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Abstract We studied the potassium current flowing through
TREK-1 channels in rat cardiac ventricular myocytes. We
separated the TREK-1 current from other current components
by blocking most other channels with a blocker cocktail. We
tried to inhibit the TREK-1 current by activating protein
kinase A (PKA) with a mixture of forskolin and isobutyl-
methylxanthine (IBMX). Activation of PKA blocked an out-
wardly rectifying current component at membrane potentials
positive to —40 mV. At 37 °C, application of forskolin plus
IBMX reduced the steady-state outward current measured at
positive voltages by about 52 %. Application of the potassium
channel blockers quinidine or tetrahexylammonium also re-
duced the steady-state outward current by about 50 %. Taken
together, our results suggest that the increase in temperature
from 22 to 37 °C increased the TREK-1 current by a factor of
at least 5 and that the average density of the TREK-1 current in
rat cardiomyocytes at 37 °C is about 1.5 pA/pF at +30 mV.
The contribution of TREK-1 to the action potential was
assessed by using a dynamic patch clamp technique. After
subtraction of simulated TREK-1 currents, action potential
duration at 50 or 90 % repolarisation was increased by about
12 %, indicating that TREK-1 may be functionally important in
rat ventricular muscle. During sympathetic stimulation, inhibi-
tion of TREK-1 channels via PKA is expected to prolong the
action potential primarily in subendocardial myocytes; this may
decrease the transmural dispersion of repolarisation and thus
may serve to prevent the occurrence of arrhythmias.
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Introduction

During each heartbeat, all cardiomyocytes in the mammalian
heart are excited in a clearly defined order. Within the cardiac
ventricles, the action potentials elicited in different regions
largely overlap temporally, leading to successive and nearly
synchronous contraction and relaxation of all ventricular
myocytes, which is a prerequisite for the normal pump func-
tion of the heart. The configuration of the cardiac ventricular
action potential shows considerable variation.
Electrophysiological experiments with isolated hearts and
isolated cardiac muscle preparations have shown that (i) ac-
tion potential duration (APD) shows spatial variation; for
example, action potentials are shorter in subepicardial
myocytes than those in subendocardial myocytes [31, 32].
(i) APD depends on stimulation frequency (even in the ab-
sence of sympathetic stimulation) [3, 21, 23, 31]. (iii) APD
depends on sympathetic stimulation (even at a constant stim-
ulation frequency) [2, 5, 6, 61]. (iv) Under physiological
conditions, sympathetic stimulation increases heart rate.
Thus, APD underlies a very complex spatio-temporal and
humoral regulation.

Premature excitation of cardiomyocytes is prevented by the
refractory period (which depends on APD). Since the heart is a
highly excitable muscular tissue, arrhythmias can easily occur
when the APD deviates from its normal value in a certain
region of the heart at a certain time [35]. When the APD is too
short, re-entry of cardiac excitation may be observed [45],
which leads to atrial fibrillation, tachycardic ventricular ar-
rhythmia or life-threatening ventricular fibrillation. When the
APD is too long, torsade-de-pointes arrhythmias may be
elicited [1], which also can cause sudden cardiac death. In
large mammals such as humans, the heart is particularly prone
to developing arrhythmias. This can be explained by the
longer distances over which excitation has to propagate, by
the greater difficulty of maintaining synchronisation and by
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the higher risk of aberrant excitation at ectopic foci in com-
parison to small animals. Accordingly, a number of monoge-
netic human channelopathies have a predominantly cardiac
phenotype, for example the long-QT syndrome (resulting
from a prolongation of the ventricular action potential) [47,
54] or the short-QT syndrome (resulting from a shortening of
the ventricular action potential) [59].

