy and toxicity, should be

performed prior to considering any human clinical testing.
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Supplementary Methods

AF Substrate Complexity
The quantification of wave size, conduction velocity and fractionation
index

AF complexity was quantified as the total number of waves and the number of break-

through (BT) waves per AF cycle, mean wave size, mean fractionation index and the

mean wave conduction velocity. [35–39]

The number of waves was expressed as a number of waves per AF cycle and was

calculated as a total number of waves normalized to the number of AF cycles within a

recording.

No. o f waves per AF cycle =
total number o f waves

recording duration/AFCL

BT waves are waves emerging within the mapping area whose origin cannot be at-

tributed to any other propagating wave on the epicardium. The number of BT waves

was also expressed as the number of BT waves per AF cycle and was calculated as a

total number of BT waves during the recording divided by the number of AF cycles

within the recording.

No. o f BT waves per AF cycle =
total number o f BT waves
recording duration/AFCL

The wave size was determined by the number of electrodes that were allocated to the

same AF wave and expressed as the mean wave size of all waves within the recording.

The fractionation index was defined as the ratio between subsidiary and main deflec-

tions (marked red and green in Figure 3A of the manuscript) for each electrode and

reported as a mean value of all electrodes within the recording.

Fractionation index =
(2 + 2 + 3 + 4 + 0 + 2 + 2 + 3 + 2 + 2 + 3 + 3)

13
= 2.15

The wave conduction velocity was calculated for each electrode activation within a wave

by fitting a plane to activation times at neighboring electrodes belonging to the same
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wave (3x3 electrodes). The reciprocal value of the steepness of the fitted plane was

then used to determine conduction velocity at each electrode. The conduction velocity

was expressed as the mean conduction velocity of all electrodes within the wave.
	
	

  
	

Inside/out patch clamp electrophysiology

Inside-out measurements of human and white bream IKIR2.1 expressed in HEK293 cell

membrane patches was performed as described previously. [27]
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E, Ravens U, Nánási PP, Papp JG, Varró A, Nattel S. Ionic mechanisms limiting

cardiac repolarization reserve in humans compared to dogs. J Physiol. 2013; 591:

41894206.

[74] Skarsfeldt MA, Carstensen H, Skibsbye L, Tang C, Buhl R, Bentzen BH, Jespersen

T. Pharmacological inhibition of IK1 by PA-6 in isolated rat hearts affects ventric-

ular repolarization and refractoriness. Physiol Rep. 2016; 4: e12734

[75] Hoeker GS, Skarsfeldt MA, Jespersen T, Poelzing S. Electrophysiologic effects

of the IK1 inhibitor PA-6 are modulated by extracellular potassium in isolated

guinea pig hearts. Physiol Rep. 2017; 5: e13120.

[76] Van der Heyden MAG, Stary-Weinzinger A, Sanchez-Chapula JA. Inhibition of

cardiac inward rectifier currents by cationic amphiphilic drugs. Curr Mol Med.

2013; 13: 12841298.





Chapter 4

Evaluation of anti-arrhythmic efficacy

of the IK1 inhibitor PA-6 in domestic

dogs with chronic atrial fibrillation.
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Abstract

Background: The inward rectifier inhibitor pentamidine analogue 6 (PA-6) is effective

in cardioversion of goats with persistent rapid pacing induced atrial fibrillation (AF)

and is not pro-arrhythmic in experimental dogs with chronic third-degree AV block.

However, efficacy and safety in the clinical setting is unknown.

Hypothesis: We hypothesized that PA-6 would be effective in converting AF to si-

nus rhythm (SR) in dogs with naturally occurring AF, without the presence of overt

adverse effects.

Animals: 10 giant and large breed dogs with persistent or permanent AF.

Methods: PA-6 was applied i.v. as a bolus of 2.5 mg·kg−1·10min−1 followed by a main-

tenance infusion of 0.04 mg·kg−1·min−1 for a maximum of 50 minutes under awake

conditions. Standard three lead ECG (I, II and III) was recorded during the entire

procedure. Visible and audible signs of adverse effects were scored during the entire

procedure.

Results: PA-6 did not change QRS duration of QTc interval. RR interval was length-

ened at the end of the bolus. No cardioversion to SR was observed. Three dogs did

not display any adverse effects. Five dogs showed premature ventricular contractions

during PA-6 infusion. Respiratory distress and laryngeal stridor, muscle twitch and

weakness were the main non-cardiac adverse effects observed in five dogs. Adverse

effects resolved spontaneously and follow up was unremarkable.

Conclusions and Clinical importance: Chronic naturally occurring AF in large and

giant breed dogs could not be cardioverted to SR. Further clinical testing must first

focus on paroxysmal AF under conditions of anesthesia and artificial ventilation.
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Introduction

Atrial fibrillation (AF) is the most prevalent arrhythmia observed dogs. Clinically, AF

is characterized by rapid and irregular beating of the heart. It develops over time

from short episodes into a chronic form. In dogs, AF mainly affects large and giant

breeds, and associates with high mortality rates. [1–4] Dogs with lone AF have a better

survival than those with concomitant heart disease [3, 5] but the arrhythmia strongly

associates with dilated cardiomyopathy. [6] In dogs, only few cases of thromboem-

bolism are described, [7] and no increased risk of thromboembolism is perceived. [4]

Currently, several drugs and procedures exist to treat canine AF. [8–10] Treatment fo-

cusses primarily on rate or rhythm control. [4, 6] Unfortunately, the usefulness of an-

tiarrhythmic drugs is limited by both modest antiarrhythmic efficacy and detrimental

side effects. [11] For example, Saunder AB et al., 2006 showed that for 17 dogs with

AF which were treated with amiodarone, cardioversion to SR was only achieved and

maintained in 6 dogs. Moreover, adverse effects including bradycardia and increased

hepatic enzyme activity were shown in a significant number of the animals. [12]

The inward rectifier potassium current IK1 plays an important role to maintain the

resting membrane potential and it contributes to phase 3 repolarization. [13] In the

experimental dog model of AF, IK1 was upregulated in atria. Hence, IK1 current in-

hibitors have been suggested as a new antiarrhythmic option for rhythm control in AF

therapy. [14] We developed a specific and efficient IK1 inhibitor, pentamidine analogue

6 (PA-6) based on the anti-protozoal drug pentamidine. [15] PA-6 prolonged action

potential duration without pro-arrhythmia in isolated canine ventricular cardiomy-

ocytes. [15] Recently, we evaluated cardiac safety and anti-AF efficacy of the PA-6 in

vivo. [16] Within 20 minutes after the start of PA-6 administration to anesthetized goats

with rapid pacing induced persistent AF, cardioversion to SR occurred in 5 out of 6 AF

goats. It was found that PA-6 prolonged AF cycle length and decreased AF complexity.

To investigate PA-6 safety, SR dogs were treated with PA-6 under anesthesia resulting

in less than 7% QTc lengthening and no effect on QRS or PQ duration. PA-6 infused

in anesthetized chronic atrioventricular block (cAVB) dogs, a sensitive experimental

model of drug induced cardiac proarrhythmia, [17] induced QT prolongation (21%)

but no arrhythmias. Given the efficacy of PA-6 to inhibit IK1 channels in vitro, to car-

diovert AF to SR in vivo and its safety profile in cAVB dogs, the current study aimed to
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investigate cardioversion success in awake dogs with naturally occurring AF, and as a

secondary endpoint determine adverse effects in the clinical setting.

Method

Ethics statement

This study was approved by the experimental committee of the authors’ institutions

and signed owner consent was obtained for all dogs in the investigation.

Study population and treatment protocol

To enroll in this pilot study, dogs had to present AF, classified as lone AF or AF with

underlying heart disease. Dogs in SR or paroxysmal AF were excluded. Dogs did

not underwent earlier pharmacological attempts of cardioversion. All interventions

were performed under awake condition. Continuous bipolar 3-lead ECG (I, II, III) was

recorded by digital ECG equipment (PC-ECG 2000, Eickemeyer, Tuttlingen, Germany).

ECG electrodes were attached to the animal’s skin with crocodile slips.

Pentamidine analogue 6 (PA-6) was dissolved in Milli-Q water, filter sterilized, at the

final concentration was 10 mg·ml−1. PA-6 (2·5 mg·kg−1) was infused (i.v. via limb,

using an infusion pump (Pilote Delta NL, Fresenius Vial, Brezin, France)) over 10 min-

utes as a bolus immediately followed by a maintenance infusion of 0.04 mg·kg−1 for

5 to 50 minutes. The duration of maintenance infusion depended on the presence of

signs of an adverse response in the dogs. Three ml blood samples were collected in

lithium-heparin tubes at baseline before PA-6 infusion and after PA-6 administration

(t=10 min), and stored on ice immediately. Tubes were centrifuged at 2000 × g for 15

minutes at 4 ◦C. Blood plasma stored at -80 ◦C until analysis.

ECG parameters (RR, QT, QRS intervals) were determined in lead II on the digitally

recorded ECGs using (PC-ECG 2000, Eickemeyer, Tuttlingen, Germany). ECG param-

eters were quantified at baseline, beginning and end of bolus, and the end of infusion.

For each time point, RR, QT and QRS intervals were averaged from 30 successive beats.

The heart rate-corrected QT (QTC) interval was calculated by Van de Water’s formula

QTC = QT − 0.087 ∗ (RR − 1000).
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Statistics

All statistical analyses were carried out by using SPSS version 21. All values are ex-

pressed as mean ± standard deviation (SD). Statistical differences among groups were

evaluated using one-way ANOVA with Tukey’s HSD post-hoc or Bonferroni test. Dif-

ferences were regarded as statistically significant if P < 0.05.

Results

Patient characteristics

Ten large-breed dogs (8 males; 56.7 ± 16.6 kg; 7.4 ± 2.6 year) presenting persistent or

permanent AF were enrolled in this study. Individual data are displayed in Table 1.

The dogs were of different breed, six received medication and five had a history of

other cardiac diseases. Based upon clinical examination, the mean duration of AF was

5.8 ± 6.5 month (range 1-19 month).

ECG parameters upon PA-6 treatment

After PA-6 administration (2.5 mg·kg−1·10min−1), QRS duration and QTc interval were

unaffected compared to the baseline (Figure 1A). However, PA-6 prolonged RR inter-

val at the end of the bolus infusion (363 ± 85 vs. 441 ± 96 ms). Additionally, there is a

slight increase in QTc interval at the end of the bolus treatment (Figure 1B). No dogs

cardioverted to sinus rhythm during PA-6 administration at the end of bolus, nor at

the end of the infusion time.

Adverse side effects upon PA-6 treatment

Due to some side effects including muscle weakness and respiratory distress during

maintenance infusion (Table 2), the maintenance time (original set for 50 minutes) was

reduced for nine dogs (dog #2: 40 min; #3: 20 min; #4, 5: 20 min; #6-10: 5 min).

Premature ventricular contractions (PVC’s) were observed in 5 of the 10 dogs (Table 2).

Laryngeal (2 dogs) and pharyngeal (1 dog) stridor were observed and accompanied the
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Figure 1. (A) Example ECG lead II (dog #5) is depicted at 50 mm/sec at baseline (left
recording) and after bolus administration of PA-6 (right recording). (B) Electrophysio-
logical parameters in AF dogs (n=10) at baseline, at the start and end of PA-6 bolus (2.5
mg·kg−1·10min−1) infusion, and at the end of PA-6 maintenance (0.04 mg·kg−1·min−1).
RR-, QRS- and QTc-intervals are depicted in ms for individual animals (1-10; grey

symbols) and as the mean ± s.d. (black symbols and black dotted line).

severe respiratory distress in one dog. All adverse effects disappeared spontaneously

and completely within some days. At follow up, 5 dogs were doing well (#1 at 23

months follow up; #2 at 9 months; #6 at 10 days; #9 at 19 months; #10 at 13 months),

dog #3 developed shock and diarrhea 17 days following PA-6 infusion, dog #4 was

euthanized 6 months following PA-6 infusion because of anorexia and lethargy. No

follow up information was available for dogs #5, #7 and #8.



84 Evaluation of anti-arrhythmic efficacy of PA-6 in domestic dogs

Table 2. Adverse effects

Pt Arrhythmic events Other adverse side effects
1 no no
2 PVC Pale, Defecation, Gasping for air, Pass out
3 PVC Muscle twitch, Loss of balance, Pharyngeal stridor
4 no no
5 no Muscle weakness, Shaking, Heavy breathing, Hanging head
6 PVC no
7 PVC no
8 no no
9 PVC Laryngeal stridor, Severe respiratory distress

10 no Laryngeal stridor without dyspnea

Pt, patient; PVC, premature ventricular contraction

Discussion

Instigated by the preclinical results of our in vitro and in vivo studies on PA-6 in AF

therapy, this study focused on PA-6 application in dogs with naturally occurring AF.

We performed our previous in vivo studies in experimental goats with atrial tachy-

pacing induced AF to evaluate PA-6 efficacy, and in experimental dogs with chronic

3rd degree atrioventricular block to assess cardiac safety. These studies were performed

under general anesthesia, and therefore information on PA-6 application in awake an-

imals was lacking. The main finding of the present study is that cardioversion in

response to PA-6 was absent in all the 10 enrolled dogs, in contrast to anesthetized

goats with rapid pacing induced AF. Furthermore, awake dogs showed adverse side

effects including ectopic cardiac activity, muscle weakness and some of them suffered

from severe respiratory distress during treatment. ECG analysis has been performed

to evaluate electrophysiological effects of PA-6. Whereas a trend to QTc lengthening

was observed, like in anesthetized animals, no significance was achieved. QRS dura-

tion was not affected, while a significant increase in RR interval at the end of the bolus

infusion was observed.

There are three main differences between the current and previous study in goats [16]

that may explain the lack of cardioversion observed here. Firstly, species difference

may cause different responses. Between distinct species, different pathophysiologi-

cal mechanisms leading to AF can exist that may require different pharmacological
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approach. [18] Whereas in human AF, disease progression associates with increased

IK1 density, [19] no published data are available whether the same applies to the goat

model of rapid atrial pacing induced AF. However, Luo demonstrated increased KIR2.1

mRNA and protein, underlying cardiac IK1, expression in a dog model of atrial tachy-

pacing induced AF, [20] providing evidence that in canines the IK1 channels may be

a plausible target for AF pharmacotherapy. It may be worthwhile to assess IK1 func-

tion and underlying KIR2.x expression in atria from healthy and AF expressing patient

dogs to further validate the potential of IK1 inhibition as a treatment for canine AF. In

addition, comparison between dogs with lone AF, DCM associated AF and AF result-

ing from atrial dilation may be informative in specifying the potential benefits of IK1

inhibition in different forms of canine AF.

Secondly, the absence of anesthesia in the current study, in contrast to the in vivo goat

study, may affect the response rate to PA-6. Besides a role of IK1 in AF, also constitu-

tive IKACh activity has been associated with AF in humans [21] and was subsequently

suggested as a potential target in AF therapy. [22] Indeed, IKACh inhibition in dogs with

rapid atrial pacing induced AF results in prolongation of the effective refractory pe-

riod and cardioversion to SR. [23] Currently, we have no evidence that PA-6 inhibits

IKACh, [16] but previous studies reported that IKACh action is reduced by some anesthe-

sia agents. [24, 25] Under awake condition, the activity of IKACh is higher and thereby

counteracts the blocking effect of IK1 compared to conditions of anesthesia. For future

studies, a co-treatment of IK1 and IKACh inhibitors could be more effective to restore SR.

Thirdly, structural atrial remodeling may affect response rate. Atrial structural remod-

eling associates with diverse canine models of AF. [26, 27] An inverse relationship be-

tween the chronicity of AF and the duration of SR following successful transthoracic

cardioversion has been found in dogs with naturally occurring AF. [28] Furthermore,

the presence of underlying heart disease, e.g. dilated cardiomyopathy or degenerative

mitral valve disease, had a negative effect on the maintenance of SR. [8, 28] Underly-

ing heart disease had however no effect on electrical cardioversion, [8] but its efficacy

is however difficult to compare with pharmacological cardioversion. Previous stud-

ies in goat report efficacy of some class IC and III anti-arrhythmic drugs during AF

progression in the goat model. [29, 30] The cardioversion efficacy of Flecainide and

Cibenzoline gradually declines from 60% and 80% after 1 week to 17% and 63% after

16 weeks of AF respectively. [30] In another study, SR could be restored in 80% of the

goat models after 1 month of AF by Dofetilide and AVE0118. However, the efficacy
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of cardioversion decreased to 50% after 3 months, to reach 0% efficacy from month 4

of AF onwards. [29] In our recent study, goats were induced in persistent AF for three

weeks and PA-6 treatment could restore SR. [16] Saunders et al., (2009) state ”it is gen-

erally not possible to ascertain how long a dog has had AF before diagnosis, but the

history is often assumed to be chronic”. Also in dogs treated here, the time point of

AF onset was unclear and time between diagnosis and PA-6 application was at least

3 weeks. For this reason, we hypothesize that chronic atrial remodeling processes, in-

cluding structural changes, may have contributed to the lack of efficacy for PA-6 to

promote successful cardioversion.

Absence of QRS widening and mild QTc prolongation are in accordance with our pre-

vious finding in experimental dogs at SR. [16] In that study however, no effect on

cardiac cycle length was found in dogs, in contrast to AF goats and the present study

in dogs that did present lengthening in cycle length.

Only three dogs did not present adverse effects. Adverse effects resemble to some ex-

tent barium infusion in experimental dogs, but unlike ectopy and respiratory distress,

pharyngeal or laryngeal stridor was not reported upon barium. [31] Barium is a potent

inhibitor of inward rectifier channels of the KIR family, but not confined to KIR2.x chan-

nels only. With respect to ECG analysis, premature ventricular contractions were seen

in 5 animals treated with PA-6 and presented the only arrhythmic events observed. IK1

channels contribute to resting membrane potential stability of the cardiomyocyte [32]

and its inhibition may therefore result in ventricular ectopy. Respiratory adverse ef-

fects, either respiratory distress, pharyngeal and laryngeal stridor, were the other ma-

jor class of adverse effects observed during PA-6 treatment. These may be explained

by the role of IK1 in skeletal muscle which includes the respiratory muscles, where IK1

stabilizes the resting membrane potential, its absolute value and contributes to repo-

larization. To the best of our knowledge, occurrence of stridor has not been associated

with IK1 current of barium chloride poisoning. Muscle twitch and weakness are likely

the result of skeletal muscle IK1 dysfunction.
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Conclusions

In awake large and giant dog breeds presenting chronic AF, PA-6 lacks efficacy for

cardioversion. Furthermore, PA-6 is not well tolerated in awake conditions and in-

duces premature ventricular contractions and respiratory distress. We propose that

subsequent clinical studies for PA-6 efficacy are being performed in anesthetized and

artificially ventilated patients presenting acute or paroxysmal AF only, which may cir-

cumvent main adverse effects and potentially allows for increasing dose of PA-6.
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Abstract

Background: The inward rectifier potassium current IK1 contributes to a stable resting

membrane potential and phase 3 repolarization of the cardiac action potential. KCNJ2

gain-of-function mutations V93I and D172N associate with increased IK1, short QT

syndrome type 3 and congenital atrial fibrillation. Pentamidine-Analogue 6 (PA-6) is

an efficient (IC50=14 nM with inside-out patch clamp methodology) and specific IK1

inhibitor that interacts with the cytoplasmic pore region of the KIR2.1 ion channel,

encoded by KCNJ2. At 10 µM, PA-6 increases wild-type (WT) KIR2.1 expression in

HEK293T cells upon chronic treatment. We hypothesized that PA-6 will interact with

and inhibit V93I and D172N KIR2.1 channels, whereas impact on channel expression

at the plasma membrane requires higher concentrations.

