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The inward rectifier current inhibitor PA-6
terminates atrial fibrillation and does not
cause ventricular arrhythmias in goat and
dog models
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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
arrhythmias. Our results demonstrate cardiac safety and good anti-AF properties for PA-6.

Abbreviations
AERP, atrial effective refractory period; AF, atrial fibrillation; AP, action potential; cAVB, chronic atrio-ventricular block;
CCh, carbachol; IK1, inward rectifier K+ current; LA, left atrium; LV, left ventricle; MAPD, monophasic action potential
duration; PA-6, pentamidine analogue 6; QTc, heart rate-corrected ECG QT-interval; RA, right atrium; RV, right ventricle;
SR, sinus rhythm; STV, short-term variability of repolarization duration; TdP, torsade de pointes
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Introduction
The inward rectifier K+ current (IK1) (Hibino et al., 2010) is
found in many excitable tissues, including the heart (De Boer
et al., 2010a). 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 (De Boer et al.,
2010a; Cordeiro et al., 2015). Atrial cardiomyocytes have
a 6- to 10-fold lower IK1 density than ventricular
cardiomyocytes (Wang et al., 1998; Cordeiro et al., 2015).
Nodal tissues lack functional IK1 (Satoh, 2003). 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
(Van der Heyden and Jespersen, 2016). Furthermore, the
outward component of IK1 significantly contributes to phase
3 repolarization of the AP (Wang et al., 1993; Biliczki et al.,
2002; Nagy et al., 2013).

Atrial fibrillation (AF) is the most common arrhythmia
observed in humans (Krijthe et al., 2013). Clinically, AF is
associated with increased risks for heart failure, stroke and
death (Wolf et al., 1991; Krahn et al., 1995; Benjamin et al.,
1998). In a significant proportion of patients, AF progresses
(Potpara et al., 2012), as a result of electrical and structural
atrial remodelling (Heijman et al., 2014). Both processes
increase the duration of AF episodes, a phenomenon known
as ‘AF begets AF’ (Wijffels et al., 1995). Electrical remodelling
results in a shortened atrial effective refractory period (AERP)
which facilitates atrial re-entry (Schotten et al., 2011).
Current guidelines indicate anticoagulation therapy and rate
control or rhythm control (including catheter ablation)
(Camm et al., 2010, 2012), but the present treatment
regimens often are inadequate (Gillis et al., 2013), and,
especially, rhythm control suffers from lack of efficacy and
the occurrence of adverse effects, including cardiac
proarrhythmia (Chinitz et al., 2012). As IK1 densities increase
in AF atria (Bosch et al., 1999; Dobrev et al., 2001, 2002) and
may play a major role in AERP shortening (Zhang et al.,
2005), inhibitors of IK1 show potential as new drugs in the
anti-arrhythmic pharmacotherapy repertoire (Ehrlich, 2008).

Starting with pentamidine for which we had
demonstrated IK1 inhibiting capacity (De Boer et al., 2010b),
we selected a derivative, the pentamidine-analogue 6 (PA-6)
with a highly favourable IK1 inhibiting profile (Takanari
et al., 2013). 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. Furthermore, in isolated canine ventricular
cardiomyocytes, 200 nM PA-6 prolonged ventricular 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 (Takanari et al., 2013).

In order to test the efficacy and safety of PA-6 in vivo, we
used two establishedmodels 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 (Wijffels et al., 1995; Verheule et al., 2013) and

determined the effect of PA-6 infusion on the efficacy of
cardioversion and on several 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 (Oros et al., 2008). Furthermore,
we determined the relation between PA-6 dosing and plasma
and tissue concentration, as well as PA-6 plasma protein
binding. Finally, we demonstrated 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
Committee 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: 12–5268-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 (Kilkenny et al., 2010; McGrath and Lilley, 2015).
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®) 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 (Verheule et al., 2010).

Anaesthesia, both for implantation procedures and for
follow-up experiments, was induced 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 3weeks
after the AF initiation, when electrical remodelling is
complete without significant structural remodelling.
Following termination of atrial pacing and anaesthesia
induction, the heart was exposed through a left-sided
thoracotomy. Subsequently the animals were allowed to
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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 mapping electrodes (Ø 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, sampling rate
1 kHz, A/D resolution 16 bits). The surface ECG was obtained
from standard limb leads.

