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Abstract

Background/Aims: Atrial fibrillation is the most common
arrhythmia in the elderly, and potassium channels with
atrium-specific expression have been discussed as
targets to treat atrial fibrillation. Our aim was to
characterize TASK-1 channels in human heart and
to functionally describe the role of the atrial whole
cell current I, ,. Methods and Results: Using
quantitative PCR, we show that TASK-1 is
predominantly expressed in the atria, auricles and
atrio-ventricular node of the human heart. Single
channel recordings show the functional expression
of TASK-1 in right human auricles. In addition, we
describe for the first time the whole cell current carried
by TASK-1 channels (/,,,,) in human atrial tissue.
We show that [, , contributes to the sustained
outward current /- and that /., , is a major
component of the background conductance in human
atrial cardiomyocytes. Using patch clamp recordings
and mathematical modeling of action potentials, we

demonstrate that modulation of /., , can alter human
atrial action potential duration. Conclusion: Due to
the lack of ventricular expression and the ability to
alter human atrial action potential duration, TASK-1
might be a drug target for the treatment of atrial
fibrillation.

Copyright © 2011 S. Karger AG, Basel

Introduction

Atrial fibrillation (AF) is a major risk factor for
morbidity and mortality in the elderly. Mortality in AF is
primarily caused by heart failure and thromboembolic
complications [1]. Current therapeutic concepts include
the control of ventricular heart rate, restoration of sinus
rhythm and prevention of recurrence of AF. However,
therapeutic efficiency is limited due to electrical and
structural remodeling caused by AF [2]. Slowing of atrial
repolarization by blocking K* channels can terminate AF
by prolonging the effective refractory period. However,
most antiarrhythmic drugs currently available also
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prolong the ventricular action potential which increases
the risk of forsades de pointes arrhythmias and sudden
cardiac death due to ventricular fibrillation. These severe
adverse effects can be avoided by blocking atrial-specific
potassium currents. Specific potassium channel targets
of'the atrium suggested so far include channels underlying
the ultra-rapid delayed rectifier current /, and the
acetylcholine-activated current 7, . [3]. It has been
speculated that two-pore domain potassium channels
contribute to native cardiac K* currents [4, 5]. Due to a
lack of specific TASK-1 blockers, it was in the past not
possible to isolate native atrial I, ., in human heart. We
have recently used the TASK-1 specific blocker A293 to
isolate /| inratand mouse ventricular cardiomyocytes
[6, 7]. In the present study we show that in the human
heart TASK-1 is specifically expressed in the atrium and
we provide a quantitative description of 7, ., in human
atrial myocytes. We show that 7., , might modulate
action potential duration using whole cell and dynamic
patch clamp experiments in human atrial cells. In addition,
mathematical modeling of the atrial action potential
supports the role of TASK-1 in the repolarization phase.
Our results suggest that TASK-1 has an atrium-specific
expression in the human heart and that 7, , might
influence atrial action potential duration. Thus, TASK-1
might be a promising drug target for the treatment or

prevention of AF.

Materials and Methods

Ethical approval

The investigation conforms to the principles outlined in
the Declaration of Helsinki and to the guide for the Care and
Use of laboratory Animals (NIH Publication 85-23). The study
was approved by the local ethics committee of the Marburg
University (medical faculty) (No. 53/07). Each patient gave
written informed consent.

Isolation of human atrial cardiomyocytes

Right atrial auricle specimens were obtained from 12
patients with sinus rhythm undergoing cardiac surgery in
extracorporeal circulation. The preparation of human auricle
cardiomyocytes was previously described [8-9] and modified
only marginally. Briefly, after biopsy specimens were stored for
60 min at 4 °C in calcium-free solution containing in mM: NaCl
27, KCI 20, MgCl, 1.5, HEPES 5, Glucose 274; pH 7.0. Then,
specimens were cut into pieces of 1-2 mm?® and oxygenized
(tension: 100-150 mmHg) at 37 °C in 10 ml of calcium-free solution
containing in mM: NaCl 140, KCI 5.4, MgCl, 1.2, HEPES 5,
Glucose 5; pH 7.0. Using a miniature magnetic stirring bar
rotating with 3 Hz, blood and calcium was washed out of the
specimens three times for 7 min each. Specimens were then

transferred into calcium-free solution containing 720 U/ml
collagenase Type 2 (Worthington), 0.52 U/ml protease Type
XXIV (Sigma) and 0.1 % bovine albumin. After 30 min of
digestion, cells in suspension were separated from debris by
centrifuging at 2000 rpm for 2 min. Rod-shaped striated cells
were then placed on 35 mm dishes for measurements.