Methods: Molecular modelling was performed with the human KIR2.1 closed state

homology model using FlexX. WT and mutant KIR2.1 channels were expressed in

HEK293 cells. Patch-clamp single cell electrophysiology measurements were performed

in the whole cell and inside-out mode of the patch clamp method. KIR2.1 expression

level and localization were determined by western blot analysis and immunofluores-

cence microscopy, respectively.

Results: PA-6 docking in the V93I/D172N double mutant homology model of KIR2.1

demonstrated that mutations and drug-binding site are >30 Å apart. PA-6 inhibited

WT and V93I outward currents with similar potency (IC50=35.5 and 43.6 nM at +50

mV for WT and V93I), whereas D172N currents were less sensitive (IC50=128.9 nM at

+50 mV) using inside-out patch-clamp electrophysiology. In whole cell mode, 1 µM

of PA-6 inhibited outward IK1 at -50 mV by 28 ± 36%, 18 ± 20% and 10 ± 6%, for WT,

V93I and D172N channels respectively. Western blot analysis demonstrated that PA-6

(5 µM, 24 h) increased KIR2.1 expression levels of WT (6.3 ± 1.5 fold), and V93I (3.9

± 0.9) and D172N (4.8 ± 2.0) mutants. Immunofluorescent microscopy demonstrated

dose-dependent intracellular KIR2.1 accumulation following chronic PA-6 application

(24 h, 1 and 5 µM).

Conclusions: 1) KCNJ2 gain-of-function mutations V93I and D172N in the KIR2.1 ion

channel do not impair PA-6 mediated inhibition of IK1, 2) PA-6 elevates KIR2.1 protein

expression and induces intracellular KIR2.1 accumulation, 3) PA-6 is a strong candidate

for further preclinical evaluation in treatment of congenital SQT3 and AF.
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Introduction

In the heart, inward rectifier potassium currents (IK1) contribute to stabilization of the

resting membrane potential of contractile cardiomyocytes and participate in the fi-

nal phase of repolarization of the action potential. [1] Gain-of-function mutations in

the KCNJ2 gene, that encodes KIR2.1 protein underlying IK1, associate with ventricu-

lar (short QT syndrome type 3 (SQT3)) and atrial (congenital atrial fibrillation (AF))

phenotypes. D172N and K346T are linked to SQT3, whereas V93I associates with con-

genital AF. [2–4] E299V and M301K have been linked to both SQT3 and AF. [5, 6]

Congenital SQT syndrome is diagnosed in the presence of a QTc interval equal or less

than 330 ms, and may be diagnosed at a QTc of less than 360 ms when other con-

ditions apply, like a pathologic mutation or a family history of SQT. [7] Congenital

SQT can either be caused to excessive repolarization capacity (SQT1-3), or due to de-

creased depolarization capacity (SQT4-7), and is associated with high risk for sudden

cardiac death and therefore implantable cardioverter-defibrillator (ICD) implantation

is indicated. [8, 9] However, pharmacotherapy may be beneficial in patients that are

unsuitable for ICD therapy (e.g. young children), those that refuse ICD implantation

or for bridging the time to ICD implantation. [10] Some drugs are indeed able to in-

hibit currents produced by KV11.1, KV7.1 and KIR2.1 channels bearing gain-of-function

mutations associated with SQT1, SQT2 and SQT3, respectively. [11–14]

AF is associated with increased risk for stroke and heart failure. [15] Action potential

lengthening drugs, e.g targeting the delayed rectifier (IKr), or drugs increasing atrial

fibrillation cycle length (sodium current (INa) blockers), have the potential to counteract

AF. [16] Inhibition of the acetylcholine activated inward rectifier potassium current

(IKAch) channel, closely related to the IK1 channel, has been proposed as an effective

treatment in AF. [17] Also IK1 inhibiting compounds, like chloroquine, display anti-AF

activity in animal models. [18, 19]

We have developed a new IK1 inhibiting compound, named PA-6, recently. [20] Af-

ter crossing the plasma membrane, PA-6 can enter the IK1 channel from the cytoplas-

mic side, will bind to the channel by lipophilic interactions and hydrogen bonds to

residues E224, D259 and E299, and subsequently inhibits inward and outward potas-

sium current with an IC50 in the low nanomolar range. [20] Recently, we demonstrated
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that PA-6 lengthens action potential duration, atrial fibrillation cycle length and car-

dioverts goats with rapid pacing induced AF to sinus rhythm. [20, 21] Interestingly,

some ion channel inhibitors are able to increase channel expression, [20, 22] or restore

normal plasma membrane expression of trafficking defective mutant channels, [23–25]

probably by stabilizing the channel structure as a result of their direct interaction. Also

PA-6 is able to increase expression of wild-type (WT) KIR2.1 channels. [20]

We hypothesized that PA-6 inhibits IK1 channels that are formed by gain-of-function

KIR2.1 channel proteins and thus can be considered as a candidate drug in treating

SQT3 and congenital AF.

Materials and Methods

Molecular modelling

Docking of compound PA-6 was conducted using the previously constructed closed

state homology model of the human KIR2.1 channel. [20] In silico mutations of residues

V93I and D172N were generated with SwissPdbViewer. [26] Compound PA-6 was gen-

erated as described previously. [20] The docking program FlexX part of the LeadIT

software package version 2.0.1 (BioSolveIT GmbH, St Augustin, Germany) was used

for docking. The binding site was specified selecting the carboxylic acids of the Glu224

residues from all four subunits. The radius of the binding site was set to 20 Å. Default

settings of FlexX were applied for protonation and torsion angles. The ChemScore

scoring function of FlexX was applied and the top 10 docking solutions were saved for

analysis.

KCNJ2 constructs

Mutations V93I and D172N were engineered into a human KCNJ2-pcDNA3 expression

construct, [27] using the QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene,

La Jolla, CA) and custom designed primers. The presence of the introduced mutations

was confirmed by Sanger sequencing.
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Patch-clamp electrophysiology

HEK293T cells were transfected with WT, V93I or D172N constructs together with a

GFP expression construct to enable detection of transfected cells. Inside-out patch

clamp measurements were made using a HEKA EPC-10 Double Plus amplifier con-

trolled by PatchMaster 2.10 software (HEKA, Lambrecht/Pfalz, Germany) at 21 ◦C.

To record WT, V93I and D172N KIR2.1 currents, inside-out patch-clamp measurements

were performed using a ramp protocol ranging from -100 to +100 mV in 5 s from a

holding potential of -40 mV. Excised patches were placed in close proximity to the in-

flow region of the perfusion chamber. Bath solution contained 125 mM KCl, 4 mM

EDTA (2K), 7.2 mM K2HPO4, 2.8 mM KH2PO4, pH 7.20/KOH. Pipette solution con-

tained 145 mM KCl, 1 mM CaCl2, 5 mM HEPES, pH 7.40/KOH. Measurements were

started following washout of polyamines/Mg2+ from the channel pore observed by

the disappearance of current rectification. For IC50 curves, fractional block at -80 and

+50 mV was determined by dividing current levels obtained with PA-6 containing so-

lutions by current levels of control traces recorded in the absence of PA-6.

Whole cell patch clamp measurements were done as described before [28] using an

AxoPatch 200B amplifier controlled by pClamp9.2 software (Molecular devices, Sun-

nyvale, CA, USA) at 21 ◦C. Whole cell IKIR2.1 measurements were performed by apply-

ing 1 s test pulses ranging between −120 and +30 mV, in 10 mV increments, from a

holding potential of −40 mV, and with series resistance compensation of at least 70%.

Steady state current at the end of the pulse was normalized to cell capacitance and

plotted versus test potential (corrected for liquid junction potential). Extracellular so-

lution contained 140 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 6 mM glucose,

17.5 mM NaHCO3, 15 mM HEPES, pH7.4/NaOH. Pipette solution contained 125 mM

potassium gluconate, 10 mM KCl, 5 mM HEPES, 5 mM EGTA, 2 mM MgCl2, 0.6 mM

CaCl2, 4 mM Na2ATP, pH7.20/KOH. PA-6 (Fig. 1a) was custom synthesized by En-

dotherm GmbH (Saarbrücken, Germany).

Western blot

HEK293T cells were grown in 60 mm culture dishes containing 3 mL DMEM sup-

plemented with 10% FCS, L-Glutamine and Pen-Strep, and transfected using linear

polyethylenimine (PEI) (PolysciencesInc, Eppelheim, Germany) as described earlier.
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[29] Cell lysates were prepared in buffer D (20 mM HEPES, 125 mM NaCl, 10% glyc-

erol, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, and 1% Triton X-100, pH 7.6, sup-

plemented with 1 mM PMSF and 10 µg/mL aprotinin). 20 µg protein lysate was sepa-

rated by 10% SDS-PAGE and blotted onto nitrocellulose membrane. Ponceau staining

was used to reveal equal protein loading and subsequent quantification. Blots were

blocked with 5% (v/v) chicken egg yolk in TBST (20 mM Tris-HCl pH 8.0, 150 mM

NaCl, 0.05% (v/v) Tween-20) for 1h at room temperature. KIR2.1 WT and mutants

were detected by N-terminal KIR2.1 antibody (Santa Cruz Biotechnology, Dallas Tx,

USA, cat. No. sc-18708) and peroxidase-conjugated donkey anti-goat secondary anti-

body (Jackson ImmunoResearch, West Grove, PA, cat. No. 705-035-003) followed by

ECL detection procedure (GE Healthcare, Hoevelaken, The Netherlands). For quantifi-

cation purposes, untransfected HEK293T cells were used as blank and protein levels

were normalized to ponceau staining levels. Differences between group averages were

tested by using a one-way ANOVA with a Bonferroni’s post-hoc test.

Immunofluorescence microscopy

HEK293T and MES-1 cells were cultured on pre-coated (0.1% gelatin) glass coverslips

and transfected using Lipofectamin (Invitrogen, Breda, The Netherlands). Cell fixa-

tion, immunolabeling and imaging were performed exactly as described earlier. [29]

Antibodies used were anti-KIR2.l (1:250; Santa Cruz Biotechnology, cat. no. sc-18708)

and anti-Pan Cadherin (1:800, Sigma-Aldrich, St. Louis MO, USA, cat. No. C1821).

HEK293T cells were imaged by confocal microscopy using a Zeiss LSM 700 confocal

microscope (Carl Zeiss Microscopy GmbH, Germany) equipped with a 63x oil immer-

sion objective (NA 1.4). Excitation was performed with an air-cooled Argon ion laser

(LASOS, RMC 7812Z, 488 nm) for GFP and a HeNE (LASOS, SAN 7450A, 543 nm)

laser for DyLight. MES-1 cells were imaged using a conventional Nikon eclipse 80i

light microscopy equipped with a 40x objective (NA 0.75).
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Results

V93I and D172N mutations do not interfere with the PA-6 KIR2.1 chan-
nel interaction

To determine whether V93I or D172N mutations in the KIR2.1 channel may interfere

with PA-6 current block, mutations and PA-6 channel interaction were modelled. Fig.

1B shows the docking result of PA-6 into the V93I/D172N double mutant homology

model of KIR2.1. The results demonstrate that these mutations are unlikely to influence

binding of PA-6 to the previously identified binding site in the cytoplasmic domain.

[20] Both mutations are located in the transmembrane domain and thus >30 Å away

from the binding site.

PA-6 inhibits inward rectifier currents carried by V93I and D172N mu-
tant KIR2.1 channels

To determine the functional effects of PA-6 on the KIR2.1 gain-of-function mutant chan-

nels, expression constructs were transiently transfected into HEK293T cells. Currents

were measured in the inside-out mode, to allow for direct access of PA-6 to the cy-

toplasmic channel pore, of the patch-clamp technique using a ramp-protocol from -

100 to +100 mV. PA-6 dose dependently inhibited inward rectifier inward (at -80 mV)

and outward (at +50 mV) currents carried by WT, V93I and D172N KIR2.1 channels

(Fig. 2A). A small voltage dependency of block was observed for WT and both mutant

channels as reflected in small, but not significant, changes in IC50 values obtained at

-80 and +50 mV for each KIR2.1 type. Interestingly, in contrast to WT and V93I, D172N

outward current was less sensitive for PA-6 block than inward current. Whereas WT

and V93I displayed virtually identical dose dependent block (IC50 of 52.9 and 58.0 nM

at -80 mV and 35.5 and 43.6 nM at +50 mV for WT and V93I channels respectively),

D172N channels were approximately two to three fold less sensitive (IC50 109.3 nM at

-80 mV and 128.9 nM at +50 mV) (Fig. 2B).

Using the whole cell mode of the patch clamp technique, gain-of-function of D172N

mutant became apparent as a change in the rectification index ((1-(outward current
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Figure 1 

a 

b 

Figure 1. (A) Chemical structure of PA-6 (drawn in Accelrys Draw 4.1). (B) Com-
pound PA-6 docked into a homology model of KIR2.1. Three subunits are shown in
side view; the fourth is removed for clarity. The location of mutations V93I (M1 he-
lix) and D172N (M2 helix) are depicted in spheres representation. PA-6, bound to the
cytoplasmic domain, is shown as cyan spheres. Nitrogen atoms are coloured blue,
oxygen atoms are shown in red. Approximate membrane boundaries are indicated as

black dotted lines. The figure was generated with Pymol.
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at -40 mV divided by inward current at -100 mV)), [30] not correct for liquid junc-

tion potential) from 0.83 ± 0.11 (n=9, mean ± s.d.) for WT channels to 0.70 ± 0.06

(n=10, P<0.01) in D172N channels (Fig. 3A), in accordance with earlier findings. [2]

No change in rectification index of V93I (0.87 ± 0.09, n=10, n.s.) was found. In ad-

dition, whereas PA-6 sensitivity was decreased in the whole cell mode, compared to

the inside-out mode no differences were observed between WT and mutant channels

(Fig. 3B). In the presence of 1 µM of PA-6, a non-significant (n.s.) reduction of outward

IK1 at -50 mV by 28 ± 36%, 18 ± 20% and 10 ± 6%, for WT, V93I and D172N channels

respectively was observed. At 3 µM, PA-6 significantly inhibited IK1 at -50 mV by 94 ±

6% (P<0.05), 77 ± 29% (P<0.05) and 86 ± 7% (P<0.01), for WT, V93I and D172N chan-

nels, respectively. For the inward current at -110 mV, 1 and 3 µM PA-6 inhibited IK1

by 30 ± 16% (n.s.) and 68 ± 15% (P<0.01), 28 ± 14% (P<0.05) and 64 ± 4% (P<0.001),

30 ± 10% (n.s.) and 83 ± 1% (P<0.01) for WT, V93I and D172N channels, respectively.

We conclude that in the whole cell mode, PA-6 inhibits WT, V93I and D172N channels

with similar efficacy resulting in IC50 values between 1 and 3 µM.

V93I and D172N mutations do not affect PA-6 mediated increase in
KIR2.1 expression and intracellular accumulation

When applied at concentrations of 10 µM, PA-6 is able to enhance expression of WT

KIR2.1 in cells stably expressing GFP-tagged KIR2.1. [20] To assess the effects of PA-6

on expression of WT and mutant channels in transiently transfected HEK293T cells,

cultures were treated with 0, 0.2, 1 and 5 µM PA-6 for 24 h after which expression

levels were detected by Western blot analysis. PA-6 treatment increased KIR2.1 expres-

sion levels for all three variants (Fig. 4A). Strongest responses were obtained with 5

µM PA-6 added to the medium that reached significance for WT (p < 0.001) and V931

(P < 0.01) whereas a trend was observed for D172N (p = 0.09) (Fig. 4B). Lower concen-

trations of PA-6 did not result in significant increased expression.

To detect the subcellular location of the WT, V93I and D172N channels following PA-

6 application, confocal immunofluorescent microscopy was performed in HEK293T

cells. In non-treated control cells, both WT and mutant channels were mainly ex-

pressed at the plasma membrane, where they demonstrate co-localisation with Cad-

herin (Fig. 5 left column), whereas PA-6 treatment (1 µM) for 24 h induced an intracel-

lular increase of the channel proteins in small aggregates, irrespectively whether these
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Figure 2 

a

b

Figure 2. PA-6 dose dependently inhibits IK1 currents carried by homotypic wild-type
(WT), V93I and D172N KIR2.1 channels measured in the inside out mode. (A) Steady
state KIR2.1 current traces from WT, V93I and D172N KIR2.1 channel containing inside-
out patches elicited by a voltage ramp protocol from -100 to 100 mV, under baseline
conditions (C) and upon application of 10, 100 and 1000 nM of PA-6. Measurements
were performed using symmetrical high potassium concentrations at both sides of
the patch. (B) IC50 curves of PA-6 for the inward (at -80 mV) and outward (at +50
mV) KIR2.1 currents of WT (n=10), V93I (n=9) and D172N (n=11) channel containing

patches. Error bars indicate s.e.m.

are WT or mutant (Fig. 5, middle column). PA-6 treatment at 5 µM for 24 further in-

creased the level of intracellular accumulation (Fig. 5, right column). To exclude any

potential effect of cell-type specific response, immune detection was also performed

in the mesoderm-like cell line MES-1 as shown previously [29] which yielded similar

responses (Fig. 6). In control cells, WT and mutant channels were localized mainly at

the plasma membrane, whereas 5 µM of PA-6 (24 h) resulted in intracellular accumu-

lation, in a fashion similar as for chloroquine although the latter treatment resulted in

aggregates more equally in size. [27, 31]
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a 

b 
WT 

V93I 

D172N 

Figure 3 Figure 3. PA-6 dose dependently inhibits IK1 currents carried by homotypic wild-type
(WT), V93I and D172N KIR2.1 channels in the whole cell mode. (A) Comparison of
whole cell IV-curves obtained from HEK293 cells expressing WT (closed circles), V93I
(open squares) or D172N (closed triangles) KIR2.1 channels. Currents were elicited by
1 s test pulses ranging between −120 and +30 mV, in 10 mV increments and correct for
liquid junction potential. (B) Whole cell steady state current IV-curves from WT, V93I
and D172N KIR2.1 channels expressed in HEK293 under control (closed circles), 1 µM

PA-6 (open squares) and 3 µM PA-6 conditions. Voltage protocol as in panel A.
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Figure 4. PA-6 application for 24 h increases WT, V93I and D172N KIR2.1 channel
expression. (A) Dose-dependent (0-5 µM) effect of 24 h exposure to PA-6 on HEK293T
cells transiently transfected with WT, V93I and D172N KIR2.1 channels. NT indicates
non-transfected cells. Ponceau staining was used as loading control for quantification
(B) Summarized quantification data from WT (n=11 independent western blots), V93I
(n=11) and D172N (n=13) are shown in mean ± s.e.m. *** P < 0.001 vs. control, **

P < 0.01 vs. control, #P=0.09 vs. control.
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Figure 5. PA-6 treatment for 24 h induces intracellular KIR2.1 accumulation of WT,
V93I and D172N channel proteins in HEK293T cells. Confocal microscopy optical
slices (0.7-0.8 µm) displaying KIR2.1 (green) localisation in HEK293T cells transfected
with WT, V93A and D172N channels under control conditions and following 24 h of
PA-6 (1 and 5 µM). Cadherin (red) co-staining identifies the position of the plasma

membrane. DAPI (blue) is used to visualize nuclei. Scale bars represent 10 µm.
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Figure 6. PA-6 treatment for 24 h induces intracellular KIR2.1 accumulation of WT,
V93I and D172N channel proteins in MES-1 cells. Whole cell KIR2.1 (green) and Cad-
herin (red) localization in MES-1 cells transfected with WT, V93I or D172N channels
in non-treated (control), PA-6 (5 µM, 24 h) or chloroquine (10 µM, 24 h) conditions
imaged by conventional fluorescent microscopy. DAPI (blue) was used to identify

nuclei. Scale bars represent 10 µm.
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Discussion

Due to the high risk of sudden cardiac death, ICD implantation is indicated in congeni-

tal SQT patients. However, pharmacological treatment is warranted in young children

not amenable for ICD implantation, in patients refusing an ICD and as a bridge to ICD

therapy. [10] In congenital SQT patients, responsiveness of the QTc interval towards

class IC and class III antiarrhythmics were unsatisfactory. SQT patients did not show

anticipated responses to flecainide, d-sotalol or ibutilide. [32,33] Only hydroquinidine

was able to prolong QTc to borderline or normal duration. [32,33] Short QT syndrome

type 1 (SQT1) results from gain-of-function mutations in the KV11.1 (hERG) channel

encoded by the KCNH2 gene, and is the best studied SQT subtype with respect to

pharmacological treatment. The N588K gain-of-function mutation appears a hotspot

in SQT1. Interestingly, N558K channels were less sensitive for Class III antiarrhythmics

like d-sotalol, [34] and E-4031 (11-fold). [11] Accordingly, d-sotalol was unable to pro-

long the QT interval in SQT1 N558K patients. [34] In contrast, disopyramide (1.5-fold)

and hydroquinidine (3.5-fold) displayed smaller differences in IC50 values for WT and

N558K KV11.1 channels, respectively. Clinical studies indeed showed favourable re-

sponses to hydroquinidine in SQT1 , [33–35] whereas QTc prolongation in non-KV11.1

SQT patients was smaller. [33] The SQT2 associated mutation V307L in the KV7.1 chan-

nel was shown to be equally sensitive for mefloquine as its WT variant, on which basis

the authors suggested that this drug may be an effective treatment strategy in this pa-

tient population. [14] Interestingly, the same V307L mutation increased the IC50 value

for the KV7.1 inhibitor Chromanol293B by 7-fold, [36] indicating again that a mutation

specific pharmacological approach is favourable. The SQT3 associated D172N muta-

tion in KIR2.1 was equally sensitive for chloroquine (1.2-3.3 µM) as its WT counterpart

(1.4-2.4 µM) measured in the whole cell mode. [12,13] Here we demonstrate that upon

acute superfusion, PA-6 is also able to inhibit D172N mutant KIR2.1 channel with an

IC50 only two to three fold higher than that of WT channels, measured in the inside-

out mode, and that potency of inhibition of the V93I channel was similar as for WT. In

the whole cell mode, acute PA-6 superfusion inhibits WT, V93I and D172N with simi-

lar efficacy. Therefore, PA-6 could potentially be effective in addressing SQT3 and AF

associated with each of these two mutations.

