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Aims

Methods
and results

TASK-1 (Kp3.1) two-pore-domain potassium channels are atrial-specific and significantly up-regulated in atrial fibril-
lation (AF) patients, contributing to AF-related electrical remodelling. Inhibition of TASK-1 in cardiomyocytes of AF
patients was shown to counteract AF-related action potential duration shortening. Doxapram was identified as a
potent inhibitor of the TASK-1 channel. In this study, we investigated the antiarrhythmic efficacy of doxapram in a
porcine model of AF.

Doxapram successfully cardioverted pigs with artificially induced episodes of AF. We established a porcine model
of persistent AF in domestic pigs via intermittent atrial burst stimulation using implanted pacemakers. All pigs
underwent catheter-based electrophysiological investigations prior to and after 14 days of doxapram treatment.
Pigs in the treatment group received intravenous administration of doxapram once per day. In doxapram-treated
AF pigs, the AF burden was significantly reduced. After 14 days of treatment with doxapram, TASK-1 currents
were still similar to values of sinus rhythm animals. Doxapram significantly suppressed AF episodes and normalized
cellular electrophysiology by inhibition of the TASK-1 channel. Patch-clamp experiments on human atrial cardio-
myocytes, isolated from patients with and without AF could reproduce the TASK-1 inhibitory effect of doxapram.
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Published on behalf of the European Society of Cardiology. All rights reserved. © The Author(s) 2021. For permissions, please email: journals.permissions@oup.com.
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1. Introduction

Atrial fibrillation (AF) is by far the most common sustained cardiac ar-
rhythmia." Safe and effective pharmacological treatment of AF, however,
still remains an unmet medical need. In the western world, ~3% of the
population suffer from AF. Its prevalence and incidence increase with
age. Consecutively, it can be foreseen that the number of patients suffer-
ing from AF will increase in our ageing population.® The effectiveness of
current pharmacological and interventional strategies against AF is still
suboptimal resulting in an urgent need for novel therapeutic
approaches.*

The tandem of P domains in a weak inward rectifying Kt channel-re-
lated acid-sensitive K channel (TASK-1; K;p3.1) potassium channel is a
member of the two-pore-domain potassium (Kop-) channel family.>® In
the human heart, TASK-1 (hKp3.1) is specifically expressed in the atria.
Recently, it was described that TASK-1 expression is up-regulated in
patients suffering from AF, contributing to the pathological shortening of
the atrial action potential duration (APD)”® together with calcium han-
dling abnormalities, increased repolarizing potassium currents, like I as
well as agonist-independent ‘constitutive’ I ach, and alterations in cell-
to-cell electrical coupling.” ™"

Therefore, TASK-1 channels represent a potential novel target for
pharmacological rhythm control by counteracting AF-induced APD
shortening. The TASK-1 current can be inhibited by experimental ion
channel inhibitors as well as clinically used antiarrhythmic drugs."*"” For
example, pharmacological inhibition of TASK-1 using the experimental
inhibitor A293 was recently shown to exhibit atrial-specific antiarrhyth-
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mic properties in our porcine large animal model.
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The pyrrolidinone derivative doxapram, clinically employed as a respi-
ratory stimulant for over half a century, was recently identified as a potent
inhibitor of TASK-1 channels.?>>* Doxapram acts on both brainstem re-
spiratory centres and peripheral carotid chemoreceptors, where TASK-1
and TASK-3 channels are abundantly expressed.** Carotid body type 1
cells are regulated via oxygen-sensitive K currents, which are most likely
carried by TASK channels and doxapram probably acts by inhibiting these
channels.22?*|Cxq values of doxapram on TASK-1 are well within its ther-
apeutic range, and thus this FDA- and EMA-approved drug might bear
the potential to be used for rhythm control in AF patients.

Our preclinical trial aimed to assess the antiarrhythmic potential of
pharmacological TASK-1 channel inhibition by doxapram using clinically
relevant large animal models of acute episodes of paroxysmal AF and per-
sistent AF. Here, the respiratory stimulant doxapram was successfully ap-
plied for cardioversion of paroxysmal AF episodes as well as rhythm
control of persistent AF. Additionally, patch-clamp experiments on iso-
lated human atrial cardiomyocytes from patients with AF could confirm
an efficient antiarrhythmic effect of doxapram. Finally, the antiarrhythmic
potential of TASK-1 inhibition by doxapram could be reproduced by mul-
tiscale in silico modelling of human atrial electrophysiology. Altogether,
these studies provide a clear rationale for the doxapram conversion to si-
nus rhythm (SR) (DOCTOS) trial (EudraCT No: 2018-002979-17),
which investigates whether doxapram can cardiovert AF in patients.

2. Methods

For a detailed description of the employed methodology, please refer to
the Supplementary material online.
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2.1 Animal handling

Animal experiments were carried out in accordance with the Guide for
the Care and Use of Laboratory Animals as adopted and promulgated by
the US National Institutes of Health (NIH publication No. 86-23, revised
1985), with EU Directive 2010/63/EU, and with the current version of
the German Law on the Protection of Animals. Approval for experi-
ments involving pigs or Xenopus laevis was granted by the local Animal
Welfare Committee (Regierungspraesidium Karlsruhe, Germany, refer-
ence numbers A-38/11, G-221/12, G-296/14, G-217/18, and G-165/19).
Following sedation with azaperone [5 mg/kg, intramuscular (im.); Elanco,
Bad Homburg, Germany], midazolam (1 mg/kg, im.; Hameln Pharma Plus
GmbH, Hameln, Germany), and ketamine (10 mg/kg, im.; Zoetis
Deutschland GmbH, Berlin, Germany), pigs were anaesthetized with
propofol [1.5 mg/kg bolus, intravenous (i.v.) followed by 4-8 mg/kg/h, i.v.;
Fresenius Kabi, Bad Homburg, Germany]. After completion of echocar-
diography and electrophysiological (EP) studies anaesthesia was perpetu-
ated with isoflurane (0.5-2 vol%; Baxter Deutschland GmbH,
Heidelberg, Germany). For analgesia buprenorphine (0.02 mg/kg, iv;
Bayer Vital GmbH Tiergesundheit, Leverkusen, Germany) was adminis-
tered. Porcine hearts were explanted at the end of final surgery after
euthanization by iv. injection of 40 mL potassium chloride (1 mol/L) in
deep anaesthesia.