Expression analysis

Total RNA from human hearts of 12 patients with sinus
rhythm (Table 1) was isolated using a RNA/DNA/Protein
Purification Kit (Norgen). Reverse transcription (RT) was
performed with random hexamer primers (Applied Biosystems)
and Superscript II reverse transcriptase (Invitrogen) according
to the instructions of the manufacturer. Subsequently cDNA
was pooled. Multiple cardiac tissues were analyzed with a
commercial cardiac tissue cDNA panel (Clontech). PCRs were
performed with intron-spanning primers using the Platinum
SYBR Green qPCR SuperMix-UDG (Invitrogen) according to
the instructions of the manufacturer. Reaction mixtures were
preheated at 50 °C for 2 min and at 95 °C for 2 min, followed by
40 cycles at 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s.
Emitted fluorescence was detected online using a Mx3000P
real-time PCR system (Stratagene). For all primer pairs the
amplification products were confirmed by sequencing, no
template control (NTC) and dissociation curve analysis. In
addition, amplification efficiency was determined by analyzing
the slope of a CT/log (template concentration) plot. For
normalization, primers for glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were used (rE=1/22¢T). Primers used
in quantitative RT-PCR expression analysis: GAPDH for 5'-AGT
CAA CGG ATT TGG TCG TAT-3', rev 5'-ACC ATG TAG TTG
AGGTCAATG AAG-3'; Kvl.5 for 5-CCC TGG AGA ATG CAG
ACAGT-3',rev 5-TCCAGG CAGAGG GCATAAAG-3'; Kv2.1
for 5'-TAC TGG AGA AGC CCA ATT CCT CTG-3, rev 5'-CTG
TAG CTCAGG CAG CGT GTT G-3'; Kv4.3long for 5-CTT GTG
GAT GAT CCC CTG TTA TCT-3', rev 5'-GGT AGT TCT GCA
TTG AACTCT CCA-3'; Kir2.1 for 5'-CAG TTC ATC AAT GTG
GGT GAGAAG-3',rev 5~ ACGAAAGCCAGG CAGAAGATA
AC-3"; KCNQI for 5-TGG AGA GAA GAT GCT CACAGT CC-
3", rev 5-TGT TGG GCT CTT CCT TAC AGA ACT-3'; hERG for
5'-CAT TGT GGA CAT CCT CAT CAA CTT-3', rev 5-GAG
GAA CCA GCC CTT GAA GTA GT-3'; TREK-1b for 5-GAA
TGC TGCATG CCT CAT GCT T-3', rev 5-AAT GAGAGC CTC
GGT TTG GAG TTC-3'; TASK-1 for 5'-TTC GCC GGCTCCTTC
TACTTC-3", rev 5'-CGT AGAACATGCAGAACACCTTG-3'.

Expression of TASK-1 channels in Xenopus oocytes

Xenopus oocytes were prepared as previously described
[10]. Isolated oocytes were stored at 18 °C in ND96 recording
solution containing in mM: NaCl 96, KC1 2, CaCl, 1.8, MgCl, 1,
HEPES 5; pH 7.4 with NaOH, supplemented with Na-pyruvate
(275 mg/1), theophylline (90 mg/l) and gentamicin (50 mg/l).
Stage IV and V oocytes were injected with 1.5 ng of TASK-1
cRNA, synthesized using the mMESSAGE mMACHINE Kit
(Ambion). Standard two-electrode voltage-clamp (TEVC)
experiments were performed at room temperature (21 - 22 °C) in
ND96 recording solution 2 days after injection. Microelectrodes
were fabricated from glass capillary tubes and filled with 3 M
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KCIl. Tip resistance was in the range of 0.2-1.0 MQ. Two-
electrode-voltage clamp (TEVC) recordings were performed
using a TurboTEC-10CD Amplifier (npi) with a Digidata 1200
A/D-converter (Axon Instruments). For data acquisition the
software pPCLAMP7 (Axon Instruments) was used and data
were analyzed with ClampFit10 (Axon Instruments).

Patch clamp

Isolated cardiomyocytes were placed on 35 mm dishes
(Corning). After 15 minutes of settling, patch clamp recordings
were performed at room temperature (21 - 22 °C). Pipettes had a
tip resistance of 2.0 - 3.5 MQ when filled with the pipette
solution containing in mM: KCI 60, K-glutamate 65, EGTA 5,
MgCl,2, K ATP 3, Na,GTP 0.2 and HEPES 5; pH 7.2 with KOH.
Cells were perfused with a bath solution containing in mM:
NaCl 140, KCl15.4, CaCl, 1, MgCl, 1, NaH,PO, 0.33, glucose 10
and HEPES 5; pH 7.4 with NaOH. Series resistances were
automatically compensated by 70 %. For single channel
measurements we used a pipette solution which was free of
divalent cations, containing in mM: 140 KCl, 5 HEPES; pH 7.2
with KOH.

Dynamic patch clamp

Dynamic patch clamp recordings were performed utiliz-
ing a custom written software based on LabView (National
Instruments). An Axopatch 200B amplifier (Axon Instruments)
was controlled by a 16 bit adc/dac card from National Instru-
ments. The current injected was calculated from the input
potential by the GHK current equation. According to the
action potential frequency, an additional depolarization pulse
was applied (see also Fig. 3). Sequences of 20 action potentials
were recorded and the duration of the last 10 action potentials
was evaluated. The sampling rate was 570 Hz.