The mechanisms underlying the regulation of APD have
been studied extensively [32]. It is generally assumed that
APD depends on the fine balance between inward and out-
ward currents flowing during the plateau of the action poten-
tial. Two current components are especially sensitive to
changes in heart rate and sympathetic stimulation: (i) the
voltage-activated calcium current (/c,; mainly carried by
Ca,1.2 and K¢,3 channel proteins) [12, 22, 64] and (ii) the
slow component of the delayed rectifier current (/kg; carried
by KvLQT channels, consisting of Kv7.1 plus KCNE1 chan-
nel proteins) [16, 42, 55, 62, 65]. However, in the human
heart, there is another, possibly very large, current component
that is regulated by stimulation of the sympathetic nervous
system: the outward current flowing through TREK-1 chan-
nels (TWIK-related K channels) [ 14, 20, 24, 56]. This current
component has not been adequately described so far in cardiac
ventricular muscle. TREK-1 channels are known to be
expressed in human atria and ventricles [15], and their expres-
sion is higher in subendocardial as compared to subepicardial
myocytes [52, 68]. TREK-1 channels are stretch sensitive and
may play a role in mechano-electric feedback in the heart [24].
Furthermore, TREK-1 channels are very temperature sensitive
[17,28] and can be inhibited via activation of protein kinase A
(PKA) [9, 30, 34]. At present, the contribution of TREK-1
currents to the electrical activity of the human heart at 37 °C is
poorly understood, and the outward current carried by TREK-
1 channels is not normally included in any pathophysiological
and therapeutic considerations. As a first step towards filling
this gap in our knowledge, we have tried to quantify the
current flowing through TREK-1 channels in rat cardiac ven-
tricular muscle and to give an estimate of the contribution of
these channels to the regulation of APD.

Materials and methods

Rats weighing 200-300 g were anaesthetised by evaporating a
lethal concentration of isoflurane in a closed cage (2 ml liquid
isoflurane/4 1 air). When the righting reflex had subsided and
nociceptive withdrawal reflexes could no longer be elicited by
pinching the forepaws, the animals were decapitated and the
heart was quickly excised. The experimental procedures were
approved by the animal protection committee of Marburg
University and by the Regierungsprésidium Giessen; the in-
vestigation conforms with the Directive 2010/63/EU of the
European Parliament. The isolation of cardiomyocytes and

@ Springer

patch-clamp experiments were performed as described previ-
ously [24, 37]. In brief, the aorta was attached to a cannula, and
the coronary arteries were perfused for 10 min with HEPES-
buffered physiological salt solution (PSS) at pH 7.4; the flow
rate was 6—8 ml/min, the temperature was 37 °C. Subsequently,
the heart was perfused for 5 min with a nominally Ca**-free
PSS and for further 9 min with Ca®"-free PSS to which colla-
genase (type II, Worthington; 70-90 mg/50 ml) was added.
Then, the heart was incubated in ‘recovery solution’ [24] and
minced with fine scissors; then the cardiomyocytes were dis-
persed by trituration with a glass pipette. The myocytes were
used for patch clamping within 6 h of isolation.

For recording steady-state outward currents, we used holding
potential of =30 mV to inactivate most of the voltage-activated
sodium current (/,) and the transient outward current (/). From
the holding potential, the membrane potential was stepped to +
40 mV for 3.7 s to inactivate any residual /v, and [,. This
depolarizing voltage step was followed by a slow ramp
(=15 mV/s) from +40 to =100 mV to measure current voltage
relation. Preliminary experiments showed that this ramp was
slow enough for the current to reach a steady state at all poten-
tials. The membrane capacitance was measured with fast voltage
ramps (500 mV/s) [44]. Action potentials were elicited by brief
current pulses (50 % above the threshold for initiation of an
action potential) of 1-ms duration at a frequency of 1 Hz. Data
acquisition was performed with an Axopatch 200B amplifier
(Molecular Devices, Sunnyvale, CA, USA), an A/D converter
(PCI-6052E, National Instruments), and software developed in
our laboratory (PC.DAQI1.1). The sampling rate was 1 or 2 kHz.
The experiments were either performed at room temperature
(~22 °C) or at 37 °C.

A bath solution consisting of (mM) 3 KCl, 137 NaCl, 10
HEPES, 1 MgCl,, 1 CaCl,, 0.33 NaH,PO,, 2 Na-pyruvate, 10
glucose was used; the pH was adjusted to 7,4 with NaOH. The
pipette solution consisted of (mM): 60 KCl, 65 K-glutamate, 5
EGTA, 3.5 MgCl,, 2 CaCl,, 3 K,ATP, 0.2 Na3GTP, 5 HEPES;
the pH was adjusted to 7.2 with KOH. The resting potential of
the cardiomyocytes under these conditions was -84.0+0.3 mV
at 37 °C (n=73) and -80.3+£0.7 mV at RT (n=18); this was
significantly different p<0.01. The average membrane capac-
itance was 107+4 pF (n==81). To separate the current flowing
through TREK-1 channels (/Trgk) from other current compo-
nents, the cardiomyocytes were superfused with a blocker
cocktail that eliminated the L-type Ca®" current (Ic,; 1 uM
nifedipine), the TASK-1 current (/ask; 0.2 uM A1899), the
ATP-sensitive K" current (/g arp; 2 UM glibenclamide), the
rapid voltage-activated K current (f,; 1 uM E-4031) and the
slow voltage-activated K" current (Ixs; 2 uM HMR1556). The
inward rectifier channels were not blocked, and we carefully
monitored the shape of the steady-state current-voltage rela-
tion during the experiment. There was always a negative slope
conductance in the voltage range —60 to —30 mV. When,
during the measurement, there were any indications that the
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access resistance had increased or the gigaseal had deteriorat-
ed, the results were discarded.