2.2 Porcine AF model

Induction of persistent AF in pigs was carried out by atrial burst pacing
via an implanted cardiac pacemaker (St. Jude Medical, St. Paul, MN,
USA). To prevent tachycardia-induced heart failure, atrioventricular
(AV) node ablation was performed under fluoroscopic guidance. Acute
AF was induced via right-atrial burst stimulation (400-1200 min™") during
EP studies.

2.3 Patients

The study protocol involving human tissue samples was approved by the
ethics committees of the Medical Faculty of Heidelberg University
(Germany; S-017/2013). Written informed consent was obtained from
all patients and the study was conducted in accordance with the
Declaration of Helsinki. A total of 12 patients with SR or chronic AF
(cAF) undergoing open heart surgery for coronary artery bypass grafting,
heart valve repair or valve replacement were included in the study.

2.4 Patch-clamp electrophysiology

Human and porcine atrial myocytes were isolated freshly as described in
the Supplementary material online. EP recordings were carried out at
room temperature (22-23°C) using the whole-cell patch-clamp
configuration.

2.5 Molecular biology and xenopus oocyte
electrophysiology

For oocyte preparation, ovarian lobes of female Xenopus laevis frogs
(Xenopus Express, Le Bourg, France) were surgically removed in aseptic
techniques, anaesthetized with tricaine solution (1 g/L, pH 7.5, 15°C).
After the final collection of oocytes, anaesthetized frogs were killed by
decerebration and pithing. Copy RNA was synthesized, using the
MmMESSAGE mMACHINE T7 Transcription Kit (Thermo Fisher
Scientific, Waltham, MA, USA) and injected into stages V and VI defolli-
culated Xenopus laevis oocytes as described earlier.”

3. Results

3.1 Doxapram inhibits human and porcine
TASK-1 channels

Major anatomical and physiological analogies to humans constitute
specific advantages of using pigs as a large animal model in cardiovas-
cular research. Human (h) and porcine (p) TASK-1 channels display a
large degree of homology, resulting in comparable functional and reg-
ulatory |:vr0|:ser‘cies.18‘25 In silico docking simulations of doxapram into
the intracellular pore of an open-state pTASK-1 homology model
based on the recently revealed crystal structure of hTASK-1 (PDB
ID: 6RV2)26 predicted that its binding site is located in close proxim-
ity to the pore-lining amino acids T93, L122, T199, and L239 (Figure 1
A-C). It was experimentally shown that these amino acid residues
contribute to the drug-binding site of the high affinity TASK channel
blocker A293%” and likewise mediate doxapram binding.*"** A com-
parison of the structure and predicted drug-binding site within the
TASK-1 inner channel pore is presented in Supplementary material
online, Figure S1.

Following heterologous expression in Xenopus oocytes, human and
porcine TASK-1 channel subunits give rise to comparable macro-
scopic currents (Figure 1D and G). Outward potassium currents were
measured using the two electrode voltage-clamp technique 24-72 h
after injection of copy RNA encoding either human or porcine TASK-
1 orthologs. Currents were elicited by application of depolarizing test
pulses (500 ms), applied in 20-mV increments from a holding potential
of -80 mV to +60 mV (0.2 Hz, see Figure 1D and G). Current ampli-
tudes were measured at the end of the +20 mV pulse. After a control
period with no significant amplitude changes (10 min), administration
of doxapram (10 pmol/L, 30 min) resulted in rapid decline of outward
potassium currents (human: 71.8+£3.6%, n = 7, P = 0.0002; porcine:
73.4+8.0%, n = 4, P = 0.003; Figure 1D-I). Doxapram blockade did not
affect the current—voltage relationship of human or porcine TASK-1
orthologs. Inhibition of TASK-1 currents by doxapram was concentra-
tion-dependent (Figure 1F and [). Half-maximal concentrations (ICso)
of human and porcine TASK-1 by doxapram were 0.88 pmol/L [1c-
confidence interval (Cl), (0.46 pmol/L, 1.07 pmol/L)] and 0.93 pmol/L
[1o-Cl, (043 pmol/L, 1.31 umol/L)] (n = 3-24 cells per concentration step).

Among human atrial potassium channels, doxapram (5 pmol/L) dis-
played specific TASK channel inhibition without significantly affecting
heterologously expressed TASK-4, TREK-2, K;2.1, K;3.1/K;.3.4,
Ky1.4, Ky1.5, Ky2.1, Ky4.3, MaxiK, Nay1.5, or Cay1.2 channels (Figure
1) and K). TASK-3 channels were blocked by doxapram with similar ef-
ficiency as TASK-1. However, our former studies pointed towards
negligible cardiac expression levels of TASK-3.728 Application of 100
umol/L doxapram was associated with mild to moderate off-target
effects on Ky1.4, Ky2.1, and hERG currents (Supplementary material
online, Figure S2).