In contrast to PA-6, chloroquine suffers from lack of specificity as it significantly in-

hibits delayed rectifier (IKr), sodium (INa) and l-type calcium (ICa−L) currents. [20, 37]
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Upon long-term exposure however, both chloroquine and PA-6 are able to increase

KIR2.1 channel expression. [20, 27, 31, 38] However, due to its lower potency, the con-

centrations at which chloroquine affected trafficking (5 µM) are slightly closer to its

IC50 for acute blockade than seen for PA-6. Furthermore, the majority of PA-6 induced

increase of KIR2.1 channel expression as detected by Western blot upon chronic ex-

posure results from intracellular accumulation instead of functional channels at the

plasma membrane.

The acute channel inhibiting effect of a drug may or may be not be correlated with

its chronic effect on ion channel expression. For example, pentamidine inhibits the

KIR2.1 channel acutely and decreases KIR2.1 expression upon chronic treatment, [38,

39] but its structural derivative PA-6 inhibits KIR2.1 currents acutely while it increases

channel expression chronically as shown here and previously. [20] In the former case,

both drug effects are additive and maybe synergistic. In the case of PA-6, acute and

chronic effects are opposite, but at 1 and 3 µM, the acute effects on current inhibition are

stronger than the increases in channel expression levels upon chronic exposure. Only

upon acute termination of PA-6 application, the effects on expression may temporarily

prevail over the acute blocking effect (or absence thereof) resulting in enhanced IK1.

Limitations

The effects of PA-6 on WT, V93I and D172N KIR2.1 channels have only been tested in

ectopic expression systems and therefore the effects of their blockade on cardiac action

potential characteristics could not be evaluated.

Conclusions

In the KIR2.1 ion channel, V93I and D172N gain-of-function mutations do not blunt

the inhibitory capacity of PA-6. PA-6 application results in enhanced KIR2.1 protein

expression, mainly localized in intracellular aggregates. From our findings presented

here, we conclude that PA-6 may be considered for further preclinical evaluation for

treatment of congenital SQT3 and AF.
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Abstract

Drug-induced ion channel trafficking disturbance can cause cardiac arrhythmias. The

subcellular level at which drugs interfere in trafficking pathways is largely unknown.

KIR2.1 inward rectifier channels, largely responsible for the cardiac inward rectifier cur-

rent (IK1), are degraded in lysosomes. Amiodarone and dronedarone are class III an-

tiarrhythmics. Chronic use of amiodarone, and to a lesser extent dronedarone, causes

serious adverse effects to several organs and tissue types, including the heart. Both

drugs have been described to interfere in the late-endosome/lysosome system. Here

we defined the potential interference in KIR2.1 backward trafficking by amiodarone

and dronedarone. Both drugs inhibited IK1 in isolated rabbit ventricular cardiomy-

ocytes at supraclinical doses only. In HK-KWGF cells, both drugs dose- and time-

dependently increased KIR2.1 expression (2.0 ± 0.2-fold with amiodarone: 10 µM, 24

hrs; 2.3 ± 0.3-fold with dronedarone: 5 µM, 24 hrs) and late-endosomal/lysosomal

KIR2.1 accumulation. Increased KIR2.1 expression level was also observed in the pres-

ence of Nav1.5 co-expression. Augmented KIR2.1 protein levels and intracellular accu-

mulation were also observed in COS-7, END-2, MES-1 and EPI-7 cells. Both drugs had

no effect on KV11.1 ion channel protein expression levels. Finally, amiodarone (73.3

± 10.3%, P < 0.05 at 120 mV, 5 µM) enhanced IKIR2.1 upon 24-hrs treatment, whereas

dronedarone tended to increase IKIR2.1 and it did not reach significance (43.8 ± 5.5%,

P = 0.26 at 120 mV; 2 µM). We conclude that chronic amiodarone, and potentially also

dronedarone, treatment can result in enhanced IK1 by inhibiting KIR2.1 degradation.
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Introduction

Proper ion channel expression and function is one of the cornerstones of normal heart

function. Unequal ion distribution between the intra-and extracellular compartment

in concert with ion specific voltage-sensitive channels in the plasma membrane deter-

mines action potential formation. The stable and negative resting membrane potential

in between action potentials results from the activity of the inward rectifying ion chan-

nels of the KCNJ gene family. [1] In the heart, the KIR2.1 channel protein, encoded by

KCNJ2, is the main contributor to ventricular IK1. KIR2.1 loss of function has been as-

sociated with Andersen-Tawil syndrome, characterized by action potential prolonga-

tion, and thus QT-lengthening on the ECG. Furthermore, patients experience periodic

paralysis and mild episodes of cardiac arrhythmia. [2] In contrast, gain-of-function

mutations are associated with QT shortening and atrial fibrillation. [3] Besides its im-

portant function in the heart, KIR2.1 proteins also contribute to inward rectifier currents

in skeletal and smooth muscle, and several neuronal cell types. [4] In Andersen-Tawil

syndrome patients, association with the occurrence of increased U-waves on the ECG

has been found. [5] Pharmacological inhibition of KCNJ channels by barium has also

been associated with more apparent U-waves. [6] In a study on the presence and am-

plitudes of U-waves associated with loss- and gain-of-function mutations in KCNJ2

patients at normokalemic conditions, the authors speculate that at least a part of the

U-wave is inversely correlated with the amount of IK1. [7]

KIR2.1 ion channel trafficking is a strictly regulated process that can be divided in for-

ward (anterograde; towards the plasmamembrane) and backward (retrograde; from

the plasmamembrane) trafficking events. [8] KIR2.1 channels become internalized via

a clathrin mediated pathway and subsequently travel towards the lysosome, where

the channels ultimately become degraded via an initial discrete cleavage step that re-

moves the N-terminus. [9, 10] Interference in lysosomal degradation and upstream

trafficking events by specific inhibitors results in increased KIR2.1 expression levels,

and most likely by saturation of the endocytotic machinery, also in increased IK1 den-

sities. [9, 10] Also clinical drugs can have significant effects on ion channel trafficking

and this can lead to severe adverse effects. [8] Among the variety of affected channel

proteins, the KIR2.1 channel internalization and degradation is sensitive for distur-

bances by, although old, clinical drugs like chlorpromazine and chloroquine. [9–11]
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Amiodarone is a class III antiarrhythmic, based on the benzofuran structure used in

atrial and ventricular fibrillation therapy. [12] Amiodarone is a multichannel blocker

affecting delayed rectifier IKr, sodium channel and L-type calcium currents. Amio-

darone therapy is known for its many adverse effects on the ocular, neurological der-

matological, thyroid, gastrointestinal, pulmonary, cardiac and liver systems. [13–15]

Some studies demonstrate detrimental effects of amiodarone on cargo trafficking through

the late endosome/lysosome compartments, which could partly explain the plethora

of side effects. [16–18] Amiodarone has been shown to inhibit the degradation of lung

surfactant protein A in vitro and in vivo. [16] Dronedarone is a synthetic analogue of

amiodarone developed to preserve antiarrhythmic properties with less adverse effects,

especially thyroid and pulmonary toxicity. [19] Compared to amiodarone, dronedarone

is less lipophilic and has a much shorter half-life (1-2 vs. 30-55 days). Neverthe-

less, also dronedarone appears to interfere in normal late-endosome/lysosome func-

tion. [17] Chronic amiodarone therapy has been associated with the appearance of

prominent U-waves, [20–22] which may allude to a potential disturbance of IK1. Cur-

rently it is unknown whether amiodarone and dronedarone interfere in the process of

KIR2.1 trafficking, in particular its degradation, which was therefore investigated in

the current study.

Materials and methods

Rabbit ventricular cardiomyocyte isolation

Animal care and experimental procedures were in accordance with the ’European Di-

rective for the Protection of Vertebrate animals used for Experimental and Scientific

Purpose, European Community Directive 2010/63/EU’ and were approved by the

Committee for Experiments on Animals of the Utrecht University, the Netherlands.

Ventricular rabbit cardiomyocytes were isolated by enzymatic digestion using a Lan-

gendorff set-up identical to that described previously. [23]
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Cell culture

HEK293 cells expressing C-terminal GFP-tagged murine KIR2.1 (HK-KWGF cells) were

cultured as described before. [9, 24] Mouse P19 embryonal carcinoma derived germ

layer cell lines END-2, MES-1 and EPI-7 cells, [25, 26] COS-7, HEK293T, HEK-hERG

[27] and Ex-293 [28] cells were cultured in DMEM (Lonza, Breda, The Netherlands)

supplemented with 10% FCS (Sigma-Aldrich, Zwijndrecht, The Netherlands), 2 mM L-

glutamine (Lonza), and 50 U/ml penicillin and 50 mg/ml streptomycin (both Lonza).

In time course experiments, cells were seeded and harvested on identical days.

In COS-7 western blot experiments, cells were transfected using linear polyethylen-

imine (PEI). In short, PEI (Mw 25,000 Polysciences Inc, Eppelheim, Germany) was

dissolved in water at 0.323 g/L. PEI solution was subsequently adjusted to pH 8.0,

sterilized using filtration and freeze-thawed four times. Aliquots of PEI stock solution

were stored at -20 ◦C. For each transfection 2.5 µg plasmid DNA was added to a 150

mM NaCl solution, total volume 150 µL. 20 µL of PEI stock solution was also added to

a 150 mM NaCl solution, total volume 150 µL. Both solutions were mixed, incubated at

room temperature for 20 minutes and subsequently added to the cells. Medium was re-

placed at 16 hours post-transfection. In immunofluorescence microsopy experiments,

HEK293T, END-2, MES-1 and EPI-7 cells were transfected with human KIR2.1+Rab7-

GFP or KIR2.1 alone using Lipofectamine (Invitrogen, Breda, The Netherlands) accord-

ing to the manufacturer’s protocol.

Drugs

Amiodarone (cat. no. 8357 lot AR20569) and dronedarone (cat. no. SR33589B lot 7963)

(both Sanofi Recherche, Montpellier, France) were dissolved in DMSO at 50 mM.

Immunohistochemistry and confocal microscopy

HK-KWGF cells were cultured on ∅ 15 mm cover slips, pre-coated with poly-L-Lysine

(Sigma). END-2, MES-1, EPI-7 and HEK293T cells were cultured on ∅ 15 mm cover

slips, pre-coated with 0.1% gelatin. Cells were rinsed with PBS supplemented with 1

mM Ca2+ and 1 mM Mg2+ and fixed with 3% paraformaldehyde, pH 7.4. Permeabi-

lization was performed with 0.5% Triton X-100 in PBS and 50 mM PBS-glycine was
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used as quenching agent. To block non-specific interaction sites NET-gel was applied

on the cells. Then cells were incubated overnight with the primary antibodies KIR2.1

(for END-2, MES-1, EPI-7 and HEK293t cells (1:250; Santa Cruz Biotechnology, cat.

no. sc-18708), LAMP-1 (1:200; BD Bioscience Pharmingen) or EEA1 (1:1000; BD Bio-

science Pharmingen) (both for HK-KWGF cells) in NET-gel. Cell nuclei were stained

with 40,6-diamidino-2-phenylindole (DAPI) (1:50.000; Molecular Probes) during sec-

ondary antibody incubation. A five times 5 minutes wash step procedure was done

with NET-gel before and after incubation with donkey-anti-mouse DyLight secondary

antibody (1:250; Jackson Immunoresearch laboratories Inc., West Baltimore Pike West

Grove, PA, USA) or donkey-anti-goat-Alexa Red (1:400; Jackson Immunoresearch lab-

oratories Inc.). The cover slips were mounted with Vectashield (Vector Laboratories

Inc. Burlingame, CA, USA) and confocal images were obtained using a Zeiss Axiovert

200M confocal microscope (Carl Zeiss Microscopy GmbH, Germany) equipped with

a 63x water immersion objective (NA 1.2) plus 2x digital zoom. Excitation was per-

formed with an air-cooled Argon ion laser (LASOS, RMC 7812Z, 488 nm) for GFP and a

HeNE (LASOS, SAN 7450A, 543 nm) laser for DyLight. Colocalization between KIR2.1-

GFP, EEA1, and LAMP-1, and KIR2.1 and Rab7-GFP, was quantified by determining the

Pearson coefficient (r) with the Costes automated threshold method provided by the

JACoB plugin for the ImageJ software. [29]

Western blotting

Following treatment, cells were harvested in lysis buffer (20 mM HEPES, pH 7.6,

125 mM NaCl, 10% (v/v) glycerol, 1 mM EDTA, 1 mM EGTA, 1 mM Dithiothreitol,

1% (v/v) Triton X-100). Subsequently, 20 µg protein lysate was separated by 7% or

10% SDS-PAGE and blotted onto nitrocellulose membrane. Blots were blocked with

5% (w/v) non-fat milk powder for detection with GFP-antibody (1:500; Santa Cruz

Biotechnology, cat. no. sc9996) or KV11.1 antibody (1:3000; Alomone Labs, cat. no.

APC062) or 5% egg yolk (v/v) for KIR2.1 antibody (1:250; Santa Cruz Biotechnology,

cat. no. sc-18708) in TBST (20 mM Tris-Cl, pH 8.0, 150 mM NaCl, 0.05% (v/v) Tween-

20) for 1 h at room temperature. Donkey anti-Mouse or anti-Goat (Jackson ImmunoRe-

search, West Grove, PA, USA, cat. nos. 715-065-137 and 705-035-003, respectively)

horse radish peroxidase secondary antibody were subsequently used. Standard ECL

Prime procedure was used for final detection (GE Healthcare Life Sciences, Eindhoven,

The Netherlands).
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Electrophysiology

In ventricular rabbit cells, IK1 was measured by patch clamp experiments in whole-cell

mode using an Axon amplifier controlled by pClamp9.2 software (Molecular Devices,

Sunnyvale, CA, USA). Experiments were done at 37 ◦C using temperature control (Cell

MicroControls, Norfolk, VA, USA). Cardiomyocytes were put in the chamber and su-

perfused with normal Tyrode’s solution (mM) (140 NaCl, 5 KCl, 6 HEPES, 6 Glucose,

1.8 CaCl2, 1 MgCl2, pH 7.4 with NaOH). Borosilicate glass pipettes were made with a

Sutter P-2000 puller (Sutter Instrument, Novato, CA, US) and had a pipette resistant

of 2-3 MΩ when filled with pipette solution (mM) (110 KCl, 10 EGTA, 10 HEPES, 4

K2-ATP, 5.17 CaCl2, 1.42 MgCl2, pH 7.2 with KOH). The voltage protocol for IK1 mea-

surements was as follows; holding potential was set to -80 mV, and a prepulse at -40

mV for 200 ms was applied to inactivate native sodium current. IK1 was elicited by 1-s

step pulses from -120 mV to 30 mV by 10 mV step increments.

HK-KWGF cells were grown on 0.1% gelatin (Biorad, Veenendaal, The Netherlands)

coated ∅ 12 mm cover slips. IKIR2.1 from single cells was recorded in whole cell voltage

clamp mode using an Axopatch 200B amplifier and a Digidata 1322A digitizer and

recorded with pCLAMP 9.2 software. Signals were low-pass filtered at 2 kHz and

sampled at 4 kHz. Measurements were performed at 37 ◦C in a temperature controlled

perfusion chamber filled with tyrode solution containing (in mM) NaCl 140, KCl 5.4,

CaCl2 1.8, MgCl2 1, Glucose 6, HEPES 6, pH 7.4/NaOH. Pipettes were pulled on a

Sutter Instrument P-2000 laser micropipette puller and had a resistance of 1.5-3 MΩ

when filled with pipette solution, containing (in mM) K-Gluconate 125, KCl 10, EGTA

5, CaCl2 0.6, MgCl2 2, HEPES 5, Na2ATP 4, pH 7.2/KOH. HK-KWGF cells were kept

at a holding potential of -40 mV and 1 s test pulses were applied ranging from -120 mV

to +30 mV with increments of 10 mV.

Steady state currents from both cell types were analyzed using Clampfit 9.2 software

(Molecular Devices, Sunnyvale, CA, USA) and corrected for membrane capacitance to

determine current density.

Statistics

Data were analyzed using GraphPad Prism version 6.00 for Windows (GraphPad Soft-

ware, La Jolla California USA) or Origin 8 (Microcal Software, Northampton, MA,
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the United States) for rabbit cardiomyocyte measurements. For normally distributed

data, Student’s t-test or ANOVA for paired samples with Tukey’s HSD post-hoc or

Bonferroni correction for multiple comparisons were used, while nonparametric data

were analyzed using Wilcoxon rank-sum test and Friedman’s test with Dunn’s multi-

ple comparison test. Results are presented as mean ± S.E.M. Values of P < 0.05 were

considered significant.