Drugs

A293 (2-(Butane-1-sulfonylamino)-N-[1-(R)-(6-methoxy-
pyridin-3-yl)-propyl]-benzamide) was obtained from Sanofi
Aventis GmbH Germany. When high concentrations of A293
were used, TASK-1 currents were recorded in a blocker mixture
solution in order to avoid side effects of A293 on other ionic
currents, as previously described [6]. The blocker mixture
contained in pM: E-4031 1, HMR-1556 2, 4-AP 2000,
glibenclamide 2, nifedipine 10. Drugs were stored as DMSO
stocks and final DMSO concentration did not exceed 0.1 %.

Data analysis

Results are reported as mean = S.E.M. (n = number of
cells). Statistical differences were evaluated using unpaired
Student’s t-tests, unless stated otherwise. Significance was
assumed for p < 0.05, as indicated by an asterisk (*) or p <0.01,
as indicated by two asterisks (¥*).

TASK-1 Markov model and action potential modeling

A Markov model of TASK-1 channels was developed
using Matlab software (MathWorks Inc). The model included
two closed states, C1 and C2, and an open state O (Fig. 4L, top).
Forward rate a and backward rate B were defined as dependent
on the membrane voltage V_:

Patients
n=12
Gender male 11 (92 %)
female 1(8%)
Age <60 2(17%)
61-75 10 (83 %)
>76 0(0 %)
LV-function normal 12 (100 %)
moderate-to-serve dysfunction 0(0%)
Pharmacological ACE-inhibitor 7 (58 %)
treatment B-blocker 7(58 %)
Ca’'-antagonist 3 (25 %)
digitoxin 1(8 %)
loop-diuretic 6 (50 %)
K*-sparing diuretic 3 (25 %)
thiazide-diuretic 2 (17 %)
statin 6 (50 %)
glyceryl trinitrate 1(8%)
Cardiosurgical procedure coronary artery bypass 8 (67 %)
aortic valve replacement 325 %)
mitral valve replacement or repair 1(8%)
thoracic aneurysm repair 1(8%)
left ventricular aneurysmectomy 1(8%)

Table 1. Characteristics of patients with sinus-rhythm pooled
for qPCR experiments.

Vm

F Vo F
Za
a=o,e RT

z
B:BOe RT

with the rates o, and B at 0 mV, the charges z_and z, the
temperature T, Faraday constant F, and the gas constant R.
I, ., Was described by the Goldman-Hodgkin-Katz equation
for potassium currents as described previously [6, 11]. Param-
eters of the Markov model were determined using a previously
developed stochastic approach for numerical fitting [12] ap-
plied to the data recorded using the two electrode voltage clamp
technique.

A mathematical model of human atrial myocytes [13] was
used to simulate effects of 7, , on action potentials. The
potassium permeability P, was adjusted to reproduce the
patch clamp experiments with isolated human cardiomyocytes.
Cells were stimulated at a rate of 1 Hz. The simulations with the
myocyte model were carried out with the Euler method for
numerical solution of ordinary differential equations [14].
Simulation results after the 10" stimulation were analyzed.

Results

Expression of TASK-1 in the human heart

As a first step in characterizing the role of TASK-1
in human heart, we analyzed the expression level and
expression pattern in different cardiac tissues. A cDNA
pool of human atrial auricles from 12 patients not suffering

TASK-1 in Human Atria

Cell Physiol Biochem 2011;28:613-624 615



0.045 15000
—®— control 1.0
4 —®—right auricle
S £ —~A—right atrium 7 : * E 08
? 0.030 § 120009 —o—av-node o
2 @ —O—apex A 2
[} o 1 Qo
] s —’A'—righ’(ventricle/A by i o -] 06
N @ 9000 —-—fetal heart / / o
> o X / Z 04
= 0.015 . —e—septum S /' e
< S / / ©
e = g & = py
6000 —F —g-tg=i rd P —0—0—0—g
e Mol RO 22 24 26 28 30 32 34 o0 R AR RV P\
RENALACH T 6 28 3 3 SO (SO ESS
> O Y Cvel BN SR T S
d X ycles paRnls &S @
¥ YOS &S ©
<&

Fig. 1. Expression analysis of TASK-1 in the human heart. (A), Quantitative mRNA expression analysis of human TASK-1 in
heart tissue pooled from 12 different donors (n = 8 qPCR runs). Relative expression was quantified as 1/2 2T, where ACT is CT
(GAPDH) - CT (K channel). (B), Sample amplification blots of quantitative PCR analysis of human TASK-1 in different cardiac
tissues. (C), Quantitative PCR data analyzing the TASK-1 expression in various cardiac regions, normalized to left atrium (n = 5
qPCR runs). For patient information see Table 1 or Material and Methods section.