3.2 In vivo antiarrhythmic properties of
doxapram in a porcine large animal model
Upon acute intravenous (i.v.) administration of doxapram [2 mg/kg body
weight (BW)] in healthy control pigs (n = 3 German landrace pigs of
both sexes), a rapid peak and decline of doxapram plasma levels could
be observed (Figure 2A). Surface electrocardiograms (ECGs), recorded 5
min after iv. administration of doxapram (2 mg/kg BW), did not show rel-
evant alterations in PQ, QRS, QT, or QTc intervals compared to base-
line conditions (n = 7 independent experiments performed on N = 4
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Figure | Pharmacological effects of doxapram on TASK-1 potassium channels. (A) Left: hnTASK-1 crystal structure.®® Right: homology model of pTASK-1
based on the respective crystal structure. Differences in hTASK-1 and pTASK-1 amino acid sequence are indicated in red. (B) Chemical structure of
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individual pigs (Figure 2B). A trend towards increased heart rates was ob-
served after application of doxapram (1 mg/kg BW: 15.9% increase; 2
mg/kg BW 20.2% increase) (Figure 2C). Invasive blood pressure record-
ings performed in anaesthetized pigs revealed a slight trend towards in-
creased systolic, diastolic, and mean blood pressure levels under
doxapram treatment that did not reach statistical significance (n/N = 7/4)
(Figure 2D). Atrial effective refractory periods (AERPs) measured at dif-
ferent basic cycle lengths (BCL), were significantly prolonged upon
TASK-1 inhibition by doxapram consistent with class-lll antiarrhythmic
effects (Figure 2E). The AERP measured at a BCL of 500 ms (AERPsq) in-
creased from 216.4£24.4 ms under control conditions to 251.4+£22.1 ms
after administration of 1 mg/kg BW doxapram, and further increased to
254.7£19.7 ms after 2 mg/kg BW doxapram (P = 0.0011 and P = 0.0036;
nIN = 6/4) (Figure 2E). The AERP4oo was prolonged from 212.1+£19.8 ms
to 232.9+£18.4 ms after iv. injection of 1 mg/kg BW doxapram, and to
237.9£20.9 ms after iv. injection of 2 mg/kg BW doxapram (P = 0.029
and P = 0.00026; n/N = 6/4) (Figure 2E); the AERP3qo was prolonged
from 170.0+£15.7 ms to 205.0£13.5 ms at 1 mg/kg BW doxapram, and to
212.5%£23.5 ms at 2 mg/kg BW doxapram (P = 0.0094 and P = 0.046, re-
spectively; n/N = 6/4) (Figure 2E).

3.3 Pharmacological cardioversion of acute
paroxysmal AF episodes by i.v. doxapram
treatment

Subsequently, the antiarrhythmic potential of doxapram-induced prolon-
gation of AERP was studied in a porcine model of acute episodes of par-
oxysmal AF. AF episodes were artificially induced by right-atrial burst
pacing (10 V, 150-50 ms cycle length, 2—8 s duration) during EP studies.
Following a control period of 5 min to confirm stability of the induced
AF episode, pigs were treated with different concentrations of doxap-
ram (Figure 2F). Whereas doxapram doses of 1 mg/kg BW (empty
circles) did not result in cardioversion of AF during an observation pe-
riod of 10 min, strikingly, doxapram doses >1.5 mg/kg BW (blue dots)
resulted in a 100% cardioversion rate. After iv. administration of doxap-
ram, the time to cardioversion was monitored in surface and intracardiac
ECGs. The average time to cardioversion was 2.5+£0.6 min after iv. ad-
ministration of doxapram (n = 17) (Figure 2G). On average, doses of 1.85
mg/kg BW were sufficient for cardioversion (n = 17) (Figure 2H).

Figure 1 Continued

3.4 Effects of continuous doxapram
treatment in a porcine model of

persistent AF

To study the efficacy of pharmacological TASK-1 inhibition by doxapram
in rhythm control, doxapram was administered daily in a porcine model
of persistent AF. In all animals, echocardiography and invasive EP studies
were conducted (Supplementary material online, Figure S3), a dual cham-
ber pacemaker was implanted, and an AV node ablation was performed
in animals randomized to AF groups to prevent tachycardiomyopathy as
a consequence of AF induction.'”*® Ventricular backup pacing was
provided via the implanted pacemakers. Subsequently, 24 pigs were ran-
domized to an AF group (n = 12) or a SR control group (n = 12) with
deactivated pacemakers (Figure 3A). In the AF group, AF was induced by
right-atrial burst stimulation. Both study cohorts were divided into a
treatment arm (n = 5-6) with daily doxapram administration (2 mg/kg
BW iv.) and a control arm with sham treatment (0.9% NaCl solution; n =
5-6). During the 14 days follow-up period, atrial burst stimulation was al-
ternated with pacing-free intervals for automatic rhythm assessment by
the pacemakers. A programmable biofeedback algorithm was imple-
mented in the pacing devices that interrupted burst pacing when en-
dogenous AF was detected. At the end of the observation period, AF
pigs underwent electrical cardioversion. Echocardiography and EP
studies were repeated, and isolated right-atrial cardiomyocytes of all
study pigs were subjected to patch-clamp measurements (Figure 3A).
Additional hemodynamic and echocardiographic characteristics of
the study pigs, obtained on Day 0 and Day 14 are given in
Supplementary material online, Table S1. Representative surface
ECGs, recorded on Day 14 are depicted in Figure 3B and P waves are
highlighted with black dots. Again, doxapram treatment did not result
in significant surface ECG changes. TASK-1 inhibition by chronic dox-
apram treatment did not significantly affect the function of the sinus
node (Figure 3C). Further analyses of ECG parameters and represen-
tative intracardiac recordings of the rhythm state by the implanted
devices are shown in Supplementary material online, Figures S4 and
$5. No significant changes of the sinus node recovery times (SNRTs)
measured after 30 s of overdrive suppression and the corrected sinus
node recovery times (cSNRT) were observed. Furthermore, sino-
atrial conduction times (SACT), measured by applying the Narula®
or Strauss®" method, remained unchanged (Figure 3C).