PA-6 (2.5 mg·kg�1) was infused over 10 min as a bolus,
followed by continuous infusion (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 administration 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 QT(c) 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 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).

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 (Zeemering et al., 2012; Lau et al., 2015). AF
complexity 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 (Duytschaever et al., 2001; Eckstein et al., 2011,
2013; Zeemering et al., 2012; Lau et al., 2015). All parameters
were assessed at baseline (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 (Duytschaever et al., 2001).

Dogs. A total of 10 adult mongrel dogs (7 females;
24.0 ± 2.3 kg; 2.6 ± 0.5 year; Marshall, New York, USA) were
included in this study. Dogs were housed in pairs in
conventional dog kennels (approx. 8 m2) containing
wooden bedding material. Animals 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) infused pentamidine 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 (Takanari et al., 2013), 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
subsequently 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 (Varkevisser et al., 2013). In cAVB dog
experiments, the animal was paced from the right
ventricular apex at 60 bpm. All dog experiments 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). Premedication, pacing
protocols and data analysis were as described previously
(Varkevisser et al., 2013). 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 cAVBdogs, dofetilidewas applied at 0.025mg·kg�1·5min�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, TheNetherlands). 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 averaged from five successive beats. LV and
RV monophasic APD at 80% repolarization (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 STV = 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 (Takanari
et al., 2013). The isolation procedure has been already
described previously (Nalos et al., 2012). Patch clamp data
were acquired and analysed with pCLAMP 10 software
(Molecular Device, Sunnyvale, CA, USA).
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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 (Yang et al.,
2014). Thawed goat tissue samples were mixed with two
volumes (vol/wt) of water (threefold dilution) and
homogenized. 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.

To prepare samples for ultra-performance liquid
chromatography–tandem mass spectrometry (UPLC-MS/MS)
analysis, plasma (5 μL), tissue homogenate (10 μL) or samples
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 evaporator (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 concentration 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 separated 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
(Wenzler et al., 2013). 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 (Voigt et al., 2015), 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 myocytes were used for
current recordings.

Membrane currents were measured with standard whole-
cell voltage-clamp technique (Dobrev et al., 2005; Voigt
et al., 2010). 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 = 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 (Curtis et al., 2015). Groups were not
randomized, and operators and data analysts were not
blinded. Data were analysed using GraphPad Prism version
6.00 for Windows (GraphPad Software, La Jolla California
USA). For normally 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 between group, means were compared by
unpaired Student’s t-test. Results are presented 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, Maidenhead,
UK); PA-6 (ENDOTHERM GmbH, Saarbruecken, Germany);
pancuronium bromide (Inresa Arzneimittel GmbH, Freiburg
im Breisgau, Germany); propofol (Fresenius Kabi Nederland
BV, Zeist, Netherlands); sodium thiopental (Rotexmedica
GmbH, Trittau, Germany); sufentanil (Hameln Pharma Plus
GmbH, Hameln, Germany).

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
(Southan et al., 2016), and are permanently archived in
the Concise Guide to PHARMACOLOGY 2015/16
(Alexander et al., 2015).

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) administration
(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
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infusion). Compared to baseline, PA-6 prolonged RR and QT
times following cardioversion but did not affect QRS
duration in AF goats (Table 1).

IntwoSRgoats,PA-6administration(2.5mg·kg�1·10min�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).

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 prolongation 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 pronounced 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 increases 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

Figure 1
AF termination during PA-6 administration in goats with rapid
pacing induced AF (n = 6). (A) Left atrial electrogram (a) and unipolar
ventricular electrogram (v) recordings of goat #1 demonstrating AF
and irregular ventricular rhythm (baseline), decrease in AF
complexity (first minute of maintenance) and finally cardioversion
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: 60min 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;
Maintenance: 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.

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.
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by PA-6 (Figure 3F). The decrease in AF complexity was
comparable in both atria. A tendency toward organization
of AF was present already during the first minute of PA-6
maintenance, 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 Information 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 durations
(Table 2, Supporting Information Figure S2). PA-6 did not
induce TdP arrhythmias 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). Furthermore, dofetilide resulted in more
pronounced QTc and LVMAPD80 prolongation than PA-6
(Table 2).