from AF (Table 1) was prepared and analyzed by
quantitative PCR experiments. First, we analyzed the
relative expression of the most prominent cardiac
potassium channels including the K, channels TREK-1
and TASK-1 (Fig. 1A). The quantitative PCR experiments
showed that TASK-1 had an mRNA expression level
which was about three times lower than that of the
I, and I components Kir2.1 and Kv4.3. Next, we
analyzed the relative expression of TASK-1 in different
cardiac regions (Fig. 1B, C). For this purpose, commercial
cDNA pools (Clontech) of different regions of human
heart were analyzed. Interestingly, expression of
TASK-1 was restricted to the atria including auricles and
the atrio-ventricular node (Fig. 1C). In contrast, no or
only low mRNA expression levels were observed in
the ventricles, the interventricular septum, the apex of
the heart, the aorta and the fetal heart (Fig. 1C).

Electrophysiological characterization of

TASK-1 currents in human atrial cells

After characterizing expression of TASK-1 at the
mRNA level, we aimed to record TASK-1 single channel
currents in right auricular myocytes to prove the functional
expression in human atria. The characteristics of the
patients examined in our patch clamp studies are listed in
Table 2. An example of a cell attached recording with a
TASK-1 like channel in a divalent cation-free solution is
depicted in Fig. 2A. The TASK-1 like channel in human
atrial auricles had a slope conductance of 28 £ 1 pS

Patients
n=6
Gender male 2(33%)
female 4 (67 %)
Age <60 0 (0 %)
61-75 6 (100 %)
>76 0(0 %)
LV-function normal 5(83 %)
moderate-to-serve dysfunction 1(17 %)
Pharmacological ACE-inhibitor 4(67 %)
treatment B-blocker 3 (50 %)
Ca’"-antagonist 1 (17 %)
digitoxin 0(0 %)
loop-diuretic 3 (50 %)
K-sparing diuretic 2 (33 %)
thiazide-diuretic 2(33%)
statin 3(50 %)
glyceryl trinitrate 2 (33%)
Cardiosurgical procedure coronary artery bypass 3 (50 %)
aortic valve replacement 3(50 %)
thoracic ancurysm repair 1(17 %)

Table 2. Characteristics of patients examined in the patch-
clamp experiments.

(n=4), calculated in the voltage range of -50 to -110 mV.
The open probability was determined using long
voltages steps with a duration of 60 s (n = 4) to potentials
in the range of -50 to -110 mV. For all tested potentials
the open probability was low, with p < 0.01 (n = 4).
A magnification of the brief openings on an expanded
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Fig. 2. Electrophysiological characterization B C
of human cardiac 7., ,. (A), Cell attached control - .
recordings from a TASK-1 like channel in A1omV < 8 10 ;/:
human atrial cardiomyocytes. The lower S0mV 2. 3 08 -
panel shows a magnification of the events T0my N% 0 06 /2"/:/
designated in the top panel by dotted oy ms § 04l
squares. (B), Representative current traces 200 M A293 § & gggtr::,: 293
elicited by the voltage protocol illustrated in e
panel C. After a pre-step of 70 ms to -50 mV, bt 1 % -60 \-IZ(I)t 20 60
the voltage was stepped for 300 ms from -60 » 90my 0 - oltage (mV)
mV to +50 mV in 10 mV increments. The L 70 my du“@ 5 300 " oy
holding potential was -80 mV and the sweep v W -50 mv B somy
time interval was 10 s. Control traces are i A293 R
shown in black and traces after s
administration of 200 nM A293 in grey. The D control t >
chemical structure of A293 is illustrated < 200200 nm A293 e _20 2
below. (C), Mean current voltage £ 100 : 3515 2 +40 mv

. . £ L = 9.5s 0mV
relationships in the absence and presence g g gelo g ‘,\F
of A293 derived at the end of the 300 ms test 3 100 g g'g = 0O mv 80 mV
pulse (as indicated by the arrow in panel B). -80-60-40-20 0 20 40 xS o ane
Significance was analyzed using a paired Voltage (mV) © 'gé“g\
Student’s t-test. (D), Isolation of the A293-
sensitive TASK-1 current, using 200 nM E F control ; + >
A293. Currents were recorded using the 0.6 z 20 B _ 20 .
shown voltage ramps from +40 mV to -80 mV %‘ £ 100 2HMAZ3 3815 B
(duration 9.5 s) from a holding potential of 0 ST 0.3 S ol i £ g 1.0 =
mV. Control traces are shown in black. The 23 3 g 5 05 -
bar graph in the middle panel anglyzes the § %80 45150 0 20 40 -100-I80-I60'4I'0'I20 0 20 40 © O'O““d i@
currents measured at +30 mV (as illustrated o Voltage (mV) Voltage (mV) 50*9‘0 P;%“s‘
by the arrow) and the difference current A
analyzed after application of the TASK

blocker A293 (which corresponds to

‘ASK- l)