monohydrated pyrrolidinone derivative doxapram. (C) Simulation of doxapram docking to the inner channel pore of pTASK-1. Excerpts illustrate
the interactions of doxapram with pore-associated amino acids. (D—l) Human and porcine TASK-1 ion channel subunits, heterologously expressed
in Xenopus laevis oocytes, are inhibited by doxapram (10 umol/L) to a similar extent. (D and G) Representative current traces of hTASK-1 (D) and
pTASK-1 (G) before (CTRL) and after 10 umol/L doxapram (n = 3—4). (E and H) Current—voltage relationships of human (E) and porcine (H)
TASK-1 before (CTRL) and after doxapram (n = 3—4). (F and /) Concentration—response relationships for the effect of doxapram, on human (F)
and porcine (I) TASK-1 (n = 3-24). (J and K) TASK-specificity of doxapram among atrial potassium channels assessed in oocytes (n = 4—15 individual
cells). Significant current reduction was observed in TASK-1 and non-cardiac TASK-3 subunits. (/) Representative current traces recorded under
control conditions (grey) and after doxapram (5 pmol/L, 30 min) by application of voltage pulses from -80 to +40 mV for TASK-1, TASK-3, TASK-
4, TREK-1, MaxiK, Ky1.4, K\1.5, Ky2.1, and Ky4.3, pulses from -160 to 0 mV for K; 2.1 and K;.3.1/K;.3.4 or a double step from -80 to +20 mV and
-40 mV for hERG. For Nay1.5 currents, the voltage was stepped from a holding potential of -80 to -30 mV, utilizing a digital leak subtraction with a p
over n protocol of n =4. For Cay1.2 voltage was stepped from -80 to +10 mV for 1 s, sweep time interval was 30 s. (K) Relative current inhibition
levels are compared (n = 415 individual cells). Data for Cay/1.2 recordings were corrected for rundown. Dashed lines: zero current level. Data are
presented as mean£SEM. *, P < 0.05 vs. respective CTRL for Student’s t-tests.
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Figure 2 Acute effects of doxapram on atrial electrophysiology, insights from a porcine large animal model. (A) Doxapram plasma concentrations mea-
sured in 60 min intervals after intravenous administration of doxapram, 2 mg/kg BW (n = 3). (B) Representative surface ECGs recorded in pigs before and
10 min after doxapram administration, 2 mg/kg BW (n = 7 experiments performed on N = 4 pigs). (C) Upon administration of doxapram a non-significant
trend towards faster heart rates could be observed (n/N = 7/4). (D) Systolic (RRys), diastolic (RRgist), and mean (RReaq) arterial blood pressure levels
were not significantly changed by doxapram treatment (n/N = 7/4). (E) Administration of doxapram significantly prolonged the AERPs (n/N = 7/4). (F-H)
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A mild trend towards an increased AV node conduction was ob-
served in case of continuous treatment with doxapram (Figure 3D). The
Wenckebach point, the time of AV nodal 2:1 conduction, and AV nodal
effective refractory periods (AVNRP), measured at BCLs of 500 and 400
ms, were slightly shortened under doxapram treatment (Figure 3D).
Notably, animals in the AF group received AV node ablations.
Therefore, no measurements of AV nodal conduction could be per-
formed in this group.

As expected, AERPs were significantly shortened in untreated AF pigs
compared to SR pigs (Figure 3E). This observation is consistent with the
atrial electrical remodelling, that is also observed in AF patients. Daily
doxapram administration increased AERPs to levels observed in the SR
control group, reflecting class-lll antiarrhythmic effects (Figure 3E). No
significant changes in VERPs were observed under continuous doxapram
treatment again indicating absence of off-target effects at the level of ven-
tricular electrophysiology (Figure 3F). After 14 days, animals in the AF
group without treatment presented AF in 95% of the analysed surface
ECG recordings (Figure 3G). In contrast, AF animals receiving daily dox-
apram iv. treatment displayed AF in only 1% of the recorded ECGs (N =
5 animals; P < 0.0001). Thus, long-term doxapram treatment successfully
prevented tachypacing-induced atrial remodelling. Measurements of
doxapram plasma levels in blood samples of AF and SR animals taken be-
fore daily doxapram treatments indicate an initial saturation phase fol-
lowed by a plateau phase that is reached 5-7 d after start of the
continuous treatment (Figure 3H).

3.5 Effects of chronic doxapram treatment
on cellular electrophysiology of atrial

cardiomyocytes

Consecutively, effects of pharmacological TASK-1 inhibition by doxap-
ram on atrial cellular electrophysiology were studied in isolated atrial
cardiomyocytes from AF and SR pigs. Patch-clamp experiments were
performed in the whole-cell configuration. A microscope image of an
isolated porcine atrial cardiomyocyte is presented in Figure 4A.
Representative isolated TASK-1 currents (i.e. differences in currents,
recorded under control conditions and after application of 200 nmol/L
A293) of the different experimental groups are shown in Figure 4B and C.
A293-sensitive K current densities were activated at potentials >-20
mV and showed Goldman—Hodgkin—Katz rectification, which is typical
for Kop channels (Figure 4D—F).”3? AF-associated up-regulation of TASK-
1 resulted in a 8.6-fold up-regulation of TASK-1 current densities in com-
parison to SR controls (P = 0.024; n/N = 18-24/4-6; n, number of cells;
N, number of pigs) (Figure 4G). Daily iv. doxapram treatment of AF pigs
attenuated TASK-1 current up-regulation by 85.2% (P = 0.15; n/N = 24—
26/4-6) whereas no relevant changes in TASK-1 currents were ob-
served between the SR control animals and SR animals under doxapram
treatment (P = 0.9; n/N = 14-18/4—6 animals). Resting membrane poten-
tials did not differ significantly among the four groups (Supplementary
material online, Figure S6).