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 obtained at the end of the
bolus. During maintenance infusion, plasma PA-6
concentrations gradually dropped (1.7 ± 0.5 μM). Thirty
minutes following the end of maintenance infusion,
PA-6 plasma levels were (0.5 ± 0.2 μM). Goat plasma

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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Figure 3
PA-6 decreases the complexity of atrial fibrillation for LA and RA. (A) Fibrillation 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) reconstructed based on the
mapping data acquired with LA spoon electrode (Ø 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 B–F. * P < 0.05, significantly
different as indicated.
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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).

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

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.

Figure 4
Absence of pro-arrhythmia upon PA-6 application in cAVB dogs. (A) IK1 current–voltage relationships from isolated ventricular cAVB
cardiomyocytes (n = 8) for control (closed circles) and 200 nM PA-6 (open squares) treatment. Inset: enlargements 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) application.
(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) application. (D) Quantification of TdP arrhythmias in nine cAVB animals tested serially with dofetilide and PA-6 (in random
order). Non-filled: normal cAVB rhythm; checkered pattern: TdP arrhythmia inducible (three or more TdP arrhythmias). *P < 0.05, * P < 0.05,
significantly different from PA-6.
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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 experiment 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
analysed 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’) (Dobrev et al., 2005;
Figure 7B). IK,ACh was defined as the CCh-sensitive current
increase (Dobrev et al., 2005; Voigt et al., 2007). PA-6
(200 nM) was applied after 1 min washout of 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).

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

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.

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

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 idioventricular rhythm (IVR) or right ventricular apex
pacing at 1 Hz (RVA VVI60).
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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 function, protein and mRNA
expression were found in several studies comparing AF
patients of different aetiology with matched controls
(Veldhuis et al., 2015). For this reason, pharmacological
inhibition of IK1 was suggested as a new treatment option
(Ehrlich, 2008; Bhave et al., 2010), 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
(Filgueiras-Rama et al., 2012) and cholinergically induced
AF at 10 μM (Noujaim et al., 2011). The authors reported
that chloroquine decreased AF frequency and the number
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)
(Duytschaever et al., 2001). 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.
Previously, we showed that progressive atrial electrical
and structural remodelling make the fibrillation pattern
more complex and thereby make AF more stable (Eckstein
et al., 2011; Verheule et al., 2010, 2014). 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 (Beaumont
et al., 1998; Noujaim et al., 2007), and we would expect that
PA-6 impairs rotor stability. We have not observed stable
rotors in themapped atrial regions. 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. With decreased rotor
stability and frequency, break-up into ‘daughter waves’
(Everett and Olgin, 2004), and therefore, the complexity of
fibrillatory patterns at more distant sites would also be
reduced. Therefore, irrespective of the mechanism
responsible for AF maintenance, multiple 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
velocity, whereas class III inhibitors increase AERP, but all

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 carbachol (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 expressed as mean ± SEM. *P < 0.05,
* P < 0.05, significantly different from time-matched controls (TMC). Numbers indicate cardiomyocytes/patients.
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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%
(Eijsbouts et al., 2006), flecainide in 33 and 67% (Wijffels
et al., 1999; Eijsbouts et al., 2006), d-Sotalol in 92% (Wijffels
et al., 1999) and the combination of AVE0118 + dofetilide in
100% (Blaauw et al., 2007). PA-6 administration, at similar
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 different 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 (Reisinger et al.,
1998; Kirchhof et al., 2016).