. (E), Depicted is the average difference current with S.E.M., isolated with 200 nM A293

(n = 7). The solid line indicates a fit to the GHK equation. (F), Recordings of a background conductance after application of a
blocker mixture (light grey), using the same protocols and analysis as described above. 2 pM A293 (in the presence of the blocker
mixture) was used to isolate the A293-sensitive TASK-1 currents and the relative contribution to the background current.

time scale is shown in the lower panel of Fig. 2A.
The mean open time of the TASK-1 like channel was
0.99 £ 0.03 ms (n = 4). These data on single channel
kinetics of the TASK-1 like channel in human atria are in
good agreement with TASK-1 channels recorded in
divalent cation-free solutions [15] or in rat cardiomyocytes
[6, 16].

Our next aim was to quantify the macroscopic
whole cell current carried by atrial TASK-1 channels (Fig.
2B-F) using the TASK-1 blocker A293, which we have
previously characterized [6]. The inset of Fig. 2B
illustrates the chemical structure of the blocker. At a
concentration of 200 nM, A293 causes an almost complete
inhibition of TASK-1 [6]. At this concentration A293 has
virtually no effect on other cardiac channels [6].
Representative current voltage relationships of right
human auricular cardiomyocytes recorded before and
after application of A293 are illustrated in Fig. 2B and C.

In these experiments the sustained outward current
I .. was analyzed at the end of a 300 ms test pulse. The
I .. had a current density of 3.88 +0.74 pA/pF (n=35) at
+30 mV, similar as previously described [17]. After
application of 200 nM A293, the sustained outward current
analyzed at +30 mV, was blocked by 15.0+2.9 % (n=15)
(Fig. 2C).

In order to improve isolation of the 7, . | current,
we subsequently used voltage ramp protocols (Fig. 2D-
F) and a blocker mixture (Fig. 2F) that were optimized
for this purpose [6]. In addition, the holding potential
between the voltage ramps was set to 0 mV, to further
suppress inactivating currents. A representative voltage
ramp recording from human atrial cardiomyocytes
before and after application of A293 is shown in Fig. 2D
(left panel). I, isolated with 200 nM A293 was
0.38 + 0.08 pA/pF (n=7) at +30 mV (Fig. 2D, middle
panel). Figure 2E illustrates the average difference

TASK-1 in Human Atria
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Fig. 3. Patch clamp recordings of right human auricle cardiomyocytes. (A), Right auricle cardiomyocytes were injected with a
small negative current of about -20 pA in order to hyperpolarize the cells to -80 mV. Action potentials were elicited by injection of
a2 - 5 ms current pulse of 2 nA amplitude. Action potentials were evoked with a frequency of 1 Hz. After action potential duration
reached a steady state (black), 2 uM A293 was administered, until steady-state was reached (grey). (B), Relative increase in APD, |
and APD, by 2 uM A293. (C), Dynamic patch clamp experiments of single myocytes were performed as previously described [37].
Right human auricle cardiomyocytes were held in current clamp mode and resting membrane potential was adjusted to -80 mV via
the injection of a negative offset current, as described above. Action potentials were elicited at a frequency of 1 Hz via injection

of a positive current pulse (2 - 3 nA) of 2 ms duration. Dynamic patch clamp experiments with subtraction of

action potential (dark grey line), injection of an additional 7,

prolongation of APD,_, and APD,, respectively after subtraction of

additional 7, .

current with S.E.M., isolated with 200 nM A293 (n=7).
The rectification of the difference current is in good
agreement with a K, channel that obeys the GHK
equation (illustrated as solid line) (Fig. 2E).

Next, we aimed to analyze the relative contribution
of I, i, to the background conductance of human atrial
cardiomyocytes. Therefore, we used a blocker mixture
[6] to pharmacologically suppress any remaining
contributions of 7, ., I, I, I, and [ to the cardiac
background current (Fig. 2F, trace in light grey). In the
presence of the blocker mixture the background current
density was 0.84 = 0.15 pA/pF (n = 9) (Fig. 2F, right
panel). In addition, we applied high concentrations (2 M)
of A293 to ensure a complete inhibition of TASK-1
channels. In the presence of the blocker mixture,
application of 2 uM A293 resulted in a strong inhibition of
the background conductance (Fig. 2F, trace in dark grey).
The I, , current isolated in this way was 0.39 + 0.14
pA/pF at +30 mV (n = 9) (Fig. 2F, right panel). These
measurements suggest that /., contributes about
40 % to the background current of native human atrial
cardiomyocytes.

Combining both sets of data obtained with slow

voltage ramp protocols from 0 mV gave an average

I, 4., led to prolonged
shortened APD (light grey line). (D), Bar graph showing
(E), Shortening of APD_  and APD,, after injecting

ITASK-I :

I, ., density of 0.38 pA/pF at +30 mV. The mean
amplitude of 7, | from both sets of experiments (Fig.