Figure 2 Continued

Atrial cardiomyocyte action potentials (APs) were studied under cur-
rent-clamp conditions in isolated cells from all four study cohorts.
Representative recordings are shown in Figure 4H and I. In untreated AF
animals, APDs at 50% repolarization (APDsg) were 97.2+10.9 ms (n/N =
6/4) compared to 158.3+14.3 ms in the SR control group (n/N = 6/4; P =
0.0075) (Figure 4J). Under daily doxapram treatment, AF animals dis-
played APDsq values comparable to SR controls (157.2+4.7 ms; n/N =
17/4) (Figure 4J). Finally, TASK-1 inhibition in SR animals did not cause sig-
nificant modulation of APDs values (171.4+10.4 ms; P = 0.38 vs. SR con-
trol; n/N = 11/3) (Figure 4J). Similar results were obtained for APDqg
measurements (Figure 4K). KCNK3 gqPCR expression analysis among
atrial cardiomyocytes, non-myocytes, and cultured atrial fibroblasts
points towards cardiomyocyte specific expression of TASK-1
(Supplementary material online, Figure S7).

3.6 Computational modelling of the
doxapram effects on atrial electrophysiology
in a single-cell and a tissue model

Computational modelling at single-cell and 2-dimensional tissue levels
was employed to directly probe the EP and antiarrhythmic effects of
doxapram-mediated TASK-1 inhibition. Our recent human atrial cardio-
myocyte model with TASK-1 formulation was fitted to the experimen-
tally obtained current—voltage relationship of human and porcine TASK-
1 (Figure 5A, left and middle panels), and the concentration-dependent
effect of doxapram on TASK-1 was incorporated (Figure 5A, right pan-
els). The appropriate concentration of doxapram to simulate long-term
(14 days) treatment was determined based on the TASK-1 measure-
ments from the four experimental groups shown in Figure 5. A simulated
concentration of 1 umol/L doxapram reproduced the experimentally
observed reduction in TASK-1 (Figure 5B). APD prolongation in the hu-
man atrial cardiomyocyte model with AF-related remodelling in re-
sponse to acute application of 1 umol/L doxapram was smaller than
observed with long-term treatment in pigs. However, when combining
the acute inhibition of TASK-1 with a reduction in AF-related remodel-
ling, consistent with the experimentally observed antiarrhythmic effects
of doxapram, the EP phenotype of long-term doxapram treatment could
be closely reproduced (Figure 5C). Finally, the antiarrhythmic effect of
such long-term doxapram treatment was investigated in homogeneous
2-dimensional tissue simulations. Re-entry was induced using an $¢S;
pacing protocol with different coupling intervals in virtual tissue with and
without AF-related remodelling in the absence or presence of the EP
effects of long-term doxapram treatment (Figure 5D, left panels). The
resulting vulnerable windows with the duration of re-entry induced for
each $4S, interval summarize the inducibility and stability of re-entry and
the sum of re-entry durations over all $4S, intervals provides an indica-
tion of total arrhythmogenic vulnerability. As expected, the arrhythmo-
genic vulnerability was considerably larger in the presence of AF-related
remodelling (Figure 5D, right). Importantly, simulated long-term doxap-
ram treatment reduced re-entry duration to values, observe in control

After induction of AF atrial rhythm was monitored for 5 min. When AF persisted different doses of doxapram were intravenously administered and

time to cardioversion was measured. (F) Surface and intracardiac ECG recordings. The magnification visualizes time of cardioversion to SR marked
with an asterisk. (G) Time to cardioversion of AF after infusion of doxapram (n/N = 17/17). (H) Doxapram dosages that were not effective (white
circles) or effective for cardioversion (blue dots; n/N = 20/17). Data are shown as mean+SEM. *, P < 0.05; **, P < 0.01; *** P < 0.001 vs. baseline for
Student’s t-tests. Where no asterisks are presented, no statistically significant difference was observed in Student’s t-tests.
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Figure 3 Safe and effective treatment of persistent AF using doxapram in a porcine disease model. (A) Experimental protocol: subsequent to an EP investi-
gation and pacemaker implantation, 20 pigs were randomized to AF induction or a SR control (CTRL) group. AF and SR groups were divided into subgroups
receiving intravenous doxapram or sham treatment. (B) Surface ECGs from all 4 subgroups on day 14 (left panel). Black dots indicate P waves. Scale bar (bot-
tom right) denotes 200 ms. Right: mean surface ECG parameters. PQ intervals could not be measured after AV node ablation in the AF groups (n = 4-5). (C)
SNRT, ¢SNRT, and SACT (n = 4-5). (D) AVNRP measured in SR animals (n = 4-5). (E) AERPs were significantly reduced in the AF-induction group and
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animals. Similar results were obtained in the presence of 100 pmol/L
doxapram, assuming selective TASK-1 inhibition (Supplementary mate-
rial online, Figure S8A and B). When simulating potential off-target effects
at this high concentration (36.7% inhibition of rapid delayed-rectifier K™
current; 28.0% inhibition of transient-outward K" current and 17.3%