The present study reflect an early point in the
development of AF-induced remodelling. 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) (Eijsbouts et al., 2006)
and AVE0118 + dofetilide (80, 33, 50, 0, 0 and 0% at 1, 2,
3, 4, 5 and 6 months of AF respectively) (Verheule et al.,
2010). 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. Previously, we used this model
to investigate the pro-arrhythmic and anti-arrhythmic
actions of various clinically used drugs and experimental
compounds, including anti-AF drugs (Thomsen et al.,
2006; Oros et al., 2008; Antoons et al., 2010; Bourgonje
et al., 2013; Varkevisser et al., 2013). 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 or QRS interval changes, whereas
QTc prolongation was less than 7%. The cAVB dog, with
its compromised repolarization reserve (Oros et al., 2008),
showed a more severe QTc prolongation (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
(Escande et al., 1986). 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 (Van der Heyden and
Jespersen, 2016). Only at higher concentrations of BaCl2
(>10 μM), when IK,Ach and IK,ATP channels become affected
also, resting membrane depolarization and arrhythmic

events become evident. In classical experiments performed
by Roza and Berman (1971), 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 hypotension,
flaccid paralysis of skeletal muscles, ventricular tachycardia
and fibrillation (Roza and Berman, 1971). Finally,
hypokalaemia occurred, most likely resulting from an
extra-intracellular potassium shift. This findings strongly
reflects the course seen in barium poisoning cases in man
(Bhoelan et al., 2014). Interestingly, potassium
administration to dogs counteracted most of the clinical
signs (Roza and Berman, 1971). No serum potassium levels
were measured in our canine experiments, 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 (Thomsen
et al., 2006).

It cannot be excluded that the effects of PA-6 are species
dependent, but when we compare 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%) (Supporting Information
Figure S4). As demonstrated before, Kir2.1, Kir2.2 and
Kir2.3 channels have similar sensitivities to PA-6 (Takanari
et al., 2013). For these reasons, we do not anticipate that
channel differences due to isoform expression alterations
or sequence variation between 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 (Jost et al., 2013)
which may increase the sensitivity of the human ventricle
for IK1 inhibition compared to dog. Furthermore, IK1
densities found in the atrium are 10-fold (Cordeiro et al.,
2015) or fivefold (Wang et al., 1998) lower than in the
ventricle of dogs and humans 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 reported (Skarsfeldt et al., 2016). 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
differences between our findings and those of Skarsfeldt
et al. (2016). The relative contribution of IK1 to atrial and
ventricular repolarization and resting membrane potential
stability is likely to differ 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
Skarsfeldt report (Skarsfeldt et al., 2016). Interestingly, a
recent paper involving the same research group on
Langendorff-perfused guinea pig hearts did not report any
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pro-arrhythmia of PA-6 (Hoeker et al., 2017). 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 (Cordeiro et al., 2015), 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 regimen
contained thiopental which is a known IK1 inhibitor that
most likely acts via interfering with PIP2 (Van der Heyden
et al., 2013). 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
dose–response relationship, both with respect to efficacy
and toxicity, should be performed prior to considering any
human clinical testing.
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Data S1 Supplementary Methods.
Figure S1 Electrophysiological parameters in sinus rhythm
dogs (n = 4) upon low dose bolus (0.5 mg.kg�1 10 min�1) (A)
or high dose bolus (2.5 mg.kg�1 10 min�1) (B) up to 30 min

following start of infusion. RR, PQ, QRS, QTc values are
derived from ECG recordings. LVMAP80 and STVlv are derived
from monophasic action potential recordings from the left
ventricle.
Figure S2 Electrophysiological parameters in cAVB dogs
(n = 9) upon high dose bolus (2.5 mg.kg�1 10 min�1) infusion
up to 30 min following start of infusion. QRS and QTc values
are derived from ECG recordings. LVMAP80 values are derived
from monophasic action potential recordings from the left
ventricle.
Figure S3 PA-6 mediated inhibition (50 and 200 nM) of
human (Hs, Homo sapiens) and fish (Bb, Blicca bjoerkna (white
bream)) IKir2.1 determined by patch-clamp electrophysiology
in the inside-out orientation. Percentage amino acid
sequence identity between Hs and Bb is 82.9%.
Figure S4 Amino acid alignment of human (Hs, Homo
sapiens), dog (Cf, Canis familiaris) and goat (Ch, Capra hircus)
Kir2.1, Kir2.2 and Kir2.3 amino acid sequences in single letter
code. Non-identical residues with respect to the human
sequence are depicted in white font on a black background.
Transmembrane region 1 and 2, selectivity filter, G-loop,
Golgi and ER export signals are indicated in yellow. Blue
shaded residues are involved in PA-6 mediated blockade.
Genbank accession numbers and percentages of amino acid
identity are given below the alignments.
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