2D, F) was 34 pA at +30 mV and the mean membrane
capacity was 94 pF.

I, currents modulate human atrial action po-
tential duration

Next, we tested whether /., ., currents are
important for the repolarization of human atrial action
potentials. For these experiments, cells were held at -80
mV in the current clamp modus before injection of brief
depolarizing pulse at a frequency of 1 Hz. In addition, we
used 2 pM of A293 to ensure a complete inhibition of
TASK-1 channels. Application of A293 led to a
prolongation of action potential duration (Fig. 3A, grey
trace). APD, and APD, (Fig. 3B) were prolonged from
18.2 £ 3.5 ms to 23.0 = 4.8 ms (+30 %, n = 3) and from
141.6 £ 6.1 ms to 167.55 £ 0.3 ms (+19 %, n = 3),
respectively.

As a control experiment, we addressed the question
whether a current of ~0.38 pA/pF can modulate the action
potential duration of human atrial cardiomyocytes, using
dynamic patch clamp recordings. For dynamic patch
clamp recordings the action potentials were elicited with
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Fig. 4. Development of a TASK-1 Markov model. TEVC measurements of TASK-1 channels in Xenopus oocytes served to create
a Markov model based on a closed-closed-open assumption. The figure illustrates the comparison of biophysical parameters of
TASK-1 injected oocytes measured by TEVC (squares) and the Markov model (circles). (A), Representative TASK-1 current
voltage relationship recordings elicited by the voltage protocol illustrated. The recordings in (A) served as input for the
comparison of TASK-1 model data with TEVC recordings (B-E). (B), Current voltage relationship. (C), Time constants of activation.
(D), Ratio of the amplitudes of the time constants of activation. (E), Percentage of instantaneous current. (F), Representative
recordings of TASK-1 deactivation, using the illustrated voltage protocol. The recordings in (F) served as input for the comparison
to the TASK-1 model data (G-H). (G), Fraction of current showing deactivation. (H), Time constant of deactivation. (I), Scheme of
the Markov model with simulated currents for activation (left) and deactivation (right). Currents were normalized.

a short current pulse, similar as for the action potential
recordings described above. During the subsequent action
potential 7, . . was subtracted or added (Fig. 3C). The
Goldman-Hodgkin-Katz current equation was used to
determine the amount of current that had to be injected
at any given potential during the action potential. The
calculations were performed with [K*], of 150 mM, [K™],
of 5mM and an [, , amplitude of 30 pA at +30 mV.
The shape and duration of the action potentials recorded
under control conditions was similar as previously
described (Fig. 3C) [18]. The APD,, was 31.2 + 8.9 ms
and the APD,  was 147 + 20 ms (n = 10). The subtraction
of I, , (mimicking a block of the channel) prolonged
the APD, significantly to 56.5 + 22.7 ms (+49 %,
n = 10) and the APD,, to 183 = 35 ms (+19 %, n = 10)
(Fig. 3D). Previously, it has been shown that TASK-1
transcription is about 2-fold up-regulated in atrial
fibrillation [19]. Injection of I, (mimicking a

‘ASK-1
doubling of native ) led to a significant shortening

ITASK—I

Name Symbol Value Unit
Rate constant for C1 - C2 Oy 13.3 s
Charge for C1 - C2 Zq, -0.106

Rate constant for C2 - C1 Bo 17.6 s
Charge for C2 - C1 Zg -0.105

Rate constant for C2 - O Yo 108 s
Charge for C2 - O z, 0.095

Rate constant for O - C2 B 9.7 s
Charge for O - C2 Zs 0.307

Table 3. Parameters for rate coefficients of Markov model of

I, o, For usage of the parameters see also Fig. 41 and the

equations in the Material and Methods section.

of the APD, to 124 + 15 ms (-16 %, n = 10), while the
APD,, was not significantly affected (25.8 + 6.3 ms,
n=10) (Fig. 3E). We therefore conclude that up-regulation
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of TASK-1 is able to make a significant contribution to
the shortening of the action potential which was previously
described for electrical remodeling in AF [2].

Development of a Markov model of TASK-1

channels

After preparation of atrial cardiomyocytes by
enzymatic digestion, we and others have observed
depolarized membrane potentials of about -60 mV. Thus,
to record action potentials from single atrial
cardiomyocytes with patch clamp and dynamic patch
clamp recordings, we hyperpolarized the cells with a
negative offset current injection. This current offset
however, might interfere with the shape and duration of
the action potentials we recorded. Thus, to further test
our hypothesis that TASK-1 block can prolong atrial action
potential duration, we investigated the role of TASK-1