14 d SR CTRL 14 d SR Doxapram

inhibition of ultra-rapid delayed-rectifier K current; based on
Supplementary material online, Figure S2), doxapram-induced repolariza-
tion prolongation was increased, resulting in a minor augmentation of an-
tiarrhythmic effects in tissue simulations (Supplementary material online,
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Figure 4 Patch-clamp recordings of atrial TASK-1 currents and APs of SR and AF pigs during long-term doxapram treatment. (A) Isolated porcine atrial car-
diomyocyte attached to a patch-clamp micropipette (scale bar: 25 pm). (B and C) TASK-1 current densities recorded from atrial cardiomyocytes from AF or
SR pigs after 14 days. The pulse protocol used in voltage—clamp measurements is depicted in panel (B). (D—F) Dependence of mean step current densities on
test potentials for the treatment and control groups (n = 11-26 cells, from N = 4-6 different animals per group). (G) Comparison of average A293-
sensitive current densities, quantified at the end of +20 mV pulse. (H-/) Representative AP recordings of atrial cardiomyocytes. (H-) Comparison of corre-
sponding average AP durations at 50% repolarization (APDso; /) or 90% repolarization (APDgg; K) of experimental groups (n = 617 cells, isolated from N =
3—4 animals per group). Data are shown as mean£SEM. Dashed lines indicate zero current and potential levels. *, P < 0.05;**, P < 0.01 from Student’s t-tests.

Figure 3 Continued

could be restored by doxapram treatment (n = 4-5). *, P < 0.05; **, P < 0.01 vs. 14 days SR CTRL in Student’s t-tests. (F) No statistically significant
differences of ventricular ERPs were observed (n = 4-5). (G) AF burden (i.e. diagnosis of AF in daily surface ECGs in relation to the cumulative num-
ber of surface ECGs, documented during the 14 days follow-up period) was significantly reduced by doxapram treatment (n = 5). *** P < 0.001 vs.
14 days AF CTRL in Student’s t-tests. (H) Plasma levels of doxapram in AF and SR animals in daily blood samples (n = 5). Where no asterisks are
presented, no statistically significant difference was observed in Student’s t-tests.

202 11dy 60 U0 159NB Aq 62G€829/8Z L L/2/8) L/2I01E/SSIOSEAOIPIED/WOY"ANO"DIWSPED.//:SANY WOy PAPEOJUMO]


https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab177#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab177#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab177#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvab177#supplementary-data

10

F.Wiedmann et al.

>

Current [normalized to
CTRL at 60 mV]

2.0-  hTASK-1 . PTASK-1 % 1207 hrask-1
el I ~ 80
. S 40

- - 0

s £ 120

0.5 - £ pTASK-1
LI 80
0.0 i S 40
'0;5 L] Ll L] L] L] Ll L] Ll o 0

420 60 0 60 -120 -60 0 60 0.010.1 1 10 1001000
Membrane potential [mV] Doxapram[pmoliL]

[ Experiment: ®® CTRL = Doxapram 10 pmol/L Model: == CTRL = = Doxapram 10 pmoHLl

Current [normalized to
SR CTRL at 60 m

81sR 1SR 1AF 1AF

porcine human porcine _ human
44 - r o
24 - ’ ‘

’ - -
= /’ -
0+ -, - =
L] . L] L] Ll L] L] L] L] L] L] L] L] Ll L] L] L] L] L] L] L]
60 -30 0 30 60 -603003060 -60 -30 0 30 60 -60300 3060

Membrane potential [mV]

| Experiment: ©+ CTRL ws Doxapram 14 d

Model: == CTRL = =Doxapram 1 umoULI

C 501 SR 1 SR T 180
= porcine } human &
o 1 20 100
.E. S [v'4
s -50- RN g ® s0
H ' el
7] b3
3 -123 r r . r r y & 0
© 1 AF 'l AF — 150
§ 0- porcine 1 human
£ 1% g0 100
5 N N Q
2 5 XN\ 1 o e S 60
-1004r - & - 2
0 250 5_00 0 250 500
D s.s Time [ms]
1¥2
130 ms 0.05s 0.15s 0.5s 1s 2s 3s SRCTRL
SR Doxa
sceree [ E | I O I I 3 5+
AF Doxa
o [N E | 5
o @9 45
§2 10
AF CTRL 2o
S8 5
)‘E 0
= 9 | || B

3 Exp EZ1 Porcine

] Human

| 1 Hz pacing;Doxapram 1 pmoULI

SR SR AF AF
CTRL Doxapram CTRL Doxapram
8 2
g
| 5
0z
100 S,S; interval (ms) 300 -
SR SR AF AF
CTRL Doxa CTRL Doxa

Figure 5 Insilico analysis of the effects of doxapram on human atrial electrophysiology and arrhythmogenesis. (A) Voltage dependence of human and por-
cine TASK-1 in the absence (dark symbols/lines) or presence (light symbols/lines) of 10 umol/L doxapram (left and middle), concentration—dependent inhi-
bition of TASK-1 by doxapram (right) in experiments (symbols; data from Figure 1) and model (lines). (B) Voltage dependence of TASK-1 currents in SR and
AF pigs with sham treatment (CTRL) or treated with doxapram (symbols; data from Figure 4) and in the human atrial cardiomyocyte model with pTASK-1
(solid lines) or hTASK-1 (dashed lines). (C) Validation of AP properties of the computer model with human or porcine TASK-1 without (SR) or with AF-re-
lated remodelling in the absence (CTRL) or presence of the EP effects of long-term (14 days) doxapram treatment (simulated as TASK-1 inhibition by 1
pumol/L doxapram and 75% reduction in AF-related electrical remodelling). Bar charts show relative changes in AP duration at 50% and 90% of repolarization
(APDso and APDgp) in models compared to experimental data from Figure 4. (D) Snapshots of simulated re-entry initiated by an S4S; interval of 130 ms in 2-
dimensional human atrial tissue models with or without AF-related remodelling in the absence (CTRL) or presence of the EP effects of long-term doxapram
treatment (Doxa; left), and the vulnerable windows with re-entry duration for different S4S; interval together with the sum of all re-entry durations, repre-
senting total arrhythmogenic risk.
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Figure S8C and D). Together, these data support the pronounced antiar-
rhythmic effect of long-term doxapram treatment.