Results

Amiodarone and dronedarone are known to have IK1 blocking capacities in guinea pig

ventricular cardiomyocytes, [30,31] albeit that their respectively IC50 values of >20 µM

and >30 µM are beyond maximal plasma levels obtained from patients (approximately

5 µM for amiodarone and 0.3 µM for dronedarone). [19, 32] Using rabbit ventricular

cardiomyocytes we were able to confirm these results as depicted in Fig. 1A, B. Block at

-120 mV was 17.0 ± 1.4%, 25.4 ± 4.0% and 54.3 ± 7.2% for 5, 10 and 50 µM amiodarone,

respectively. Outward current block at -80 mV was 17.5 ± 2.3% and 35.7 ± 6.0% for 10

and 50 µM amiodarone, respectively. Similar levels of inhibition were observed with

dronedarone (block at -120 mV of 17.6 ± 2.5%, 28.4 ± 3.6% and 46.2 ± 6.3%; block at -80

mV of 2.3 ± 0.3%, 15.1 ± 2.8% and 40.1 ± 7.0% for 1, 5 and 20 µM, respectively).

We next assessed effects of chronic treatment with amiodarone and dronedarone on

KIR2.1 expression in our previously described model system for KIR2.1 channel traf-

ficking, HK-KWGF cells. [9–11] Both amiodarone and dronedarone resulted in dose-

dependent increase in total KIR2.1 expression as established by western blotting (Fig.

2A, B). In these assays, the strongest effects were reached with 20 µM amiodarone (2.9

± 0.2- fold) and 10 µM dronedarone (6.1 ± 1.5), respectively. No effects on mRNA levels

were found by quantitative-PCR (1.00 ± 0.02 vs 0.92 ± 0.02 and 1.02 ± 0.01 for control,

10 µM amiodarone and 5 µM dronedarone, respectively). In contrast, amiodarone and

dronedarone were unable to increase mature and immature KV11.1 expression in sta-

bly transfected HEK293 cells (Fig. 2C, D).

Finally, we tested whether increased KIR2.1 expression levels are dependent upon co-

expression of Nav1.5 expression, a cardiac ion channel that has previously been shown

to associate with KIR2.1 and which combined expression demonstrates reciprocal mod-

ulation. [33] Ex-293 cells, a HEK293 cell line both expressing KIR2.1 and Nav1.5, [28]
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Figure 1. Acute application of supraclinical concentrations of amiodarone and
dronedarone inhibit IK1 in rabbit left ventricular cardiomyocytes. (A) IK1 cur-
rentvoltage relationships cardiomyocytes superfused with 5 µM (triangles, N=6),
10 µM (squares, N=7) and 50 µM (diamonds, N=6) amiodarone (A) display dose-
dependent decreases in IK1 reaching significance for 50 µM (at -120 and -110 mV)
only. C depicts time-matched controls (N=10). (B) IK1 currentvoltage relationships
cardiomyocytes superfused with 1 µM (triangles, N=5), 5 µM (squares, N=8) and 20
µM (diamonds, N=6) dronedarone (D) display dose-dependent decreases in IK1 reach-
ing significance for 20 µM (at -120, -110 and -100 mV) only. C depicts time-matched

controls (N=11). *P < 0.05
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Figure 2 
Figure 2. Amiodarone and dronedarone induce dose-dependent increases in KIR2.1-
GFP expression, independent of Nav1.5 expression whereas KV11.1 expression levels
are not affected. (A, B) Western blot analysis of KIR2.1-GFP expression in HK-KWGF
cells treated with 2, 5, 10 or 20 µM amiodarone or 2, 5 or 10 µM dronedarone for 24
h. C indicates control (untreated) cells. Ponceau staining is used as loading control.
Averaged data from eight (amiodarone) and seven (dronedarone) independent exper-
iments respectively, are depicted in bargraphs in the lower part of both panels. (C,
D) Western blot analysis of KV11.1 expression in HEK-hERG cells treated with 2, 5,
10 or 20 µM amiodarone or 2, 5 or 10 µM dronedarone for 24 h. C indicates control
(untreated) cells. Ponceau staining is used as loading control. Averaged data from
three independent experiments are depicted in bargraphs in the lower part of both
panels. (E, F) Western blot analysis of KIR2.1 expression in Ex293 cells treated with 2,
5, 10 or 20 µM amiodarone or 2, 5 or 10 µM dronedarone for 24 h. C indicates control
(untreated) cells. Ponceau staining is used as loading control. Averaged data from
three (amiodarone) and five (dronedarone) independent experiments are depicted in

bargraphs in the lower part of both panels. *P < 0.05; ***P < 0.001.
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displayed a dose-dependent increase in KIR2.1 expression upon treatment with either

amiodarone or dronedarone (Fig. 2E, F). Strongest effects were observed with 20 µM

amiodarone (3.4 ± 1.2- fold) and 10 µM dronedarone (14.44 ± 6.0).

To determine whether the increased KIR2.1-GFP expression levels is cell line specific or

depends on the GFP tag, experiments were repeated in transiently transfected COS-7

cells. Under these conditions, similar effects were seen for amiodarone and dronedarone

on the non-tagged human KIR2.1 (Fig. 3A, B). Strongest effects in COS-7 cells were ob-

served with 20 µM amiodarone (3.4 ± 0.6 fold) and 10 µM dronedarone (4.5 ± 0.7).
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Figure 3. Amiodarone and dronedarone induce dose-dependent increases in KIR2.1
expression in COS-7 cells. (A, B) Western blot analysis of KIR2.1 expression in COS-7
cells treated with 2, 5, 10 or 20 µM amiodarone or 2, 5 or 10 µM dronedarone for 24
h. C indicates control (untreated) cells. Ponceau staining is used as loading control.
Averaged data from three independent experiments are depicted in bargraphs in the

lower part of both panels. *P < 0.05; **P < 0.01; ***P < 0.001.

Significant enhanced expression of KIR2.1 in HK-KWGF cells was seen from 4 hours
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following drug application. Maximal response rates were observed after 4 to 6 hours

(Fig. 4A, B). Immunofluorescence microscopy revealed dose-dependent accumulation
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Figure 4. (A, B)Amiodarone and dronedarone induce time-dependent increases in
KIR2.1-GFP expression. Western blot analysis of KIR2.1-GFP expression in HK-KWGF
cells treated for 1, 2, 4, 6 and 24 hours with 10 µM amiodarone or 5 µM dronedarone. C
indicates control (untreated) cells. Ponceau staining is used as loading control. Aver-
aged data from eight (amiodarone) and ten (dronedarone) independent experiments
respectively, are shown in bargraphs in the lower part of both panels. *P < 0.05;

**P < 0.01; ***P < 0.001.

of KIR2.1-GFP (Fig. 5A) in a pattern resembling that of Bafilomycin A1 and Choro-

quine treatment. [10] No intracellular accumulation was seen with 2 µM amiodarone

or dronedarone, while relatively small aggregates were seen with 5 µM amiodarone

and large aggregates were observed with 10 µM amiodarone or 5 µM dronedarone

(Fig. 5A). In order to exclude that KIR2.1-GFP accumulation in response to amiodarone

and dronedarone is cell type specific or depends on the GFP tag, we made use of

mouse P19 embryonal carcinoma derived END-2, MES-1 and EPI-7 cells representing

the three different germlayers, [34] that were transiently transfected with non-tagged

human KIR2.1. Amiodarone at 10 µM induced clear intracellular aggregates similar as

observed in HK-KWGF cells (Fig. 5B). Furthermore, dronedarone at 5 µM induced in-

tracellular KIR2.1 accumulation in MES-1 cells. In END-2 and EPI-7 cells, dronedarone
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appeared to induce larger aggregates (Fig. 5B).

An increase in KIR2.1-GFP co-staining for lysosomes (LAMP1) was observed follow-

ing 10 µM amiodarone or 5 µM dronedarone (pearson coefficient 0.13 ± 0.02, 0.56 ±

0.03 (p < 0.05) and 0.58 ± 0.01 (p < 0.05) for control, 10 µM amiodarone and 5 µM

dronedarone, respectively) (Fig. 6A). Costaining for early endosomes (EEA1) revealed

no increase in colocalization following 10 µM amiodarone (0.10 ± 0.06 vs. 0.18 ± 0.07

(n.s.) for control and 10 µM amiodarone) (Fig. 6B). In cells cotransfected with non-

tagged KIR2.1 and Rab7-GFP (late endosome), no change in colocalization was ob-

served in response to 10 µM amiodarone or 5 µM dronedarone (pearson coefficient

0.49 ± 0.08, 0.54 ± 0.06 (n.s.) and 0.51 ± 0.07 (n.s.) for control, 10 µM amiodarone and 5

µM dronedarone respectively) (Fig. 6C).

We suggested that the intracellular accumulation of KIR2.1-GFP protein could result

in saturation of upstream trafficking pathways which may result in enhanced current

levels, as seen before with the lysosomal inhibitor chloroquine [9] and the clathrin-

mediated internalization inhibitor dynasore. [10] Cells were treated for 24 hrs with

either 2 µM dronedarone or 5 µM amiodarone, and IK1 densities were compared to their

non-treated counterparts (Fig. 7A and B). Chronic dronedarone treatment resulted

in a slight trend towards increased IKIR2.1 densities for the inward (43.8 ± 5.5%, P =

0.26 at 120 mV) and a non-significant increase in outward (32.0 ± 7.8%, P = 0.83 at 60

mV) current components. 24-hrs treatment with amiodarone resulted in a significant

increase in the inward current component at 120, 110 and 100 mV of 73.3 ± 10.3%, 78.0

± 10.9% and 84.4 ± 11.5%, respectively, whereas a non-significant increased outward

current (75.9 ± 24.9%, P = 0.38 at 60 mV) was observed.
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Figure 5. Amiodarone and dronedarone induce dose-dependent intracellular KIR2.1
accumulation. (A) KIR2.1-GFP localization in control (C) (untreated) and HK-KWGF
cells treated for 24 h with 2 (D2) or 5 (D5) µM dronedarone, or 2 (A2), 5 (A5) or 10
(A10) µM amiodarone. (B) KIR2.1 localization in control (C) (untreated) and END-2,
MES-1 and EPI-7 cells treated for 24 h with 10 (A10) µM amiodarone or 5 µM (D5)

dronedarone. Scale bars represent 5 µm.
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Figure 6. (A) Costaining of KIR2.1-GFP and LAMP1 in control (untreated) and cells
treated with 10 µM amiodarone (A10) or 5 µM dronedarone (D5). Merged pictures
are presented in color. Individual staining patterns of the boxed parts are given in the
lower six panels in b/w. Red arrows indicate regions of colocalization. Pearson coeffi-
cient of co-localization is presented as bars on the right. (B) Costaining of KIR2.1-GFP
(green) and EEA1 (red) in control (untreated) and cells treated with 10 µM amiodarone
(A10). Individual staining patterns of the boxed parts are given in the right panels in
b/w. Pearson coefficient of co-localization is presented as bars on the right. (C) Co-
staining of KIR2.1 (red) and Rab7-GFP (green) in control (untreated) and cells treated
with 10 µM amiodarone (A10) or 5 µM dronedarone (D5). Individual staining pat-
terns of the boxed parts are given in the lower six panels in b/w. Pearson coefficient
of co-localization is presented as bars on the right. Scale bars represent 5 µm. *P < 0.05
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Figure 7. 24 h treatment with amiodarone and dronedarone increases functional KIR2.l
expression. (A) Current-voltage relationship of IKIR2.1 in control cells (C) (filled circles,
N=14) and cells treated with either 2 µM dronedarone (D) (crosses, N=15) or 5 µM
amiodarone (A) (triangles, N=13). *Amiodarone effects reach significance (P < 0.05) at
-120, -110 and -100 mV. (B) Enlargement of panel A from membrane voltage between
-90 and -30 mV indicating a trend in outward current increase upon amiodarone and

dronedarone treatment. *P < 0.05

Discussion

Amiodarone is known for its hepatic and pulmonary adverse effects in patients. This

is associated with the occurrence of lysosomal structural abnormalities such as lamel-

lar lysosomal inclusion bodies. [35, 36] Less is known on the effects of amiodarone on

muscle cell lysosome morphology and function. Several case reports demonstrate the

occurrence of skeletal muscle vacuolarization with or without the presence of inclu-

sion bodies upon chronic amiodarone therapy, interpreted as lysosomal defects by the

authors. [37,38] In myocardial fibres from the left and right ventricle, and right atrium

derived from dogs chronically treated with amiodarone, abnormal lysosomal struc-

tures with often dense lamellar inclusion bodies were found. [39] Similar ’autophagic

vacuoles’ were observed in isolated rat ventricular myocytes chronically treated with

amiodarone in vitro. [40, 41] Morissette et al. demonstrated that amiodarone appli-

cation resulted in vacuolar sequestration and evolved towards persistent macroau-

tophagy in macrophages, smooth muscle cells and HEK293 cells. [42] Dronedarone
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shows strong similarities to amiodarone with respect to induction of the formation of

cellular vacuoles containing lamellar bodies (lysosomal structures) as demonstrated in

alveolar macrophages. [43]

We found that amiodarone and dronedarone treatment increased KIR2.1 expression

and intracellular accumulation, most likely in late endosomes and lysosomes, in sev-

eral different cell lines. Interestingly, compared with chloroquine treatment that results

in lysosomal accumulation of full-length and a discrete N-terminally cleaved KIR2.1

protein, only accumulation of the full-length product is seen with amiodarone and

dronedarone. Therefore, either the majority of the KIR2.1 accumulates in pre-lysosomal

compartments, which is in line with the findings of Picolli et al. [17] who describe that

amiodarone and dronedarone do not affect early endosome function, but interferes in

the late compartments of the endocytotic pathway, or these compounds interfere in

protease function responsible for the N-terminal KIR2.1 cleavage. The latter explana-

tion is in line with findings of Buratta et al. [44] who describe that specific cathepsins

display altered processing in some cell types upon amiodarone treatment. Whatever

the exact mechanism, our findings for KIR2.1 are in line with those of Baritussio et

al., [16] who demonstrated that amiodarone inhibits surfactant protein A degradation

that normally takes place in the lysosomal compartment.

As amiodarone treatment correlates with the induction of autophagocytosis, espe-

cially upon longer treatment (>24 hrs), we cannot exclude the possibility that a part

of the intracellular KIR2.1 accumulation occurs in non-functioning, due to the amio-

darone and dronedarone acid buffering capacity, macroautophagosomes. [42] This

may contribute to the observed colocalization of KIR2.1 with LAMP-1. Finally, ex-

pression level of the KV11.1 potassium channel protein is not increased by amiodarone

or dronedarone, once more demonstrating channel specificity in trafficking pathways

and their (patho)physiological regulation. [45]

When considering potassium ion channel trafficking with respect to the action of amio-

darone and dronedarone, only few data are available in the literature. Taniguchi et

al. [46] found no effect of amiodarone on IKs channel trafficking in Chinese hamster

ovary cells. In the hERG-Lite assay, [47] amiodarone inhibits hERG surface expression

which may result from impaired forward or enhanced backward trafficking or trans-

lation interference. We and others showed that backward trafficking of hERG and

KIR2.1 channels follows different pathways, which makes them react differently to a

number of drugs. [11] We showed that amiodarone and dronedarone also affect KIR2.1
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trafficking differently than that for hERG channels. In cardiomyocytes isolated from

guinea pigs treated with amiodarone for 7 days, decreased IK1, IKs and IKr densities

were found. [48] In contrast, in cardiomyocytes from mice treated with amiodarone

for 6 weeks, no differences in IK1 densities, in neither KCNJ2 nor KCNJ12 transcript

levels, were observed. [49] For now, it is unclear to what extent and by what mecha-

nisms amiodarone and dronedarone affect potassium ion channel trafficking in vivo

which warrants future research.
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par l’amiodarone. Arzneimittelforschung. 1971; 21:1535-1541.

[21] Rosenbaum MB, Chiale PA, Ryba D, Elizari MV. Control of tachyarrhythmias as-

sociated with Wolff-Parkinson-White syndrome by amiodarone hydrochloride.

Am J Cardiol. 1974; 34:215-223.

[22] Rosenbaum MB, Chiale PA, Halpern MS, Nau GJ, Przybylski J, Levi RJ, Lázzari

JO, Elizari MV. Clinical efficacy of amiodarone as an antiarrhythmic agent. Am J

Cardiol. 1976; 38:934-944

[23] Nalos L, Varkevisser R, Jonsson MK, Houtman MJ, Beekman JD, van der Nagel

R, Thomsen MB, Duker G, Sartipy P, de Boer TP, Peschar M, Rook MB, van Veen

TA, van der Heyden MA, Vos MA. Comparison of the IKr blockers moxifloxacin,

dofetilide and E-4031 in five screening models of pro-arrhythmia reveals lack of

specificity of isolated cardiomyocytes. Br J Pharmacol. 2012; 165:467-478.

[24] de Boer TP, van Veen TA, Houtman MJ, Jansen JA, van Amersfoorth SC, Doeven-

dans PA, Vos MA, van der Heyden MA. Inhibition of cardiomyocyte automaticity

by electrotonic application of inward rectifier current from KIR2.1 expressing cells.

Med Biol Eng Comput. 2006; 44:537-542.

[25] Mummery CL, Feijen A, van der Saag PT, van den Brink CE, de Laat SW.

Clonal variants of differentiated P19 embryonal carcinoma cells exhibit epider-

mal growth factor receptor kinase activity. Dev Biol. 1985: 109:402410.

[26] Mummery CL, Feijen A, Moolenaar WH, van den Brink CE, de Laat SW. Establish-

ment of a differentiated mesodermal line from P19 EC cells expressing functional

PDGF and EGF receptors. Exp Cell Res. 1986; 165:229242.

[27] Zhou Z, Gong Q, Epstein ML, January CT. HERG channel dysfunction in human

long QT syndrome. Intracellular transport and functional defects. J Biol Chem.

1998; 273:2106121066.



138 Reference

[28] Kirkton RD, Bursac N. Engineering biosynthetic excitable tissues from unex-

citable cells for electrophysiological and cell therapy studies. Nat Commun. 2011;

2: 300.

[29] Bolte S, Cordelières FP. A guided tour into subcellular colocalization analysis in

light microscopy. J Microsc. 2006; 224:213-232.

[30] Sato R, Koumi S, Singer DH, Hisatome I, Jia H, Eager S, Wasserstrom JA. Amio-

darone blocks the inward rectifier potassium channel in isolated guinea pig ven-

tricular cells. J Pharmacol Exp Ther. 1994; 269:1213-1219.

[31] Gautier P, Guillemare E, Marion A, Bertrand JP, Tourneur Y, Nisato D. Electro-

physiologic characterization of dronedarone in guinea pig ventricular cells. J Car-

diovasc Pharmacol. 2003; 41:191-202.

[32] Holt DW, Tucker GT, Jackson PR, Storey GC. Amiodarone pharmacokinetics. Am

Heart J. 1983; 106:840-847.

[33] Milstein ML, Musa H, Balbuena DP, Anumonwo JM, Auerbach DS, Furspan PB,

Hou L, Hu B, Schumacher SM, Vaidyanathan R, Martens JR, Jalife J. Dynamic reci-

procity of sodium and potassium channel expression in a macromolecular com-

plex controls cardiac excitability and arrhythmia. Proc Natl Acad Sci USA. 2012;

109:E21342143.

[34] Van der Heyden MA, Defize LH. Twenty one years of P19 cells: what an embry-

onal carcinoma cell line taught us about cardiomyocyte differentiation. Cardio-

vasc Res. 2003; 58:292-302.

[35] Lewis JH, Mullick F, Ishak KG, Ranard RC, Ragsdale B, Perse RM, Rusnock EJ,

Wolke A, Benjamin SB, Seeff LB, et al. Histopathologic analysis of suspected amio-

darone hepatotoxicity. Hum Pathol. 1990; 21:59-67.

[36] Papiris SA, Triantafillidou C, Kolilekas L, Markoulaki D, Manali ED. Amiodarone:

Review on pulmonary effects and toxicity. Drug Saf. 2010; 33: 539-558.

[37] Meier C, Kauer B, Müller U, Ludin HP. Neuromyopathy during chronic amio-

darone treatment. J Neurol. 1979; 220:231-239.