using a computer model of atrial action potentials,
described previously by Courtemanche et al. [13]. As a
first step in the characterization of the role of TASK-1 in
silico, we developed a Markov model of TASK-1 channel
gating. For this purpose we analyzed the currents carried
by TASK-1 channels expressed in Xenopus oocytes (Fig.
4). First, we recorded current voltage relationships (Fig.
4A, B) of TASK-1 and analyzed the kinetics of activation
(Fig. 4C, D) and the fraction of quasi-instantaneous
currents (Fig. 4E). The activation of 1, was well
described with a bi-exponential fit. The two time constants
of activation and the respective amplitudes are given in
Fig. 4C and D. The instantaneous current (Fig. 4E) was
estimated by back-extrapolation of the bi-exponential fit
to the start of the test pulse. Next, we recorded the
kinetics of deactivation (Fig. 4F) and the fraction of current
that actually displayed deactivation kinetics (Fig. 4F, G).
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The deactivating currents were sufficiently described by
a mono-exponential fit and the time constants for the
different potentials are given in Fig. 4H. The data of the
TEVC recordings were subsequently used to derive a
three state gating model of TASK-1 (Fig. 4I). The rate
coefficients are given in Table 3 (see also Methods section
for equations). This Markov model was able to reproduce
the whole cell current kinetics recorded with the TEVC
technique (Fig. 4B-E, G-H). We simulated TASK-1 whole
cell currents (Fig. 41) using the same voltage protocols
as in the TEVC recordings (Fig. 4A, F). Simulated
currents closely resemble the measured currents (Fig.
4A, F versus Fig. 41). Thus, we conclude that the three
state Markov model adequately describes major features
of TASK-1 currents.

Action potential modeling confirms the role of

1, ., in human atrial cardiomyocytes

We then used the three state Markov model of
TASK-1 for computational studies of human atrial action
potentials. We applied the mathematical model of
Courtemanche et al. which gives a comprehensive
description of the electrophysiological behaviour of human
atrial cardiomyocytes [13]. The calculated 7, , was
subtracted from the total transmembrane current to
simulate a block of TASK-1 (Fig. 5A). Alternatively, we
doubled [, . , to simulate a transcriptional up-regulation
of TASK-1 under AF (Fig. 5A). Simulated action
potentials and the underlying currents are presented in
Fig. 5. APD,; and APD,, of atrial cells paced at 1 Hz
were 214.7 ms and 319.1 ms, respectively. After
subtraction of /., , the APD, was prolonged to 251.3
ms (+17 %) and the APD, was prolonged to 357.2 ms
(+12 %). Doubling of I, . , in the cell model resulted in
significant shortening of the atrial action potential, with
an APD,; of 180.8 ms (-16 %) and an APD,; of
276.1 ms (-13 %). Thus, our computational study
supports the observation from our patch clamp studies
that 7, ., influences atrial action potential duration.

When TASK-1 was subtracted from the membrane
currents to mimic TASK-1 block, we observed several
changes in cellular electrophysiology (Fig. 5B-F). First,
the net transmembrane current was altered (Fig. 5B, blue
line). The minimal net outward current during the plateau
phase of the action potential was further reduced (Fig.
5B, blue line), resulting even in a brief net inward current
(blue line, arrow). Consistent with a net inward current,
our calculations predict a more pronounced and prolonged
Ca?" influx via L-type Ca?" channels (Fig. 5C). After block

of I, ,» a prolonged I, _efflux was calculated, which

was probably related to the prolongation of the action
potential (Fig. 5SD). Interestingly, /. and / _ are also
expected to be increased in response to the block
of I, ., (Fig. SE). Due to the prolongation of the action
potential, the repolarizing /,, increase occurred with a
delay (Fig. 5F).

We conclude from our action potential modeling that
an increase or a decrease in [, . | can significantly alter
action potential shape and duration in human atrial

myocytes.

Discussion

Alteration of cardiac repolarization is considered to
be one of the major causes of atrial fibrillation [20], and
pharmacological modulation of atrial ion channels has been
suggested as a useful approach for treating atrial fibrillation
[21]. At present, pharmacological therapy of atrial
arrhythmias is far from satisfactory. Besides low
effectiveness in converting patients with chronic AF to
sinus rthythm and in maintaining normal sinus rhythm [22],
the drugs currently available lack specificity and/or cause
adverse effects [23]. The most prominent side effect or
complication is the drug-induced LQT syndrome, mostly
caused by block of cardiac hERG channels [24]. In order
to avoid this life-threatening complication, research on
novel pharmacological therapies focuses on drug targets
with atrium specific expression. Therefore, the GIRK
channels which encode the sino-atrial /,, ., and the ion
channels contributing to atrial /, _are promising proteins
to target AF [23].