3.7 Effects of doxapram on human atrial
cardiomyocytes isolated from SR and cAF

patients
Finally, our findings regarding rhythm control in pigs with induced AF
were evaluated in tissue samples from AF patients. To this end, atrial car-
diomyocytes isolated from patients with cAF or SR were exposed to
doxapram. Tissue samples were taken from patients undergoing open
heart surgery for valve repair, replacement or coronary artery bypass
grafting (Supplementary material online, Table $2). A microscope image
of an isolated human atrial cardiomyocyte is shown in Figure 6A.
Representative doxapram-sensitive background potassium currents
from voltage-clamp recordings using the patch-clamp technique in
whole-cell configuration are shown in Figure 6B. Similar to porcine atrial
cardiomyocytes, Goldman—Hodgkin—Katz rectification was observed
(Figure 6C). Doxapram-sensitive potassium background currents
recorded from cAF cells were 2.9-fold higher than in SR controls (P =
0.02; n/N = 6-15/4-8) (Figure 6D).

Collectively, these results point towards class-lll antiarrhythmic effects
of doxapram in native human atrial cardiomyocytes, which were even
enhanced in cells isolated from AF patients.

4. Discussion

4.1 Antiarrhythmic potential of doxapram
In the development of novel antiarrhythmic drugs, atrial selectivity is es-
sential to prevent potential life-threatening side effects on ventricular
electrophysiology.” In the human heart, TASK-1 channels are predomi-
nantly expressed in the atria.” Such atrial specificity was also observed in
domestic pigs,'™* but not in small animals (e.g. mice).”® Upon heterolo-
gous expression of TASK-1 in Xenopus laevis oocytes, doxapram has a
similar affinity for human and porcine orthologs with ICs values of 0.88
and 0.93 pM, respectively. Similar results were obtained in patch-clamp
experiments performed on mammalian cells, with ICsg values of TASK-1
for doxapram inhibition in the single-digit micromolar range.?®

Taking the substantial costs and the long timespan associated with
drug development into account, repurposing of clinically established
drugs with known tolerability becomes an attractive option.>® Utilization
of the FDA- and EMA-approved drug doxapram may therefore acceler-
ate the evaluation of TASK-1 as a promising target for AF therapy in first
clinical trials.

Our present data provide a proof-of-concept that blockade of atrial
TASK-1 currents by doxapram exerts class-lll antiarrhythmic effects
in vivo sufficient for cardioversion as well as rhythm control of AF, in-
duced in pigs. Pharmacological inhibition of atrial TASK-1 currents using
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Figure 6 Effects of doxapram on human atrial cardiomyocytes from SR controls and AF patients. (A) Isolated human atrial cardiomyocyte (scale bar: 25
pm). (B—C) Potassium currents in human atrial cardiomyocytes after 100 umol/L doxapram. (B) Representative current recordings for cardiomyocytes from
SR and cAF patients. (C) Dependence of mean step current densities on the respective test pulse potentials (n = 6—15 cells, from 4-8 patients per group; no
statistical significance in Bonferroni corrected Mann—Whitney tests). (D) Comparison of mean doxapram-sensitive current densities at +20 mV. Data are
shown as meanSEM. Zero current levels are indicated by dashed lines. *, P < 0.05 from Mann—Whitney test.
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the respiratory stimulant drug doxapram facilitated pharmacological car-
dioversion of induced AF episodes through prolongation of atrial refrac-
toriness. Furthermore, long-term doxapram treatment resulted in
rhythm control in a clinically relevant large animal model of persistent
AF. No relevant side effects were observed on the basis of ventricular
EP parameters. At a cellular level, doxapram treatment prevented up-
regulation of TASK-1 currents and APD shortening in isolated porcine
atrial cardiomyocytes. The effects of TASK-1 current inhibition and APD
prolongation could be reproduced and mechanistically explained using a
computational model of an atrial cardiomyocyte. Multicellular model
simulations further replicated the effects on AERPs, confirmed the
resulting antiarrhythmic efficacy of doxapram and extrapolated our find-
ings to a broad range of experimental conditions.

Additionally, our study confirms the role of TASK-1 current up-regu-
lation in AF-related electrical remodelling, and its implication in shorten-
ing of the atrial APD and AERP. Our observations are in line with
previous findings in human atrial cardiomyocytes, isolated from AF
patients.7'8 Enhanced atrial repolarizing K currents and shortening of
refractoriness represent classical characteristics of AF-associated electri-
cal remodelling, promoting re-entry and perpetuation of the arrhyth-
mia.”"? In this context, TASK-1 inhibition might serve as a mechanism-
based antiarrhythmic concept.

While TASK-1 channels display atrial-specific expression patterns
within the human heart, TASK-1 and closely related TASK-3 channels
are expressed in several other organ systems where they control nu-
merous important physiological processes. TASK-1 expression was
reported in the brain, lung, liver, kidney, adrenal gland, pancreas, pla-
centa, ovary, prostate, small intestine, and chondrOC)/‘ces.3‘F36 Animal
models pointed towards a role of TASK-1 currents in mediating anaes-
thetic regulation of neuronal activity, breathing stimulation, regulation of
thermogenesis, pulmonary vascular tone, immunoresponse, aldosterone
secretion, and tumorigenicity.****=? Thus, when employing inhibitors of
TASK-1 channels for treatment of AF, care has to be taken not to inter-
fere with other organ functions. Following an initial saturation phase,
doxapram plasma levels of our study pigs reached a plateau phase in the
range of 0.1-1 pg/mL. When applied as a respiratory stimulant, thera-
peutic plasma levels of doxapram were reported to reach 2 pg/mL.>*