[38] Fernando Roth R, Itabashi H, Louie J, Anderson T, Narahara KA. Amiodarone

toxicity: myopathy and neuropathy. Am Heart J. 1990; 119:1223-1225.



Reference 139

[39] Gross SA, Somani P. Amiodarone-induced ultrastructural changes in canine my-

ocardial fibers. Am Heart J. 1986; 112:771-779.

[40] Yang YZ, Yang XY, Guo Q, Jin PY, Chen HZ, Shen JY, Pen BZ, Gong ZX, Chen

WZ. Cytotoxic effects of changrolin, lidocaine and amiodarone on ultrastructure

of cultured rat beating cardiac myocytes. Acta Pharmacol Sin. 1989; 10:46-48.

[41] Nag AC, Lee ML, Shepard D. Effect of amiodarone on the expression of myosin

isoforms and cellular growth of cardiac muscle cells in culture. Circ Res. 1990;

67:51-60.

[42] Morissette G, Ammoury A, Rusu D, Marguery MC, Lodge R, Poubelle PE,

Marceau F. Intracellular sequestration of amiodarone: role of vacuolar ATPase

and macroautophagic transition of the resulting vacuolar cytopathology. Br J

Pharmacol. 2009; 157:1531-1540.

[43] Quaglino D, Ha HR, Duner E, Bruttomesso D, Bigler L, Follath F, Realdi G, Pette-

nazzo A, Baritussio A. Effects of metabolites and analogs of amiodarone on alve-

olar macrophages: structure-activity relationship. Am J Physiol Lung Cell Mol

Physiol. 2004; 287:L438-447.

[44] Buratta S, Urbanelli L, Ferrara G, Sagini K, Goracci L, Emiliani C. A role of the

autophagy regulator Transcription Factor EB in amiodarone-induced phospho-

lipidosis. Biochem Pharmacol. 2015; 95:201-209.

[45] Varkevisser R, Houtman MJ, Linder T, de Git KC, Beekman HD, Tidwell RR, Ijz-

erman AP, Stary-Weinzinger A, Vos MA, van der Heyden MA. Structure-activity

relationships of pentamidine-affected ion channel trafficking and dofetilide me-

diated rescue. Br J Pharmacol. 2013; 169:1322-1334.

[46] Taniguchi T, Uesugi M, Arai T, Yoshinaga T, Miyamoto N, Sawada K. Chronic

probucol treatment decreases the slow component of the delayed-rectifier potas-

sium current in CHO cells transfected with KCNQ1 and KCNE1: a novel mecha-

nism of QT prolongation. J Cardiovasc Pharmacol. 2012; 59:377-386.

[47] Wible BA, Hawryluk P, Ficker E, Kuryshev YA, Kirsch G, Brown AM. HERG-Lite:

a novel comprehensive high-throughput screen for drug-induced hERG risk. J

Pharmacol Toxicol Methods. 2005; 52:136-145.



140 Reference

[48] Bosch RF, Li GR, Gaspo R, Nattel S. Electrophysiologic effects of chronic amio-

darone therapy and hypothyroidism, alone and in combination, on guinea pig

ventricular myocytes. J Pharmacol Exp Ther. 1999; 289:156-165.

[49] Le Bouter S, El Harchi A, Marionneau C, Bellocq C, Chambellan A, van Veen

T, Boixel C, Gavillet B, Abriel H, Le Quang K, Chevalier JC, Lande G, Léger JJ,
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Abstract

Introduction: KV11.1 (hERG) channels play a critical role in repolarization of car-

diomyocytes during the cardiac action potential (AP). Drug mediated KV11.1 blockade

results in AP prolongation which poses an increased risk of sudden cardiac death. An

increasing number of drugs, like pentamidine, that lack direct channel blocking ability

are now known to interfere with normal KV11.1 forward trafficking and thus reduce

functional KV11.1 channel densities. Class III antiarrhythmics, e.g. dofetilide, are able

to rescue congenital and acquired forward trafficking defects and it is found that chan-

nel inhibition potency correlates with rescue efficacy. Therefore, dofetilide-induced

rescue is counteracted by direct channel block.

Purpose: To develop a non-channel blocking pharmacological corrector for congenital

and acquired KV11.1 trafficking defects.

Methods: LUF7244 was custom synthesized. KV11.1 current (IKV11.1) current in HEK-

hERG cells was measured by whole cell patch clamp. AP characteristics were de-

termined in isolated sinus rhythm (SR) and chronic complete atrioventricular block

(cAVB) dog ventricular cardiomyocytes by patch clamp electrophysiology. KV11.1

channel trafficking (maturation) was determined by western blot and immuno-fluores-

cence microscopy using hKV11.1 antibody in HEK-hERG cells (KV11.1/hERG wild

type (WT)) and G601S cells (trafficking-deficient KV11.1).

Results: Application of 0.5 µM, 3 µM and 10 µM LUF7244 increased Ikv11.1 by 8.0-, 9.6-

and 12- fold, respectively. Importantly, LUF7244 antagonized dofetilide-induced Ikv11.1

inhibition. LUF7244 shortened AP duration in canine ventricular cardiomyocytes; (-

0.15 ± 0.09, -0.53 ± 0.17 and -0.63 ± 0.13 fold in SR cells; -0.16±0.10, -0.43 ± 0.18 and -0.41

± 0.14 fold in cAVB dog cells for 0.5, 3 and 10µM LUF7244, respectively). 1, 3 and 10

µM LUF7244 suppressed dofetilide-induced early-after-depolarization in 27% (n=11),

71% (n=17) and 88% (n=8) of SR and 0% (n=5), 40% (n=5) and 44.4% (n=9) of cAVB

cells. LUF7244 treatment at 0.1 and 1 µM for 48 h did not disturb WT or G601S KV11.1

trafficking. Pentamidine decreased mature WT KV11.1 levels (0.45 ± 0.14 vs. 1.00 (con-

trol)), which was rescued by 10 µM dofetilide (0.81 ± 0.16) or 10 µM dofetilide + 5 µM

LUF7244 (0.84 ± 0.18). In G601S KV11.1 cells, dofetilide (10 µM) or dofetilide+LUF7244

(10+3 µM) restored KV11.1 trafficking as demonstrated by western blot (1.09 ± 0.07 and

0.76 ± 0.08 fold respectively) and immunofluorescence microscopy.
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Conclusions: LUF7244 increases Ikv11.1 and shortens the cardiac AP. LUF7244 counter-

acts dofetilide-induced AP prolongation and early-after-depolarization. LUF7244 does

not interfere in dofetilide-mediated rescue of aberrant KV11.1 trafficking. LUF7244 un-

couples dofetilide-mediated KV11.1 trafficking rescue from its direct channel blockade.
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Introduction

Human KV11.1 potassium ion channels (also known as human ether-à-go-go related

gene (hERG) channels) stand at the basis of the rapidly activating delayed rectifier

current (IKr) which is involved in phase three repolarization of the action potential

(AP) in working cardiomyocytes. [1] Interference with normal IKr function can either

shorten (gain-of-function) or prolong (loss-of-function) the process of ventricular re-

polarization as evident from QT-shortening or lengthening respectively, on the elec-

trocardiogram (ECG). [1] IKr inhibition in human and large animal models, e.g. by

the class III agent dofetilide, is associated strongly with life threatening ventricular

arrhythmias. [2–4] Fundamentally different mechanisms of IKr inhibition have been

identified: 1) direct inhibition of potassium flow through the channel and 2) decreased

plasma membrane expression of channel proteins, which both can result from muta-

tions (de novo or congenital) or environmental factors (acquired, mostly drugs). [5, 6]

For these reasons, cardiac safety assessment of new chemical entities and preclinical

drugs still has a strong focus on KV11.1 channel function [7] and mainly aims at de-

tection of semiacute pore block. Interestingly, the far majority (approximately 90%

of 167 tested) of congenital KV11.1 loss-of-function missense mutations result in traf-

ficking defects as a cause of IKr impairment. [8, 9] For example, the G601S missense

mutation in KV11.1, located in the S5-pore helix linker, results in reduced expression of

functional IKr leading to hypomorphic LQT2. [10] Also a significant number of drugs

(>40% of 100 tested) limit expression of KV11.1 at the plasma membrane by inhibit-

ing its forward trafficking, with our without concomitant pore block. [11] The anti-

trypanosomiasis/leishmanias drug pentamidine is currently in use by us and others

as a KV11.1 trafficking inhibitor without acute channel inhibition. [12–18] Pentamidine

inhibits KV11.1 forward trafficking at the level of endoplasmic reticulum exit in a pro-

cess that involves the high affinity drug binding site F656. [19] As a result, cells mainly

express intracellularly localized core-glycosylated KV11.1 with an apparent Mw of 135

kDa.

High affinity KV11.1 pore blockers such as E4031, dofetilide, cisapride and astemizole

are able to rescue trafficking defects caused by either mutations or drugs. [10,16,20,21]

This will result in KV11.1 maturation seen as a fully glycosylated protein with an ap-

parent Mw of 155 kDa. The underlying mechanisms have not been clarified com-

pletely thus far, although it is found that channel inhibition potency correlates with
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rescue efficacy and that drug-channel interactions via high affinity binding sites are

essential. [10,16,21,22] Furthermore, EC50 values for rescue are generally much higher

than IC50 values for acute pore block. [10, 19] Therefore, this strategy will not result

in rescue of IKr function as long as the high affinity blocker remains present whereas

its withdrawal will briefly increase current but will not solve the trafficking defects on

a long term. Negative allosteric KV11.1 modulators have been developed as a strat-

egy to counteract undesired IKr blockade and thus potentially could ”save” numerous

preclinical drugs with proven IKr liability. [23–25] Allosteric modulators interact with

the KV11.1 channel at a site different than that used by the high affinity inhibitors, and

thereby modulate binding affinities for the canonical binding site of the latter. We have

developed the negative allosteric modulator LUF7244, which indeed is able to counter-

act drug induced action potential prolongation and proarrhythmia. [24,26] Application

of 10 µM LUF7244 decreased the affinity of KV11.1 for cisapride, astemizole, dofetilide

and sertindole by 4.0-, 3.8-, 3.2-, and 2.2-fold, respectively. [24] We hypothesized that

LUF7244 would not interfere in KV11.1 trafficking, and more importantly, would also

not interfere in dofetilide-mediated rescue of defective forward trafficking, and thus

potentially could uncouple dofetilide mediated rescue of trafficking from its IKr block-

ade.

Here we show that LUF7244 dose-dependently increases IKv11.1 in HEK293 cells, short-

ens action potential duration and counteracts dofetilide-induced early after depolar-

izations in isolated canine cardiomyocytes, whereas it does not interfere in normal

KV11.1 trafficking or dofetilide-mediated rescue of congenital or acquired trafficking

defects in HEK293 cells.

Materials and Methods

Chemicals

LUF7244 was custom synthesized at the Division of Medicinal Chemistry, Leiden Aca-

demic Centre for Drug Research, Leiden University, The Netherlands as described

earlier, [24] dissolved in DMSO at 100 mM and stored at -20 ◦C. Dofetilide was pur-

chased from Sigma-Aldrich (Zwijndrecht, The Netherlands) and dissolved at 10 mM in
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DMSO and stored at -20 ◦C. Pentamidine-isethionate (Pentacarinatr 300, Sanofi Aven-

tis, Gouda, The Netherlands) was dissolved in water to provide a stock solution of 100

mM, sterilized by filtration (0.22 µm), aliquoted and stored at -20◦C until use.

Cells

Animal care and experimental procedures were in accordance with the ’European Di-

rective for the Protection of Vertebrate animals used for Experimental and Scientific

Purpose, European Community Directive 2010/63/EU’ and were approved by the

Committee for Experiments on Animals of the Utrecht University, the Netherlands.

Left ventricular cardiomyocytes from chronic complete atrioventricular block (cAVB)

dogs and adult healthy dogs were isolated as described previously, [27] and used for

APD recordings. HEK-hERG cells, which is the stable HEK293 cell line expressing

human KV11.1 protein, and hERG-G601S cells (stable HEK293 cell line expressing for-

ward trafficking deficient KV11.1 protein) were obtained from C. January (University

of Wisconsin, Madison. WI, USA) and B. Delisle (University of Kentucky, Lexington,

KY, USA).

Patch clamp electrophysiology

HEK-hERG and hERG-G601S cells were grown on 12 mm glass cover slips and placed

in a perfusion chamber (Cell Microcontrols, Norfolk, USA). KV11.1 current was recorded

by patch clamp experiments in whole cell mode using an Axopatch 200B amplifier

controlled by the pClamp10.0 software. Experiments were performed at room tem-

perature. To record KV11.1 current in HEK-hERG cells, the whole cell voltage clamp

measurements were performed using the pulse protocol ranging from -80 mV to +60

mV for 4000 ms followed by a 5000 ms deactivation pulse at -50 mV. Control bath per-

fusion solution contained (mM): 140 NaCl, 4 KCl, 10 HEPES, 2 CaCl2, 1 MgCl2 (pH 7.4,

NaOH), and the pipette filling solution contained (mM): 10 EGTA, 110 KCl, 10 HEPES,

4 K2-ATP, 5.17 CaCl2 and 1.42 MgCl2 (pH 7.2, KOH).

Action potentials were measured in isolated sinus rhythm (SR) and cAVB dog ven-

tricular cardiomyocytes by using whole-cell current clamp mode with 2 ms current

injections at 0.5 Hz and recorded with the same software as for KV11.1 current. Short-

term variability (STV) values were determined as described previously. [27] All APD
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recordings were measured at 37◦C using a temperature-controlled perfusion chamber

(Cell Micorocontrols). For AP recordings on dog cardiomyocytes, normal tyrode’s so-

lution (mM) was used: 137 NaCl, 5.4 KCl, 1.8 CaCl2, 0.5 MgCl2, 11.8 HEPES, 10 glucose,

pH 7.4 with NaOH. Pipette solution contained (mM): 10 NaCl, 130 KCl, 10 HEPES, 5

MgATP, 0.5 MgCl2, pH 7.2/KOH. For dog cardiomyocytes, EADs generally occurred

after the start of 1 uM Dofetilide infusion, subsequently three different concentrations

of LUF7244 were tested for suppression of EAD formation. For the prevention exper-

iment, same doses of LUF7244 as for the suppression experiment, directly infused on

cardiomyocytes, were used.

Western blot

HEK-hERG and hERG-G601S cells were cultured in 60 mm dishes in DMEM supple-

mented with 10% FCS. Cell lysates were prepared in buffer D (20 mM HEPES, 125 mM

NaCl, 10% glycerol, 1 mM EGTA, 1 mM dithiothreitol, 1 mM EDTA and 1% Triton

X-100, pH 7.6) supplemented with 1 mM PMSF and 10 µg/mL aprotinin. 25 µg pro-

tein lysate was mixed with Laemmli sample buffer, separated by 7% SDS-PAGE and

blotted onto a nitrocellulose membrane. Ponceau staining was used to reveal equal

protein loading and subsequent quantification. Blots were blocked with 5% milk pow-

der dissolved in TBST (20 mM Tris-HCl; PH8.0, 150 mM NaCl, 0.05% Tween-20 (v/v))

for 1h at room temperature. KV11.1 protein was detected by polyclonal anti-hKV11.1

primary antibody (cat. no. APC-062; Alomone Labs, Jerusalem, Israel) and peroxidase-

conjugated anti-rabbit secondary antibody. Final detection was performed with a stan-

dard ECL procedure.

Immunofluorescence microscopy

hERG-G601S cells were grown on 15 mm cover slips, coated with poly-L-Lysine, fix-

ated with 3% paraformaldehyde dissolved in PBS containing 1 mM Ca2+ and 1 mM

Mg2+, pH 7.4. Permeabilization was performed with 0.5% Triton X-100 in PBS and 50

mM glycine-PBS was used as quenching agent, cells were subsequently blocked with

NET-gel (150 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl, pH 7.4, 0.05% Igepal, 0.25%

gelatin, 0.02% NaN3). Then the cells were incubated with polyclonal anti-hKV11.1

(1:3000, APC-062, Alomone Labs) or anti-Pan-cadherin (1:800, Sigma-Aldrich) primary
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antibody overnight in NET-gel, followed by incubation with secondary antibody of

anti-rabbit Fitc (Jackson ImmunResearch Laboratories Inc) and anti-mouse alexa red

(Jackson ImmunResearch Laboratories Inc) for 2 h.

Statistics

All averages values are expressed as mean ± standard deviation (SD). All statistical

analyses were carried out by using SPSS version 21 and Graphpad Prism version 5.

A difference was regarded significant if P < 0.05. Differences among groups were

evaluated using one-way ANOVA with Tukey’s HSD post-hoc or Bonferroni test.

Results

LUF7244 increases IKv11.1 in HEK-hERG cells

To determine the functional effects of LUF7244 on the KV11.1 current, three concentra-

tions of LUF7244 (0.5 µM, 3 µM and 10 µM) were applied during patch clamp electro-

physiology. LUF7244 dose dependently increased the steady state current at the end of

the depolarizing pulse, and blunted rapid inactivation during the depolarizing voltage

steps. Furthermore, LUF7244 altered tail-current kinetics upon the deactivation pulse

(Figure 1).

LUF7244 shortens APD and suppresses EADs in isolated canine car-
diomyocytes

In isolated canine cardiomyocytes, LUF7244 dose dependently shortened APD90 (-

0.15 ± 0.09, -0.53 ± 0.16 and -0.63 ± 0.13 fold in SR cells; -0.16 ± 0.10, -0.43 ± 0.18 and

-0.41 ± 0.14 fold in cAVB cells) and decreased STV (-0.28 ± 0.23, -0.85 ± 0.11 and -0.87

± 0.08 fold in SR cells; -0.28 ± 0.32, -0.67 ± 0.30 and -0.70 ± 0.15 fold in cAVB cells for

0.5, 3 and 10 µM of LUF7244, respectively) (Figure 2A). In SR cells, 1, 3 and 10 µM

LUF7244 suppressed dofetilide-induced (1 M) early-after-depolarization EADs in 27%

(n=11), 71% (n=17) and 88% (n=8) of the cardiomyocytes, respectively (Figure 2B). In
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Baseline 0.5 μM LUF7244

Baseline 3 μM LUF7244

Baseline 10 μM LUF7244

-80 mV

+60 mV

-50 mV

Figure 1. LUF7244 increases steady state KV11.1 current. Examples of KV11.1 cur-
rents under baseline conditions and following subsequent infusion of 0.5, 3 and 10

µM LUF7244. Stimulation protocol is shown at top left panel.
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cAVB cells, 1, 3 and 10 µM LUF7244 suppressed dofetilide-induced EADs in 0% (n=5),

40% (n=5) and 44.4% (n=9), respectively (Figure 2C).

LUF7244 has no effect on KV11.1 forward trafficking and does not in-
terfere in dofetilide mediated rescue of pentamidine-induced traffick-
ing defects

Application of LUF7244 (0.05, 0.1, 1, 3 and 5µM) for 48 h did not significantly af-

fect KV11.1 ratio’s of mature/immature protein as shown in Figure 3A. We demon-

strated earlier that dofetilide rescues pentamidine-induced KV11.1 forward trafficking

defects. [16] To determine if LUF7244 can restore mature KV11.1 expression, different

concentrations of LUF7244 were applied to HEK-hERG cells in the continuous pres-

ence of 10 µM pentamidine. However, treatment with LUF7244 up to 5 µM did not

restore mature KV11.1 protein levels (0.67 ± 0.16 vs. 0.13 ± 0.08, ns, n = 3, Figure 3B).