Kv1.5 channels are the major constituents of both
rat [25, 26] and human [27-29] [ . In rat, Kv1.5
contributes to ventricular /25, 26], whereas in humans
the I, density is large in the atria but small or absent in
the ventricle [30]. It is also noteworthy that /, _in human
cardiac tissue might differ from that of the commonly
studied animals such as the rat or guinea pig. Thus, to
identify novel atrium-specific potassium channels and to
identify novel drug targets against AF, it is crucial to
determine the ion channel expression pattern in native
human atrial cardiomyocytes and to measure the
corresponding currents [31]. In the present study, we have
analyzed the expression pattern of TASK-1 channels in
the human heart and have functionally characterized
TASK-1 channels in human atrial cardiomyocytes. Similar
to the Kv1.5 channel, which is currently one of the most
promising ion channel drug targets for AF [23], the
expression of TASK-1 in human heart is restricted to
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supraventricular regions. We have shown the presence
of TASK-1 channels in right human atrial auricles by
single channel recordings and have quantified the whole
cell TASK-1 current in right human atrial auricles using
the novel TASK blocker A293 [6]. The current density
of I, , (0.38 pA/pF) in human atrial auricles is in the
same range as previously described in rat and mouse
ventricular cardiomyocytes [6, 7].

We found that 7., contributes up to 15 % to the
sustained potassium current (£, ) in human right auricles
and comprises about 28 % of the background current in
human atrial myocytes.

Although 7, in human atrial cardiomyocytes
has only a relatively small current density the channels
can modulate action potential duration. This notion is
based on our findings that in mouse and rat ventricular
cardiomyocytes TASK-1 currents with a similar
magnitude can modulate action potential duration [6, 7].
Despite the large /, currents present in rodent ventricular
myocytes, we found that block or mathematical
subtraction of a TASK-1 current of 0.4 pA/pF led to a
prolongation of the rat ventricular action potential [6].
TASK-1 knock-out mice also show an increased
action potential duration, as has been shown by our group
[7] and by Donner et al. [32] using in vivo electro-
physiological recordings [7] and surface electro-
cardiograms [7, 32]. We therefore conclude that although
the amplitude of the TASK-1 currents in human atrial
cells is small in comparison to that of other currents,
TASK-1 can modulate human atrial action potential
duration.

Our quantitative PCR data show that TASK-1 is
strongly expressed in the human atrio-ventricular node
as well. In addition, in situ hybridization experiments
showed a high expression of TASK-1 mRNA in human
sino-atrial node [33]. Although TASK-1 is expressed in
mouse ventricular cardiomyocytes, the channel is
predominantly expressed in the conduction system of the
murine heart [34]. The high expression levels of
TASK-1 channels in these cells suggest that /, . | may
also play arole in pacemaking and conduction. We found
that hearts of TASK-1 knock-out mice have altered
conduction properties, including for example a prolonged
QRS complex in the surface electrocardiogram [7]. At
present it is not clear whether block of 7, ., in human
pacemaker cells or in cells of the conduction system might
offer an additional benefit in the treatment of atrial
arrhythmias or not.

There is evidence that TASK-1 expression may be
altered in AF [17, 34]. However, altered TASK-1
expression in AF is still under debate. In 2005, Barth et
al. found an up-regulation of TASK-1 transcripts in
patients with AF [19]. In contrast, the group of Gaborit et
al. reported that there is no change in TASK-1 expression
in patients with chronic AF [35]. Our dynamic patch
clamp recordings and our action potential modeling data
indicate that increased TASK-1 currents can alter the
shape and the duration of action potentials in human atrial
cells. Thus, transcriptional up-regulation might
contribute to the action potential shortening previously
described as a part of the electrical remodeling during
AF [2]. Interestingly, while Kv1.5 channels have been
mostly reported to undergo down-regulation during AF
[2, 17], TASK-1 was found to be transcriptionally up-
regulated [19]. An increased expression of TASK-1
during AF raises the likelihood that pharmacological block
of 1,4, may prolong the duration and change the shape
of the human atrial action potential. It would be interesting
to study the role of TASK-1 in patients suffering from
atrial fibrillation. As there are no specific antibodies
presently available for studying changes in TASK-1 protein
levels, the TASK-1 blockers which we have reported [6,
36] might provide valuable tools for future studies probing
altered TASK-1 channel expression at the plasma
membrane.

It is not clear whether altered TASK-1 expression
contributes to the genesis of AF. Nevertheless, the
following findings support the idea that TASK-1 is a
promising drug target for the treatment or prevention of
this disease: (1) In human heart, TASK-1 expression is
restricted to the atria, auricles and atrio-ventricular node,
which allows selective modulation of atrial K* currents
without affecting the electrical activity of the ventricles.
(2) Up to 15 % of the atrial 7, might be carried by
I, ., under normal conditions. (3) Block of 7, |
prolongs atrial action potential duration, as shown by our
patch clamp experiments and by action potential modeling.
(4) The mRNA levels of TASK-1 might be increased in
patients with AF [19].

In conclusion, our data suggest that I, ,
might modulate action potential duration of human
atrial cardiomyocytes. The lack of TASK-1 expression
in human ventricles might raise the possibility to prolong
atrial refractory period without causing ventricular side
effects. Thus, block of atrial TASK-1 channels might be
beneficial for the treatment or prevention of AF.
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