In dogs, an acute increase in systemic blood pressure (10-20 mmHg)
was reported after doxapram treatment, accompanied by an increase
(~25%) in cardiac output.***® A clinical study in patients, receiving dox-
apram following thoracic surgery found no change in blood pressure or
hemodynamics.41 The observation that doxapram, applied during right
heart catheterization of patients suffering from chronic bronchitis,
results in a ~10 mmHg increase in pulmonary artery pressure*? could
be attributed to TASK-1 channel expression in pulmonary artery
smooth muscle cells.** Another potential side effect described in the use
of doxapram in neonatology is an increased incidence of hypokalaemia,
which is associated with increased aldosterone levels and is reversible af-
ter discontinuation.***> This side effect could also be explained by TASK
channel inhibition, as the knockout of TASK channel genes in mice was
shown to result in a phenotype of primary hy|:)eraldos‘ceronism.37

Doxapram has been routinely employed as a respiratory stimulant in
human and veterinary medicine for over half a century.***¢ However, to
our best knowledge, this study is the first systematic characterization of
its antiarrhythmic properties, because previous studies only reported
effects of doxapram on the QT interval*’ or on surface ECG parame-
ters, 850 Early studies in anaesthetized dogs and patients with structural
heart diseases showed an increase of ventricular ectopy after doxapram
treatment.*®*° It remains, however, uncertain whether this ectopy was

primarily caused by EP effects of doxapram or by an increased sympa-
thoadrenergic drive, increased cardiac output or an increased respira-
tory drive. Interestingly, De Villiers et al® reported the development of
a second-degree AV block in three cases of premature infants treated
with high doses of doxapram (1.47 mg/kg/h or 15-18.5 mg/kg four times
per day) that could be related to adverse effects on cardiac conduction.
Furthermore, occurrence of junctional rhythms was described in dogs
treated with high doxapram doses (5 mg/kg).*® In comparison to the
studies by De Villiers et al®
ments showed no significant effects of doxapram on ventricular
repolarization.

Current pharmacological therapies for rhythm control in AF patients
as well as cardioversion are still limited. Due to its atrial-specific expres-
sion, up-regulation in AF, and its functional connection to the APD
length, TASK-1 might be a promising target for AF suppression. In this
study, we observed that doxapram, a specific TASK-1 inhibitor, could be
successfully administered for cardioversion and rhythm control of AF in
pigs. Our experiments in porcine atrial cardiomyocytes showed an up-
regulation of TASK-1 in AF, resulting in elevated TASK-1 currents that
could be inhibited by doxapram treatment, resulting in values, observed
among SR cardiomyocytes. Due to the indication of doxapram as a
breathing stimulant, its antiarrhythmic effect might be studied in sleep ap-
noea patients that frequently suffer from AF. Based on the preclinical
results in this animal study, we started the DOCTOS trial (EudraCT No:
2018-002979-17) in 2019 as the first clinical trial evaluating the efficacy
of doxapram for AF cardioversion.

and Maillard et al,*” however, our experi-

4.2 Potential limitations

The porcine animal model of right-atrial tachypacing-induced AF might
differ from clinically observed spontaneous AF, regarding the pathophys-
iological mechanism of arrhythmogenesis. Previous EP studies, however,
showed similar functional and molecular characteristics of the porcine
AF model and AF in human."®*® Further, AF induction and antiarrhyth-
mic drug therapy were started in parallel therefore, the model may re-
flect the clinical situation of a patient with a mild atrial substrate at the
threshold of paroxysmal to persistent AF, rather than patients with al-
ready persistent AF.

Another potential limitation could result from interactions between
atrial electrophysiology, doxapram treatment, respiratory rate, blood
pressure, or sympathoadrenergic drive. To comprehensively quantify
the effects of doxapram on cardiac electrophysiology and to appreciate
the role of the autonomic nervous system in the pathophysiology of AF,
EP and hemodynamic measurements were performed without complete
autonomic blockade. Even though contribution of TASK-1 to fibroblasts
appeared limited (Supplementary material online, Figure S7), it remains
uncertain whether doxapram has an additional beneficial effect on atrial
remodelling beyond its primary electrical effects through modulation of
atrial inflammation via TASK-1 channel inhibition in immunocytes or
through interaction of central nervous TASK-1 channels. Due to regula-
tions on animal protection, the treatment duration of 14 days was rela-
tively short and sample sizes used in this study were relatively small.

AV node ablation was performed in the AF group to prevent tachy-
cardiomyopathy because left ventricular ejection fraction was identified
as an important remote regulator of atrial TASK-1 currents.® Rapid con-
duction through the AV node is, however, part and parcel of atrial
arrhythmogenesis in patients with heart failure. It has to be taken into ac-
count that this element of the clinical picture of AF is not taken into con-
sideration in the animal model that was used in this study. It further has
to be acknowledged that not all study groups underwent AV node
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ablation, as we aimed to assess the effects of doxapram on AV nodal
conduction.

5. Conclusion

Pharmacological suppression of atrial TASK-1 potassium channels pro-
longed atrial refractoriness with no effects on ventricular repolarization,
resulting in atrial-specific class-lIl antiarrhythmic effects. In our preclinical
pilot study using a clinically relevant large animal model, the respiratory
stimulant doxapram was successfully administered for cardioversion of
acute episodes of paroxysmal AF as well as rhythm control of persistent
AF. Further clinical trials are needed to evaluate the effects of doxapram
in AF patients. Finally, experiments of this study served as the basis for
preparing the first clinical trial of a TASK-1 inhibitor in AF patients, the
DOCTOS trial, to convert AF.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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