Since LUF7244 by itself could not restore normal forward KV11.1 channel trafficking,

did not affect trafficking by itself, and was found to counteract dofetilide mediated

IKr blockade, we questioned whether LUF7244 would influence dofetilide mediated

rescue of pentamidine induced trafficking defects. To test this hypothesis, the same

dose range of LUF7244 was applied in combination with 10 µM dofetilide and 10 µM

pentamidine. Interestingly, pentamidine decreased mature WT KV11.1 protein (0.20 ±

0.08 vs. 0.48 ± 0.05 (control)), which was rescued by 10 µM dofetilide (0.40 ± 0.08 vs.

0.20 ± 0.08) but also by the combination of 10 µM dofetilide and 5 µM LUF7244 (0.48 ±

0.09 vs. 0.20 ± 0.08) (Figure 3C).

LUF7244 and Dofetilide rescue KV11.1 maturation

In order to test the effects of LUF7244 on a congenital KV11.1 loss-of-function mis-

sense mutation resulting in defective forward trafficking, we co-applied five different

concentrations of LUF7244 and 1 µM dofetilide on hERG-G601S cells. Trafficking defi-

ciency was observed by Western blots in which the channel protein was apparent as a

single 135 kDa core-glycosylated immature protein (Figure 4A). After 48 h administra-

tion of LUF7244 (0.05, 0.1, 1, 3 and 5 µM), mature KV11.1 protein levels were not change

compared with control (Figure 4A), whereas application of 10 µM dofetilide greatly in-

creased mature protein expression. Finally, 10 µM dofetilide combined with LUF7244
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Figure 2

A

B

C

Figure 2. LUF7244 shortens APD and counteracts dofetilide-induced EADs in iso-
lated cardiomycocytes. (A) Example of LUF7244 induced shortening of APD in an
isolated cAVB cardiomyocyte (left). Summarized results of LUF7244 application to
SR and cAVB cardiomycocytes. In cAVB cardiomyocytes, n=20, 17 and 16 cells were
treated with 0.5, 3 and 10 µM LUF7244, respectively. In SR cardiomyocytes, n=11,
13 and 14 cells were treated with 0.5, 3 and 10 µM LUF7244, respectively (middle).
LUF7244 dose dependent decreases short-term variability (STV) (right). (B) Example
of 1 µM dofetilide-induced EAD in an isolated cAVB cardiomyocyte and its suppres-
sion by LUF7244 (left). Summarized results of LUF7244 (1, 3 and 10 µM) suppression
of dofetilide-induced APD prolongation and EADs in SR cardiomyocytes (middle,
right). Numbers (x/y) depict number of cells without EADs (x) from a total number of
cells showing EADs upon dofetilide only (y). (C) 1, 3 and 10 µM LUF7244 suppresses
dofetilide-induced APD prolongation (left) and EADs (right) in cAVB cardiomyocytes.

Numbers (x/y) as in panel B. *indicates P < 0.05 versus baseline recording.
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- +        +          - - - - - Pentamidine (10 μM)      

- - +          - - - - - Dofetilide (1 μM)      

- - - 0.05     0.1        1        3          5        LUF7244 (μM)   

Mature Kv11.1
Immature Kv11.1

- - +         - - - - - Dofetilide (1 μM)      

- - - 0.05     0.1     1         3        5         LUF7244 (μM)      

- +         +         +         +        + +        +        Pentamidine (10 μM)      

Mature Kv11.1
Immature Kv11.1

- - +         +         +        +        +        +        Dofetilide (1 μM)      

- - - 0.05     0.1       1        3        5        LUF7244 (μM)      

- +        +         +         +        +        +        +        Pentamidine (10 μM)      

Mature Kv11.1
Immature Kv11.1

***

**** **** **** **** **** ****

****

A

B

C

Figure 3. LUF7244 alone has no effect on KV11.1 trafficking and does not disturb
dofetilide-mediated rescue of forward trafficking. (A) Western blot showing that treat-
ment of pentamidine-exposed (10 µM, 48 h) in HEK-hERG cells with 1 µM dofetilide
restored mature KV11.1 expression. However, LUF7244 alone has no effect on KV11.1
expression (n=3). Mature (plasma membrane expressed) and immature (intracellu-
lar) KV11.1 western blot signals are displayed. Bar graphs depict ratio of mature/im-
mature KV11.1 at different conditions. (B) LUF7244 does not rescue pentamidine in-
duced KV11.1 trafficking defects (n=3). (C) Combination of pentamidine, dofetilide
and LUF7244 restores KV11.1 mature protein after 48 h (n=6). Total protein staining

(Ponceau) was used as a loading control. **** indicates P < 0.0001 vs. control.
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(0.05-5 µM) also resulted in expression of the fully glycosylated mature protein (Figure

4B).

A

Mature Kv11.1
Immature Kv11.1

- +          +         +         +         +          +         Dofetilide (1 μM)      

- - 0.05     0.1        1         3           5         LUF7244 (μM)   

- +          - - - - - Dofetilide (1 μM)      

- - 0.05       0.1         1          3          5        LUF7244 (μM)   

Mature Kv11.1
Immature Kv11.1

B
***

*** ***
***

**
**

Figure 4. LUF7244 combined with dofetilide rescues trafficking defective KV11.1-
G601S maturation. (A) Western blot analysis of equal amounts (25 µg) of total pro-
tein from KV11.1-G601S cells. G601S cells only present a core-glycosylated immature
protein of 135 kDa. Dofetilide restores the full-glycosylated mature protein after 48
h. LUF7244 does not change the mature KV11.1 protein levels compare with control
(n=3). (B) The combination of dofetilide and LUF7244 rescues mature KV11.1 protein
in G601S cells (n=3). Total protein staining (Ponceau) was used as a loading control.

** indicates P < 0.01 or *** indicates P < 0.001 versus control.

Immunofluorescence staining was used to determine the subcellular localization of the

G601S KV11.1 protein. In untreated control hERG-G601S cells, no KV11.1 protein was

detected at the cell membrane structures such like membrane ruffles, in contrast to

the transmembrane protein Cadherin (Figure 5A). Following 24 h treatment with 10

µM dofetilide and 3 µM 7244, normal trafficking was restored as evidenced by plasma

membrane expression of KV11.1 in membrane ruffles, where it colocalized with Cad-

herin (Figure 5B).
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Figure 5. Co-staining of KV11.1 and Cadherin in control (untreated) and cells treated
with 10 µM dofetilide and 3 µM LUF7244 for 24 h. (A) Absence (arrowheads) of co-
localization between KV11.1 protein and Cadherin at plasma membrane structures like
membrane ruffles. (B) Following application of dofetilide and LUF7244, the KV11.1
protein is present at the plasma membrane and co-localizes with Cadherin (arrow-

heads). The scale bars represents 10 µm.
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Discussion

A few compounds have been demonstrated as KV11.1 activators, which can increase

IKr current. [28] The negative allosteric modulator (allosteric inhibitor) is considered

as a novel therapeutic method, which can increase the dissociation rates of KV11.1 in-

hibitors and thus has the potential to prevent drug-induced arrhythmia. [24] In recent

years, several negative allosteric modulators have been developed and analysed. For

instance, LUF6200 as an allosteric inhibitor at higher concentrations can cause an in-

crease in the dissociation rates of astemizole (3.7 fold) and dofetilide (7.5 fold), respec-

tively. [24] Another new hERG allosteric modulator LUF7346 significantly increased

the dissociation of dofetilide by 84% at 50 µM. It increased IKr tail current peak in

human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) at 5 µM

(control: 1.77 ± 0.18 vs. LUF7346: 3.12 ± 0.27 pA/pF at +10 mV). Additionally, it

significantly caused action potential duration shortening at 90% of the repolarisation

phase (APD90) at 1 µM (242.2 ± 38.4 ms vs. 218.3 ± 37.8 ms) and 3 µM (242.2 ± 38.4

ms vs. 134.9 ± 22.9 ms) in hiPSC-CMs. [25] Interestingly, the similar effects were also

observed in our present study of a newly developed compound LUF7244. It is a neg-

ative allosteric modulator, which remarkably decreased the KV11.1 affinities of typi-

cal blockers, such as astemizole, sertindole, cisapride or dofetilide. [24] In our study,

LUF7244 dose dependent increased the KV11.1 current. Most importantly, the steady

state shows that there was no rectification at the higher concentration of LUF7244 (3

and 10 µM), while rectification was still present at 0.5 µM of LUF7244. Since previous

studies demonstrated that the rectification properties of IKr result from a rapid inacti-

vation, [29] it seemed that KV11.1 channel inactivation was strongly reduced by 3 or

10 µM of LUF7244. One explanation could be that LUF7244 is actually a type 1 KV11.1

channel activator, which attenuated the inactivation and deactivation rate of the chan-

nel [28] and the higher concentration of LUF7244 was more efficient in attenuation

of inactivation. Moreover, the KV11.1 tail-current kinetics were altered likely due to

prevention of KV11.1 current inactivation. However, the molecular mechanism of this

phenomenon is still unknown.

Recently, Yu Z et al [24] demonstrated that LUF7244 suppressed astemizole induced

EADs and action potential prolongation in neonatal rat ventricular myocytes (NRVM).

Additionally, astemizole induced EADs were no longer observed in NRVM, when after

10 µM LUF7244 treatment. However, LUF7244 per se did not shorten action potential



158 Combination of dofetilide and LUF7244 rescues KV11.1 trafficking defects

duration or strongly affect dispersion of APD40 in NRVM at 10µM. [24] In contrast, in

our study, LUF7244 significantly shortened the APD90 at higher concentration (3 and

10 µM) in both SR and cAVB canine ventricular cardiomyocytes. Rats and dogs display

different AP morphologies in which the APD of rats is much shorter than that of dogs.

In dogs, IKr has a more prominent role in repolarization than in murines like rats and

mice, and this may explain the stronger effects of LUF7244 on the APD in dogs, and

likely in humans also, than found in NRVM.

Previously, it has been demonstrated that pentamidine-induced KV11.1 forward traf-

ficking defects could be rescued by dofetilide and both compounds may compete for

the same binding site within the KV11.1 channel. [16] However, the results in this paper

showed that LUF7244 by itself had no effects on KV11.1 channel trafficking, in contrast

to pentamidine, and also showed no hindrance of dofetilide mediated rescue of con-

genital (G601S mutant) or acquired KV11.1 trafficking defects. There are two main

hypothetical drug binding sites on the KV11.1 channel, one in the transmembrane re-

gion, the other one in the extracellular domain. [28] Defective KV11.1 trafficking can be

restored by a number of KV11.1 inhibitors, such as dofetilide, that stabilize the channel

via binding the inner pore, close to the selectivity filter. In contrast, the KV11.1 acti-

vators or enhancers normally interact with a region distant from the inner cavity. [28]

From the current study, in which LUF7244 was characterized as a KV11.1 activator and

dofetilide as an inhibitor, we may conclude that dofetilide and LUF7244 are unlikely to

share a common binding site. This would explain why LUF7244 by itself had no effect

on trafficking and did not disturb dofetilide-mediated rescue. Moreover, Varkevisser

et al. also demonstrated that dofetilide analogues with higher affinity tended to pro-

vide better rescue in KV11.1 trafficking defects. However, LUF7244 reduced the KV11.1

channel affinity for dofetilide. [24] Interestingly, in our current study, the combination

of dofetilide and LUF7244 still rescued pentamidine induced KV11.1 trafficking de-

fects. One possible reason may be that LUF7244 did not completely reduce the bind-

ing of dofetilide to the channels by which the capacity of dofetilide to rescue KV11.1

trafficking remained.

An interesting compound named ICA-10557 has been investigated by Gerlach AC et

al, [30] which has the similar characteristics as LUF7244. It was shown that ICA-10557

enhanced KV11.1 currents via a mechanism that seems to prevent or limit the inacti-

vation gating process. Additionally, ICA-10557 dose dependent shortened the APD

in isolated guinea pig ventricular cardiomyocytes. It also significantly suppressed
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the KV11.1 channel inhibitor E-4031-induced action potential lengthening. In this per-

spective, it would be interesting to compare these two compounds with respect to the

mechanism of action on KV11.1 channels.

In summary, the negative allosteric modulator LUF7244 in combination with a genuine

KV11.1 inhibitor (dofetilide) could provide a new pharmacological treatment to correct

both congenital and acquired KV11.1 trafficking defects.
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Atrial fibrillation (AF) is one of the most prevalent arrhythmia and affects a large per-

centage of the population, in particular for the elderly people. Approximately 269.000

Dutch individuals experience AF, and this number will keep increasing because of

ageing. This disease strongly affects the quality of life. Currently, there are many

treatments for AF, but thus far not all potential therapeutic targets have been explored

and therefore the best possible treatment is still unknown. Inward rectifier potassium

ion channels of the KIR2.X family, which underlie the inward rectifier current (IK1),

are important factors to contribute to resting membrane potential stabilization and fi-

nal repolarization of the cardiomyocyte. [1] Electrical remodeling resulting from AF

can lead to upregulation of IK1, which then shortens atrial action potential duration

(APD) and thus increases the stability of reentry which maintains AF. Previously, sev-

eral compounds that inhibit IK1, such as chloroquine, propafenone and BaCl2, were

studied. Unfortunately, these are all multichannel blockers also affecting IKATP, IKAch

or IKr. This thesis mainly focused on the role of a newly developed IK1 inhibitor, pen-

tamidine analogue 6 (PA-6), in AF treatment. Additionally, the interference on KIR2.1

trafficking by class III antiarrhythmic agents (amiodarone and dronedarone) was sub-

ject to investigation.

Inward rectifier current inhibitor in AF

In a previous study, [2] our group used seven analogues (PA-1 to PA-7) from the an-

tiprotozoal drug pentamidine, which inhibits IK1 with an IC50 of 170 nM, in an effort

to obtain an efficient and specific IK1 inhibitor. One promising compound, PA-6, has

higher efficiency and specificity (no inhibition on INa, ICa, Ito, IKr and IKs) towards IK1

than pentamidine (IC50: 12-15 nM). Furthermore, PA-6 dose dependent prolonged car-

diac APD, but chronically increased KIR2.1 expression at high concentrations. How-

ever, these experiments were performed in vitro and in vivo knowledge on PA-6 ef-

fects were still lacking. In Chapters 3 and 4, PA-6 has been tested in different animals,

including in domestic dogs with chronic AF, to evaluate its anti-AF efficacy and safety.

In Chapter 3, we investigated the efficacy and safety of PA-6 in two different large ani-

mal models consisting of the anesthetized goat with AF induced by rapid atrial pacing

and the anesthetized dog with chronic AV block. It was observed that 6 out of 8 goats

were in stable AF after 3 weeks AF induction. Of these 6 goats, 5 goats cardioverted

(83.3%) to sinus rhythm (SR) during PA-6 infusion. Our results also demonstrated that
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the AF cycle length was prolonged after PA-6 treatment, in particular the largest pro-

longation occurred during bolus infusion. Previously, it was shown that progressive

atrial electrical and structural remodeling caused the pattern of more complex AF and

therefore resulted in AF stabilization. In this chapter, PA-6 increased AF cycle length

and decreased AF complexity, which made AF less stable resulting in AF termination.

Furthermore, the cAVB dog model was used to investigate the safety of PA-6. We ob-

served no significant effects on QRS or STV, but did observe prolongation of QTc in

both SR and cAVB dogs (7% and 21%, respectively). However, there were no TdP ar-

rhythmias observed in contrast to dofetilide application in the same animals. In the

clinical study of Chapter 4, we investigated cardioversion success in awake domes-

tic dogs with chronic AF during PA-6 infusion. Ten patient dogs were enrolled in this

study and some of these had a history of other cardiac diseases. AF was present in each

dog with a minimum duration between 1-24 months. During PA-6 infusion, no effects

on QRS duration and QTc interval were observed, but RR interval was prolonged at

the end of the bolus time (363.4 ± 85 vs. 440.8 ± 96 ms). In contrast to the findings in

Chapter 3, unfortunately, no patient dogs were cardioverted to SR and only three dogs

did not present adverse effects. During PA-6 maintenance time, muscle weakness or

respiratory distress were observed in seven dogs. Adverse effects resembled to some

extent barium poisoning in humans and barium infusion in experimental dogs. Bar-

ium is a potent inward rectifier channels inhibitor, but not specific to KIR2.x as it affects

additional types of currents too. In clinical research, 20 patients with barium poison-

ing suffered from respiratory problems and muscle weakness. [3] In the meantime, flat

ST segments and U-waves were present in the ECG recording. [3] Bhoelan et. al also

summarized the clinical symptoms of 226 cases associated with acute barium poison-

ing, and found that it affected the respiratory system, resulting in respiratory failure

(26.1%), dyspnea (20.4%) or respiratory muscle dysfunction (4.9%). The cause might

be found in respiratory muscle paralysis, which on average occurred on the second

the day and recovered in one week. [3] In dogs, 1 µmol/kg/min BaCl2 was infused in

anesthetized dogs after which ventricular tachycardia, skeletal muscle paralysis and

finally respiratory paralysis and ventricular fibrillation were observed. [4] Addition-

ally, another IK1 inhibitor, the antimalarial drug chloroquine was used in three cases of

suicide resulting in respiratory distress. [5] Furthermore, Tamoxifen, which is an anti-

breast cancer drug, can inhibit IK1 current. One case reported that a 44-year-old woman

who had a radical mastectomy for breast cancer took 20 mg Tamoxifen every day for 12

months and developed acute respiratory distress syndrome. [6] However, Tamoxifen
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is not a specific IK1 inhibitor and therefore it is unknown whether the effects of Tamox-

ifen on the respiratory system is due to IK1 blockade. Obviously, the same reasoning

can be applied to chloroquine cases. As mentioned before, IK1 channels are associated

with resting membrane potential stability of the cardiomyocyte and its inhibition may

result in ventricular ectopy. Respiratory adverse effects, including respiratory distress,

pharyngeal and laryngeal stridor, were observed during PA-6 treatment. These may be

explained by the function of IK1 in skeletal muscle which includes the respiratory mus-

cles. Also in this type of myocytes, IK1 is stabilizing resting membrane potential, and is

involved in repolarization and setting the resting membrane potential value. Muscle

twitch and weakness would be expected as the result of skeletal muscle IK1 dysfunc-

tion, thereby explaining the problems of the respiratory system that were encountered

in our patient dogs following PA-6 treatment. Obviously, respiratory distress and other

adverse effects were not observed in the goat and cAVB dog experiments, since these

were performed using anesthesia and artificial ventilation.

Species differences in KIR2.x channel function

In Chapter 3 and 4, two different animal species have been used (e.g. goat and dog),

thus species differences may be an underlying cause of different responses in car-

dioversion rate. We have demonstrated high sequence identity in KIR2.x channels

between the different species (>95%, and in half of cases >98%) (Chapter 3, supple-

mentary Figure S4). Furthermore, we demonstrated for two KIR2.1 channels whose

sequence identity is only 82.9% (human vs. white bream (fish)), no significant differ-

ence for their sensitivity to PA-6 mediated inhibition (Chapter 3, supplementary Figure

S3). Therefore, we do not think that channel differences due to sequence variation be-

tween species would result in different outcomes. Furthermore, Takanari et al., 2013

demonstrated that KIR2.1, KIR2.2 and KIR2.3 displayed a similar sensitivity for PA-6

inhibition. [2]

Electrophysiological make-up and IK1 density between species may be different and

some of these have been reported. Within the rodent phylum, at least several mem-

bers of the murine family (house mouse (Mus musculus) and norvegian rat (Rattus

norvegicus)) form a specific and peculiar class with respect to cardiac repolarization

which is mainly based on fast potassium currents and IK1. Therefore, it is very hard to

extrapolate pro-arrhythmic effects as observed in these species to non-murines or even
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non-rodents. For example, Skarsfeldt MA et al., 2016 showed that 200 nM of PA-6 pro-

longed APD90 in the Langendorff rat heart by 74%, [7] whereas Hoeker GS et al., 2017

showed that 200 nM of PA-6 in Langendorff guinea-pig heart (rodent, non-murine)

prolonged APD90 by 14% only. [8] In our opinion, the most important value of our

study is to analyze the PA-6 effects in large animal models in which ventricular repo-

larization is much better comparable to the human situation. However, it is important

to realize that species differences in expression of KIR2.x channels and IK1 density be-

tween human and dog do exist. For example, Jost N et al., 2013 demonstrated that

human ventricle displays a two- to three-fold lower density in IK1 compared to the ca-

nine ventricle, which may cause QT prolongation and potentially resting membrane

potential depolarization upon IK1 blockade. [9] Cordeiro et al., 2015 reported a 10-fold

lower IK1 density in canine atrial cardiomyocytes (-2.6 ± 0.3 pA/pF at -120 mV) in

comparison to mid-left ventricular cardiomyocytes (-26.7 ± 2.8 pA/pF). [10] Addition-

ally, IK1 in human atrial cells was 5-fold lower than IK1 in human ventricular myocytes

(approximately -3 pA/pF vs. -15 pA/pF at -100 mV). [11] However, no fair compar-

isons can be made between different papers, probably due to technical and material

differences. Unfortunately, there is no existing literature available on KIR2.x expres-

sion patterns and levels in the goat heart, and this subject should derive attention and

several comprehensive original papers in future work.

The effect of drugs on inward rectifier current

A given drugs acute channel inhibiting effect may or may not be related to its effect

on ion channel expression. For example, pentamidine acutely inhibits the KIR2.1 chan-

nel and decreases KIR2.1 protein expression upon chronic treatment. [12] In Chapter

5, we investigated whether PA-6 had effects on the wild-type as well as in two gain-

of-function mutant channels. It was shown that PA-6 significantly inhibited both in-

ward rectifier inward and outward currents carried by wild-type and the two gain-of-

function mutations (V93I and D172N) at 3 M. In contrast to pentamidine, we observed

increased KIR2.1 protein levels and intracellular accumulation of wild-type, V93I and

D172N channel proteins as detected by Western blot analysis and immunofluorescence

microscopy, respectively. In Chapter 6, we investigated whether class III antiarrhyth-

mic drugs amiodarone and dronedarone interfered in the process of KIR2.1 trafficking,

in particular its degradation pathway. KIR2.1 ion channel trafficking can be divided
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in forward (anterograde) and backward (retrograde) trafficking events. [13] We found

that both of these two drugs acutely blocked the IK1 current in rabbit ventricular car-

diomyocytes. Additionally, it was shown that amiodarone and dronedarone treatment

increased KIR2.1 protein expression and also intracellular accumulation, most likely in

late endosomes and lysosomes. Due to the induction of intracellular accumulation of

KIR2.1-GFP protein and potentially thereby obstructing upstream backward traffick-

ing, the drugs enhanced IK1 current levels by inhibiting KIR2.1 degradation. However,

compared to the lysosomal inhibitor chloroquine which treatment caused lysosomal

accumulation of full length and an N-terminal cleavage product of the KIR2.1 pro-

tein, [14] only accumulation of the full length protein was observed after amiodarone

or dronedarone treatment. One explanation could be that most KIR2.1 protein accu-

mulated in prelysosomal compartments in which N-terminal cleavage did not take

place. [14] Moreover, Picolli E et al. described that amiodarone and dronedarone do

not interfere in early endosome function, but have effects on late compartments. [15]

When we compared the effects of amiodarone, dronedarone and PA-6 on KIR2.1 cur-

rent, all of these compounds acutely inhibited IK1 current and dose dependently in-

creased KIR2.1 expression. In Chapter 6 it was demonstrated that amiodarone and

dronedarone impaired the backward pathway of KIR2.1 trafficking. We wondered if

PA-6 targeted the same pathway to affect KIR2.1. Both the previous study from Taka-

nari H et al., 2013 and our current study in Chapter 5 showed that at the lower concen-

trations (1 and 3 M), PA-6 caused strong inhibition on IK1 current, while no significant

enhancement in channel expression levels were found. Only the high concentrations

of PA-6 increased KIR2.1 expression. One of the hypotheses from Takanari H et al.,

2013 is that PA-6-KIR2.1 interaction probably stabilizes the channel structure and re-

sults in more efficient forward trafficking to the plasma membrane. [2] However, PA-6

dose dependent increase in KIR2.1 expression was observed in our study, which was

similar to the chronic effects of amiodarone and dronedarone on KIR2.1. At this mo-

ment, we assume that amiodarone, dronedarone and PA-6 use a similar mechanism

to impair KIR2.1 trafficking, which is the disturbance of the backward pathway. Most

likely, these lipophilic drugs accumulate in late endosomes, lysosome or prelysosome

and by this way affect the function of these compartments. A review of Reasor MJ

(1989) shows that more than 30 drugs are able to induce lamellar bodies of lysoso-

mal origin. The development of these structures are due to drug-induced impairment

of lysosomal phospholipid catabolism. It has been demonstrated that after treatment

with both chloroquine and amiodarone, prominent lysosomal lamellar bodies were
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observed in alveolar macrophages form rats. [16] In this perspective it is also wise to

identify whether PA-6 can induce lysosomal lamellar bodies in cells, which will then

further prove that PA-6 affects the backward pathway and hints to a cellular mecha-

nism. Another possible reason could be that amiodarone, dronedarone and PA-6 have

effects on lysosomal protease function directly. For example, a previous study showed

that amiodraone dose dependent inhibited Cruzipain in the lysosome. [17]

In conclusion, the combined results of Chapter 5 and Chapter 6 indicate that class III

antiarrhythmics amiodarone and dronedarone interfere with KIR2.1 trafficking, specif-

ically its degradation pathway, resulting in increasing KIR2.1 expression. Also our

experiments with PA-6 in Chapter 5 showed KIR2.1 expression enhancement after 24-

hour treatment. However, the mechanism behind the disturbance of KIR2.1 trafficking,

which was induced by amiodarone, dronedarone or PA-6 has to be defined further.

In Chapter 7, we also investigated a new negative allosteric modulator of the KV11.1

channel named LUF7244, which was shown not to interfere in normal KV11.1 traffick-

ing or dofetilide-mediated rescue trafficking defects, and therefore may provide in-

sights on rescuing acquired and congenital KV11.1 trafficking defects. Since LUF7244

is specifically developed for KV11.1 channels, it will most likely have no effects on

KIR2.1 function or trafficking. To accomplish rescue of affected KIR2.1 trafficking, for

example caused by amiodarone, dronedarone or PA-6, new compounds have to be

developed that address the specific needs for the wrongly trafficked KIR2.1 channels.

Gain-of-function mutations of AF

Gain-of-function mutations in the KCNJ2 gene not only cause short QT syndrome but

also associate with congenital atrial fibrillation. The V93I mutation plays an important

role in maintaining AF by increasing the level of IK1, whereas D172N, which shows an

increased outward component of IK1, leads to a shortening of the QT interval (SQT3).

In Chapter 5, we showed that 3 M of PA-6 inhibited IK1 at -50mV (outward current)

and -110mV (inward current) for both V93I and D172N channels. The IC50 of D172N

was only two to three fold higher than that of wild-type channel, and the potency of in-

hibition of V93I was similar as for wild-type, when established in the inside-out mode

of the patch clamp technique. However, V93I and D172N have the similar sensitivity

for PA-6 compared to wild-type current in the whole cell mode. Therefore, PA-6 may
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be considered as a candidate drug in treating SQT3 and congenital AF. However, in

the study described in Chapter 4, PA-6 did not affect QRS duration and QTc interval

in patient dogs with chronic AF, only a slight increase in QTc interval at the end of

bolus infusion was found. Moreover, no cardioversion to sinus rhythm was observed

and most patient dogs showed adverse effects upon PA-6 treatment. When we com-

pare these two studies, it was found that PA-6 is able to inhibit IK1 current in gain-of

function mutations which associate with SQT3 and congenital AF, but it antiarrhyth-

mic effects in awake dogs with AF were absent, whereas only slight QTc prolongation

was observed. As mentioned above with respect to Chapter 3 and 4, structural atrial

remodeling may be a cause for the absence of cardioversion in domestic dogs with

chronic AF in contrast to the cardioversion observed in goats with pacing-induced AF.

Obviously, not all AF patients carry gain-of-function mutations. Of 154 patients with

lone AF analyzed, no V93I mutation was found in this population. [18] This means

more related genes remain to be investigated in most AF patients with no structural

heart disease. Secondly, gain-of-function mutations may be only a genetic predispos-

ing factor for AF, also environmental factors have effects on AF. Finally, the investiga-

tion of V93I and D172N mainly focused on the differences of cellular electrophysiology

in AF, and did not consider effects of electrical or structural remodeling. Therefore, it

would be worthwhile to determine whether V93I and D172N mutations are risk fac-

tors for structural and electrical remodeling normally seen in AF. Overall, PA-6 may

have efficacy for the patients with persistent AF or SQT3 who carry these two gain-of-

function mutations, especially when structural remodeling is absent, and potentially

may have a role in the preventing further development of AF in this class of predis-

posed people.

In this perspective, it is important to study the effects of PA-6 in animal models with

these two gain-of-function mutations, such as mice, rats or rabbits resulting in STQ

syndrome or AF. This would further indicate whether PA-6 could be considered as

a novel drug in treating SQT3 and congenital AF, aside from the adverse effects dis-

cussed above.
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Conclusions and perspectives

In this discussion, I have commented on several issues associated with the IK1 spe-

cific inhibitor PA-6 in AF. First of all, the cardioversion efficacy of PA-6 was only per-

formed in the general anesthesia goat model. There were no data from an awake an-

imal model to compare with. Secondly, cardioversion was only tested at 3 weeks of

pacing-induced AF in the animal model. Unfortunately, no patient dogs, which had a

mean duration of AF of 5.8 ± 6.5 months, could be cardioverted. This would suggest

that PA-6 only has effects on paroxysmal AF or AF without overt structural remodel-

ing, and less effects on permanent AF. If we want to test further the efficacy of PA-6

in AF relevant to the majority of human patients, we should consider a longer pacing

time to induce permanent AF and choose animals with signs of structural remodeling.

And thirdly, the safety of PA-6 in the dog animal model was only focused on cardiac

arrhythmias. However, most patient dogs in our study showed muscle weakness and

respiratory distress during maintenance time. One outcome in our AF goat model

indicated that skeletal muscle PA-6 levels increased to 3.6 M, which may be an early

sign of muscular accumulation and increased risk for adverse effects in this tissue type

specifically. Additionally, other IK1 inhibitors also showed side effects on (respiratory)

muscle. In conclusion, we have shown in this thesis that PA-6 is able to restore SR in

anesthetized goats with persistent AF and no TdP arrhythmias in cAVB dog model.

Furthermore, PA-6 was considered as a candidate drug in SQT3 and congenital AF

treatment. However, PA-6 lacks efficacy for cardioversion in awake large dogs with

chronic AF and induces premature ventricular contractions and respiratory distress in

these animals. Therefore, we may conclude that IK1 inhibition is a valuable target for

treatment of at least paroxysmal AF, but it comes with severe adverse effects. Devel-

opment of compounds that more specifically target atrial IK1 may prove a fruitful next

step to address AF.
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Summary in English

Background

Atrial fibrillation (AF) is one of the most common sustained arrhythmias and affects

more than 6 million Europeans. In the Netherlands mean prevalence at age >54 is

5.5%. Extrapolated to the complete Dutch population of >54 years the number of per-

sons experiencing AF is approximately 269.000, and this number will keep increasing

due to ageing. AF associates with poor quality of life, since patients typically experi-

ence dizziness, fatigue, palpitations and shortness of breath. Currently, there are many

strategies for managing AF, such as cardioversion or rate control with pharmacological

agents, pacemaker technology or catheter ablation. However, AF treatment might be

improved and therefore additional potential therapeutic targets should be explored.

The two basic mechanisms that cause AF are triggered activity and reentry. After AF

initiation, subsequent AF events induce electrical and structural remodeling that sta-

bilize AF. One of these changes concerns the inward rectifier potassium current (IK1).

Inward rectifier potassium ion channels (KIR) arrange into seven subfamilies, encoded

by KCNJ genes. In this thesis, we will focus on KIR2.1 which has the highest expres-

sion level in the heart. It is responsible for stabilizing the resting membrane potential

and contributing to the final repolarization of the cardiomyocyte. In humans, loss-of-

function mutations in the KCNJ2 gene, encoding KIR2.1 protein, have been associated

with Andersen-Tawil syndrome, characterized by periodic paralysis, developmental

abnormalities and cardiac arrhythmias. In contrast, gain-of-function mutations result-

ing for example in V93I and D172N substitution in the KIR2.1 channel protein, are

associated with short QT syndrome type 3 (SQT3) and congenital atrial fibrillation.

In experimental models and patients, an enhanced IK1 density is associated with AP

shortening. Moreover, electrical remodeling resulting from AF, in general, increases

IK1 levels along with increased expression of the underlying KIR2.1 protein and KCNJ2

mRNA. This results in stabilization of reentry which maintains AF.
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Previously, several compounds have been considered as IK1 inhibitors, like BaCl2,

chloroquine and propafenone. However, these are all multichannel blockers also af-

fecting IKATP, IKAch or IKr. In this thesis, pentamidine analogue 6 (PA-6), which is a

newly developed IK1 inhibitor has been studied. It has higher efficiency and specificity

toward IK1 than pentamidine, prolongs action potential duration, and does not affect

channel trafficking at concentrations relevant for complete IK1 block. Therefore PA-6

appears an ideal candidate to evaluate the role of IK1 as a potential target in AF ther-

apy. Besides, we investigated whether KIR2.1 trafficking is affected by this and other,

already established, antiarrhythmic compounds.

This thesis

Chapter 1 of this thesis introduces some basic principles of AF and inward rectifier

current. The cardiac electrophysiological effects of elevated levels of inward rectifying

current carried by KIR2.1 have been reviewed in Chapter 2, it presented that gain-of-

function mutations of KCNJ2 in patients often result in short QT syndrome accom-

panied with AF. Additionally, AF is associated with increased KIR2.1 at mRNA and

protein levels, and enhanced IK1 density in atrial tissues. In Chapter 3, efficacy against

AF and cardiac safety of a newly developed IK1 inhibitor PA-6 was investigated in large

animal models. This study showed that PA-6 induced cardioversion to sinus rhythm

(SR) in 5/6 anesthetized goats with persistent AF and prolonged AF cycle length. In

the chronic AV block dog model, prone for drug induced arrhythmias, PA-6 prolonged

QT intervals but was devoid of TdP arrhythmia induction. These results demonstrated

cardiac safety and good anti-AF properties of PA-6, which are promising when consid-

ering IK1 inhibition by PA-6 as a potential anti-arrhythmic strategy for AF. The study

presented in Chapter 4 aimed to investigate cardioversion success in awake dogs with

naturally occurring AF. We showed that PA-6 did not change QRS duration and QTc

interval. The RR interval was slightly increased at the end of the bolus. Unfortunately,

no cardioversion to SR was observed. However, several serious non-cardiac adverse

effects, such as respiratory distress and laryngeal stridor, muscle twitch and weakness

were observed in five dogs. In Chapter 5, we determined whether any differences ex-

ited between the WT KIR2.1 and its gain-of-function mutations (V93I and D172N) with

respect to blockade by PA-6. We demonstrated that V93I and D172N in the KIR2.1 ion
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channel do not impair PA-6 KIR2.1 channel interaction or inhibition. Furthermore, PA-

6 increased KIR2.1 protein expression and induced intracellular KIR2.1 accumulation in

both WT and gain-of-function mutants. This study shows that PA-6 is a strong candi-

date for further preclinical evaluation in treatment of congenital SQT3 and AF. Chapter

6 describes the effect of class III antiarrhythmic agents amiodarone and dronedarone

on KIR2.1 trafficking. Both of them affected KIR2.1 trafficking, particularly its degra-

dation pathway, which presented some resemblance with the PA-6 effects on KIR2.1

trafficking. In Chapter 7, a role of the newly developed negative allosteric modula-

tor LUF7244 in pharmacological correction of KV11.1 forward trafficking defects was

demonstrated. LUF7244 increased IKv11.1 and shortened the cardiac AP. Additionally,

it was shown that LUF7244 antagonizes dofetilide-induced early after depolarizations

(EADs) in dog cardiomyocytes, whereas it did not interfere in normal KV11.1 traffick-

ing or dofetilide mediated rescue of congenital or acquired trafficking defects. Finally

Chapter 8 discusses and summarizes the results from preceding chapters.

Conclusion

The main focus of this thesis has been on PA-6, a specific inhibitor of inward rectifier

current, in AF treatment. We demonstrated that PA-6 has good anti-AF properties and

cardiac safety in anesthetized dog and goat models. Furthermore, PA-6 can be con-

sidered as a candidate drug in SQT3 and congenital AF treatment. Unfortunately, no

awake patient dogs could be cardioverted with PA-6 treatment. Furthermore, chronic

PA-6 treatment results in a KIR2.1 trafficking defect in ectopic cell systems, resembling

the effects of some other established antiarrhythmic drugs. In conclusion, by using PA-

6 we found that IK1 appears as a valuable target for treatment of at least paroxysmal

AF. The further steps will be to develop a more specific compound that targets atrial

IK1 and induces no severe adverse effects.
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Samenvatting in het Nederlands

Achtergrond

Atriumfibrilleren (AF), oftewel boezemfibrilleren, behoort tot een van de meest voor-

komende persisterende ritmestoornissen - ruim 6 miljoen Europeanen lijden eraan. De

prevalentie van AF in de Nederlandse populatie van 54 jaar en ouder betreft 5.5%, wat

gelijk staat aan ongeveer 296.000 mensen. Door de vergrijzing van de bevolking zal het

voorkomen van AF naar verwachting verder stijgen. Als gevolg van AF ervaren veel

patinten klachten van duizeligheid, vermoeidheid, hartkloppingen en benauwdheid,

hetgeen een negatieve invloed op de kwaliteit van leven heeft. De huidige behandeling

van AF is gericht op cardioversie (tot sinusritme) of frequentie controle, middels med-

icatie, pacemaker technologie of katheterablatie. Niettemin is er nog vooruitgang te

boeken wat betreft de therapeutische mogelijkheden voor AF en daarom is het gewenst

dat additionele therapeutische aangrijpingspunten worden verkend.

Er zijn twee processen die ten grondslag liggen aan de ontwikkeling van AF: abnor-

male impulsformatie en ontregelde impulsgeleiding (re-entry). Deze AF episoden

stimuleren vervolgens elektrische en structurele remodelleringsprocessen die voor sta-

bilisatie, en daarmee handhaving, van de ritmestoornis zorgen. De elektrische remod-

elleringsprocessen benvloeden onder andere de inwaarts rectificerende kaliumstroom

(IK1), welke door de inwaarts rectificerende kaliumkanalen (KIR) tot stand wordt ge-

bracht. Deze ionkanalen, die allemaal gecodeerd zijn door de KCNJ genen, worden

in zeven subfamilies onderverdeeld. Dit proefschrift zal zich focussen op KIR2.1, het

meest tot expressie gebrachte KIR2 in het hart. In cardiomyocyten vervult KIR2.1 een

belangrijke rol in de stabilisatie van de rustmembraanpotentiaal en in het repolar-

isatieproces.

Humane ’loss-of-function’ mutaties in het KCNJ2 gen, welke het KIR2.1 eiwit codeert,

leiden veelal tot de totstandkoming van het syndroom van Andersen-Tawil, dat zich



Samenvatting 185

kenmerkt door periodieke verlamming, ontwikkelings- en hartritmestoornissen. Daar-

entegen worden ’gain-of-function’ mutaties, zoals V93I en D172N substituties van

het KIR2.1 eiwit, in verband gebracht met het korte-QT-syndroom type 3 (SQTS3) en

aangeboren AF. In zowel experimentele modellen als patinten is een hogere IK1 gerela-

teerd aan verkorting van de duur van de actiepotentiaal (APD). Bovendien resulteert

de AF genduceerde elektrische remodellering in het algemeen in hogere IK1 niveaus

en verhoogde expressie van het onderliggende KIR2.1 eiwit en KCNJ2 mRNA. Geza-

menlijk stabiliseren deze processen de re-entry-paden en bevorderen ze daarmee het

voortbestaan van AF.

Verschillende stoffen, waaronder BaCl2, chloroquine en propafenon, worden gezien

als mogelijke IK1 remmers. Echter, allen hebben tevens een blokkerende werking op

andere kanalen in het celmembraan, bijvoorbeeld IKATP, IKAch of IKr.

In dit proefschrift is de werking van pentamidine analoog 6 (PA-6), een recent on-

twikkelde IK1 remmer, onderzocht. PA-6 is, in vergelijking tot pentamidine, een effec-

tievere en specifiekere remmer van IK1. Het verlengt de APD en het heeft, wanneer

getest in de concentraties die complete IK1 blokkade geven, geen invloed op het trans-

port van ionkanalen van en naar het celmembraan (’trafficking’). Door deze eigen-

schappen lijkt PA-6 een uitstekende kandidaat om de effectiviteit van IK1 blokkade

als mogelijke therapie tegen AF te onderzoeken. Bovendien is ook onderzocht of

het transport van KIR2.1 van en naar het plasmamembraan door PA-6 en andere anti-

aritmogene stoffen wordt beı̈nvloed.

Dit proefschrift

Hoofdstuk 1 van dit proefschrift introduceert enkele basisprincipes van AF en de in-

waarts rectificerende stroom. De elektrofysiologische effecten van verhoging van de

KIR2.1 afhankelijke inwaarts rectificerende stromen op cardiomyocyten worden be-

sproken in Hoofdstuk 2. Hierin wordt de ontwikkeling van AF in de context van

het SQTS als gevolg van gain-of-function mutaties van KCNJ2 besproken. Daarnaast

worden de voor AF karakteristieke verhoging van KIR2.1 op eiwit én mRNA niveaus

en de verhoogde IK1 dichtheden in de atria behandeld. In Hoofdstuk 3 wordt de anti-

aritmische effectiviteit tegen AF en cardiale veiligheid van de nieuw ontwikkelde IK1
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remmer PA-6 in twee grote diermodellen onderzocht. PA-6 bewerkstelligde cardiover-

sie tot sinusritme (SR) in vijf van de zes geanestheseerde geiten met persisterend AF

en verlengde de cycluslengte van het AF. In het hondenmodel met compleet hartblok

(CAVB hond), welke gevoelig is voor medicijn genduceerde ritmestoornissen, resul-

teerde toediening van PA-6 in verlenging van het QT interval, maar lokte het geen

Torsade de Pointes ritmestoornissen uit. Gezamenlijk tonen deze resultaten de cardiale

veiligheid en effectieve anti-AF karakteristieken van PA-6 aan en benadrukken ze de

potentie van IK1 blokkade door PA-6 als anti-aritmische strategie tegen AF. In Hoofd-

stuk 4 zijn de elektrofysiologische effecten van PA-6 toediening in wakkere honden die

lijden aan AF onderzocht. Uit de resultaten blijkt dat PA-6 geen invloed heeft op QRS

duur en QTc interval, echter, een lichte verlenging van het RR-interval tegen het einde

van de toediening van de bolus geeft. Helaas zijn er geen cardioversies naar sinusritme

opgetreden. Daarentegen vertoonden vijf honden verscheidene ernstige, non-cardiale

bijwerkingen, waaronder ademnood, laryngeale stridor, spierzwakte en fasciculaties.

In Hoofdstuk 5 zijn de wijze waarop wildtype KIR2.1 en de bijbehorende gain-of-

function mutaties (V93I en D172N) op PA-6 blokkade reageren met elkaar vergeleken.

De V93I en D172N mutaties bleken geen effect te hebben op de interactie tussen het

KIR2.1 ionkanaal en PA-6. Daarnaast werd aangetoond dat PA-6 tot een verhoogde ex-

pressie van KIR2.1 eiwit aanzet en, zowel in wildtype als in gain-of-function mutanten,

tot ophoping van intracellulair KIR2.1 leidt. Deze resultaten benadrukken de potentie

van PA-6 als toekomstige therapie voor aangeboren SQTS3 en AF. Hoofdstuk 6 presen-

teert de effecten van de klasse III antiaritmica amiodaron en dronedaron op het trans-

port van KIR2.1 van en naar het celmembraan. Van beide medicamenten werd aange-

toond dat ze het transport en met name het degradatieproces - benvloeden, en dat

deze effecten gedeeltelijk overeenkomen met de invloeden die PA-6 op het transport

van KIR2.1 heeft. In Hoofdstuk 7 is aangetoond dat de recent ontwikkelde, negatief

allosterische modulator LUF7244 defecten in het transport van KV11.1 kan herstellen.

LUF7244 zorgde voor een verhoging van de IKv11.1 en resulteerde in een verkorting

van de APD. Daarnaast werd aangetoond dat LUF7244 dofetilide-genduceerde vroege

nadepolarisaties in de hartspiercellen van honden antagoneert. Bovendien benvloedt

het hierbij noch het transportproces van KV11.1 noch het dofetilide gemedieerde hers-

tel van aangeboren of verworven transport defecten. Tenslotte worden in Hoofdstuk

8 de resultaten van alle voorgaande hoofdstukken besproken en samengevat.



Samenvatting 187

Conclusie

Dit proefschrift heeft zich primair gericht op de mogelijke rol van PA-6, een speci-

fieke remmer van de inwaarts rectificerende stroom, in de behandeling van AF. Er

is aangetoond dat in geanestheseerde hond- en geitmodellen PA-6 over goede anti-

AF karakteristieken beschikt en geen cardiale schade geeft. Bovendien kan PA-6 als

toekomstige, medicamenteuze therapie voor het SQTS3 en het aangeboren AF syn-

droom overwogen worden. Helaas bleek PA-6 niet in staat AF in wakkere honden

naar sinusritme te cardioverteren. Daarnaast resulteerde behandeling van cellen met

PA-6 op de lange termijn in KIR2.1 transport defecten, gelijkend aan de effecten die

ook bij gebruik van andere antiaritmica zijn waargenomen. Concluderend is hiermee

aangetoond, middels gebruik van PA-6, dat blokkade van IK1 een waardevol aangri-

jpingspunt voor de therapie van (paroxysmaal) AF lijkt te zijn. Toekomstige onder-

zoeken zullen zich moeten richten op het ontwikkelen van een medicament dat speci-

fiek aangrijpt op atriaal IK1 en geen ernstige bijwerkingen veroorzaakt.





Acknowledgments 189

Acknowledgments

I have been already thinking how I will feel when I write the acknowledgement in my

thesis quite long time ago. I was so lucky that I can have the opportunity to start my

PhD in Utrecht, in the Netherlands. It was really tough at the beginning. Fortunately, I

have great colleagues and many nice friends from the CSC big group, who helped me a

lot in the working and daily life. This four year of my PhD in Utrecht would never have

been able to finish without the assistance and support from these people. I would like

to thank everyone whose assistance proved to be a milestone in the accomplishment

of my end goal.

First, I want to express my deep thanks to my supervisor Marcel, for the trust, offering

valuable advice, for your support during the whole period of my study, and especially

for your patience and guidance during the writing process. You are always so friendly

to everyone. I still remember before I arrived this country, you already arranged the

housing for me, also helped me to get the gas and electricity in my apartment, which

made my life comfortable when I came here right from first day. You invited us to

your home to have the BBQ every year and is filed with a lot of pleasant memories.

I really appreciate everything you taught me during this four years! Marc, thanks

for giving me this opportunity to join your big group. Because of this opportunity,

I had wonderful experience in this lovely country. It is really nice to work with you.

Every discussion we had, you always give me useful advises and comments, especially

during the preparation of this thesis. I am very glad to have a wise promoter like you!

Toon, although we did not work together that much. However, I would like to thank

you for all the suggestions you gave me during my working discussion. I still remem-

ber we had a lot of delightful talk at EHRA meeting, in Vienna. Maria and Marti, I

always bothered you with questions about the courses and I really appreciate your pa-

tience in answering all my questions. Martin, Marien and Teun, I greatly appreciate

your excellent assistance during my PhD study. I will never forget the time you taught

me the patch clamp techniques and helped me solved a lot of problems.



190 Acknowledgments

Tonny, I would like to thank you for all the things you did for me in my working

and daily life. I really enjoyed the short coffee chats with you and I always felt very

relaxing. The first time when I was at Medical Physiology, the warm greetings from

you made me feel not too much nervous. You also arranged everything for me at the

beginning, helped me to adapt the new life here. The ingenuity you have is amazing,

thanks for the toy and blanket you made for Anran!

Jet, all the dog experiments would not have been successful without your experience.

It was nice to work with you in the operation room. Thank you for teaching me how to

work on large animals and your assistance with the analyzes! Leonie and Bart, thank

you for your patience and guidance, when teaching me laboratory techniques. I am

really enjoy working with you and good to learn from your nice administration. Bart,

I wish you all the best with your new life outside Medical Physiology!

Alex, it was great to work together with you in the past four years. You solved prob-

lems of the patch clamp set up for me, helped me to do the dog experiments and also

taught me how to analysis the dog data. I learned a lot from you. I really enjoyed

the nice ”cheese night” together with others at your place. Good luck with your PhD

defense!

Bastiaan, you are such a nice person and interested in traveling around Asian coun-

tries. You introduced me a lot of cities in China which I never been there before and

I really enjoyed all the talks we had. Good luck with your new job and your PhD

defense!

Magda, you are always willing to help people! I still remember you helped me to solve

the problem of my experiment several times. And we also have a lot of great time in

the party and conference. The congratulation SMS you sent it to me for my wedding,

I was greatly touched, Thank you! Wish you a bright future!

Muge,很高兴在我PhD的最后一年认识你。虽然我们相识时间不长，可就这短短的时

间你帮了我太多太多，感觉是你这个师妹在一直照顾我这个师姐。希望未来三年，你

可以顺顺利利的完成博士课题，找到称心如意的工作！好好享受荷兰的生活！

Valerie, thank you for translating the summary into Dutch. We also have a lot of fun

together in Vienna. 希望一切如你所愿，成为一个真正的医生！

I would also like to thanks for other members in the lab Helen, Elise, David, Chantal,

Muge, Lotte, Joanne, Birgit, it has really fun working with all of you and the social



Acknowledgments 191

outing were amazing. Good luck with the rest of your PhD! Helen, thanks for orga-

nizing the drinks and dinners. The first ”santa claus” I had was at your place, that was

my first time to have dinner together with my colleagues. I really enjoyed the moment,

we talked a lot, drunk a lot and ate a lot! Elise, Good luck with your PhD defense and

hope you can apply for the grant successfully! Sanne, thanks for organizing the ”tour

in Utrecht” for me and Alex, we had a really nice time and cheese fondue together.

Albert, Rianne, Rosanne, it was really nice to work with you and I wish you all a

successful career.

Also thanks all the students Marieke, Sanne K, Bianca, Doreth, Fee, Jantien work

together with me, you did a really great job with all the experiments. Without you, the

manuscript would not be published! For other students, Willem, Michiel, Vera, wish

you the best with the rest of your internship!

Besides my colleagues, I really appreciate all the friends in CSC group. 郭郭郭老老老师师师，，，茂茂茂

哥哥哥，，，杨杨杨欣欣欣，，，飞飞飞龙龙龙，，，娄娄娄博博博，，，刘刘刘芳芳芳，，，浩浩浩然然然，，，刘刘刘敬敬敬洋洋洋，，，陈陈陈晨晨晨，，，瑞瑞瑞学学学，，，晓晓晓琳琳琳，，，玉玉玉珑珑珑，，，子子子丹丹丹，

在这四年的时间里，我们相互扶持相互成长。都说人越大越难交到朋友，在博士期间

认识你们是我的荣幸，怀念我们一起包饺子，包包子，吃火锅并且庆祝一个又一个新

年的日子。希望我们以后能保持联系，也希望你们能顺利毕业并且找到合适的工作。

茂茂茂哥哥哥，因为你各种耐心的解答，方便了我们所有人。郭郭郭老老老师师师，每年大大小小的节日

基本上都是你组织的，你不但组织我们吃吃喝喝还主动提供活动场所，希望你一切顺

利！子子子丹丹丹，你可能参加不了我的答辩，对于我来说是非常遗憾！我俩各自忙到好久没

见面了，怀念和你一起逛吃逛吃的日子！UMC的妹子们，玉玉玉玺玺玺，，，娜娜娜娜娜娜，，，御御御姐姐姐，，，慧慧慧颖颖颖，，，

常常常晓晓晓，很高兴在Utrecht认识你们，也希望你们能够顺利完成博士课题，一切如自己

所愿！大大大厨厨厨子子子，我俩革命的友谊写上一天一夜也写不完，所以一切尽在不言中。好好

毕业，美好的新生活在等着你！王王王罡罡罡琦琦琦，，，李李李壮壮壮，真的很开心在荷兰又见到你们，虽然

你们在莱顿，但是也阻挡不了我们刨幺的情谊，希望你们顺利毕业！算术师弟，新婚

快乐！李壮，祝你们一家三口幸福美满！大大大亮亮亮，致谢里怎么能少了你，刚来荷兰的第

一天，要不是因为你，一个连机场WIFI都连不上的人估计就要丢了。希望你毕业，工

作，爱情一切顺利，和小苹果长长久久！

To my best friends in my life! 葛葛葛蓉蓉蓉，，，姜姜姜力力力琦琦琦，十几年的友谊是我坚强的后盾，未来的

我们会有更多的十年！我们会一直分享彼此的幸福继续走下去！

Thanks to all my families, especially my parents. Without your love and support, I

would not finish my PhD project. 爸妈，感谢你们一直以来无私的奉献，让我能够走



192 Acknowledgments

到今天。感谢你们在各个方面无条件的支持我，让我能够顺利毕业！并且感谢你们和

公公婆婆，在最后的这半年时间，帮我们照看宝宝，替我们分担！

To Hongkai,老王，日子平淡，幸福却在眉眼间，未来的日子还会有更多的美好等着我

们！我们将陪着儿子慢慢长大，自己慢慢变老。

Thank you all,

纪元 ,

Utrecht, 2017



Curriculum Vitae 193

Curriculum Vitae

Yuan Ji was born on November 14th, 1987 in Lianyun-

gang, China. She developed a strong interest in bi-

ology since the second year of her high school, she

chose biology as one of the major study. In September

2006, she started a bachelor in Biotechnology at Uni-

versity of Electronic Science and Technology of China,

Zhongshan Institute. In September 2010, she contin-

ued her studies at Jilin University with the Mater’s

program. During this master program, she focused

on establishment and detection of Lp-PLA2 transgenic

pig model. After she obtained her MSc in 2013, she

moved to the Netherlands to start as a PhD candidate the same year under the su-

pervision of Prof. Dr. M.A. Vos and Dr. M.A.G. van der Heyden. The results of her

research are described in this thesis. On the 31th of October 2017, Yuan will defend her

thesis entitled ”Evaluating inward rectifier current inhibition for treatment of atrial

fibrillation”.



194 List of Publications

List of Publications

Publications in this thesis:

Marlieke G. Veldhuis, Yuan Ji, and Marcel A.G. van der Heyden. A Little Too Much:

Cardiac Electrophysiological Effects of Elevated Inward Rectifying Current Carried by

the KIR2.1 Ion Channel Protein. Adaptive Medicine. 2015: 7(1):1-8.

Yuan Ji∗, Rosanne Varkevisser∗, Dragan Opacic∗, Alexandre Bossu, Marion Kuiper, Jet

D.M. Beekman, Sihyung Yang, Azinwi Phina Khan, Dobromir Dobrev, Niels Voigt,

Michael Zhuo Wang, Sander Verheule, Marc A. Vos and Marcel A.G. van der Heyden.

The inward rectifier current inhibitor PA-6 terminates atrial fibrillation and does not

cause ventricular arrhythmias in dedicated goat and dog models. Br J Pharmacol. 2017;

174(15):2576-2590.

Yuan Ji, Marlieke G. Veldhuis, Jantien Zandvoort, Fee L. Romunde, Marien J.C. Hout-

man, Karen Duran, Gijs van Haaften, Eva-Maria Zangerl-Plessl, Hiroki Takanari, Anna

Stary-Weinzinger, Marcel A.G. van der Heyden. PA-6 inhibits inward rectifier currents

carried by V93I and D172N gain-of-function KIR2.1 channels, but increases channel

protein expression. J Biomed Sci. 2017; 24(1):44.

Yuan Ji, Hiroki Takanari, Muge Qile, Lukas Nalos, Marien J.C. Houtman, Fee L. Ro-

munde, Raimond Heukers, Paul M.P. van Bergen en Henegouwen, Marc A. Vos, Mar-

cel A.G. van der Heyden. Class III antiarrhythmic drugs amiodarone and dronedarone

impair KIR2.1 backward trafficking. J Cell Mol Med. 2017: doi:10.1111/jcmm.13172.

∗Authors contributed equally



List of Publications 195

Other publications:

Marien J.C. Houtman, Sanne M. Kote, Yuan Ji, Bart Kok, Marc A. Vos, Anna Stary-

Weinzinger, Marcel A.G. van der Heyden. Insights in KIR2.1 channel structure and

function by an evolutionary approach; cloning and functional characterization of the

first reptilian inward rectifier channel KIR2.1, derived from the California kingsnake

(Lampropeltis getula californiae). Biochem Biophys Res Commun. 2014; 452(4):992-997.

Gangqi Wang∗, Yuan Ji∗, Zhuang Li, Xiaolei Han, Nannan Guo, Qi Song, Longquan

Quan, Tiedong Wang, Wenyu Han, Daxin Pang, Hongsheng Ouyang, Xiaochun Tang.

Nitro-oleic acid downregulates lipoprotein-associated phospholipase A2 expression

via the p42/p44 MAPK and NFκB pathways. Sci Rep. 2014; 4:4905.

Yan Zhou∗, Xiaochun Tang∗, Qi Song, Yuan Ji, Haijun Wang, Han Wang, Huping Jiao,

Hongsheng Ouyang and Daxin Pang. Identification and characterization of pig em-

bryo microRNAs by Solexa sequencing. Reprod Domest Anim. 2013; 48(1):112-120.

∗Authors contributed equally


	1  Preface
	2  A little too much: cardiac electrophysiological effects of elevated inward rectifying current carried by the KIR2.1 ion channel protein.
	3  The inward rectifier current inhibitor PA-6 terminates atrial fibrillation and does not cause ventricular arrhythmias in dedicated goat and dog models.
	4  Evaluation of anti-arrhythmic efficacy of the IK1 inhibitor PA-6 in domestic dogs with chronic atrial fibrillation.
	5  PA-6 inhibits inward rectifier currents carried by V93I and D172N gain-of-function KIR2.1 channels, but increases channel protein expression
	6  Class III antiarrhythmic drugs amiodarone and dronedarone impair KIR2.1 backward trafficking
	7  Combined application of the IKr blocker dofetilide and the allosteric modulator LUF7244 rescues congenital and acquired KV11.1 trafficking defects and functional current.
	8  General Discussion
	Summary
	Samenvatting
	Acknowledgments
	Curriculum Vitae
	List of Publications