Dynamic patch-clamp [46, 66] measurements were per-
formed using a custom-written program based on the system
design software LabView (National Instruments, Austin, TX).
We made full use of the capabilities of LabView. The analog
membrane potential was measured at 1-ms intervals. After
converting the analog voltage signal to a digital signal, a
compensating current, which depended on the measured
membrane potential and on the scaling factor described below,
was injected into the cell. The compensating current was
designed to subtract the current carried by TREK-1 channels
(Itrek)- ITrREK Was assumed to be instantaneous and to follow
the Goldman—Hodgkin—Katz equation; after measuring the
membrane capacitance of the cell, the simulated TREK-1
current was scaled to 1.5 pA/pF at +30 mV. This procedure
mimics the specific block of ITrgk during the action potential.
Measurement of the membrane potential and update of the
compensating current occurred in ~1 ms. A train of 30 action
potentials at a stimulation rate of 1 Hz was elicited by injection
of an inward current pulses of 1-ms duration. The last ten action
potentials were used to determine APD at 50 % repolarisation
(APDs() and at 90 % repolarisation (APDyg) either under
control conditions or under dynamic clamp conditions.

Data are reported as means+s.e.m. Statistical significance
was determined using Student’s 7 test. In the figures, signifi-
cant differences to control values are marked by asterisks (*,
p<0.05; **, p<0.01; ***, p<0.001).

Results
Isolation of TREK-1 currents in rat cardiomyocytes

We tried to separate the TREK-1 current (Itrgx) from other
potassium currents flowing in rat ventricular cardiomyocytes at
37 °C by using a suitable voltage clamp protocol and by blocking
most other current components with a blocker cocktail. In most
experiments, the cardiomyocytes were superfused with a blocker
cocktail (see “Materials and methods™) designed to eliminate the
currents carried by TASK-1 channels (/task), Karp-channels
(Ixatp), voltage-activated K* channels (I, and Ix) and
voltage-activated Ca®" channels (Ic,). The blocker cocktail had
no effect on TREK-1 channels expressed in H293 cells.

The voltage protocol (Fig. 1a) was designed to inactivate
the voltage-activated sodium current (Zy,) and most of the
transient outward current (/). The membrane potential was
held at —30 mV and then stepped to +40 mV for 3.7 s. This
depolarising voltage step from —30 to +40 mV activated a
residual transient outward current that inactivated within ~3 s
(Fig. 1b). It was followed by a slow ramp (=15 mV/s) from +
40 to —100 mV which allowed us to measure the steady-state
current voltage relation (see “Materials and methods”™).
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Fig.1 Typical current-voltage relation of a ventricular myocyte at 37 °C.
a The voltage protocol and the corresponding whole-cell current record-
ing; the ramp was slow enough (15 mV/s) for the current to reach a steady
state at all potentials. The bath solution contained a blocker cocktail
designed to eliminate /i, Ixs, Itask, Ikarp and Ic, (see “Materials and
methods”). b The currents recorded with the voltage protocol shown in a.
¢ The ‘steady-state’ current-voltage relation derived from the recording
shown in panels a and b

Figure 1c shows the current voltage relation obtained in this
way at 37 °C. The potassium concentration in the bath solu-
tion was 3 mM throughout. Compared to normal physiolog-
ical salt solution, our salt solution containing only 3 mM K"
caused a shift of the peak outward current flowing through
inward rectifier channels towards more negative potentials
[57] and allowed a clearer separation between currents
flowing through inward rectifier channels (Kir2.1 and
Kir2.2) and the currents flowing through K,p-channels.

The temperature dependence of the steady-state current
voltage relation in rat cardiomyocytes

It has been shown previously in whole-cell measurements and
cell-attached patches that TREK-1 channels display a high
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thermosensitivity [17, 28]. The steady-state current voltage
relation in the presence of the blocker cocktail also showed a
pronounced temperature dependence (Fig. 2a). At 37 °C the
steady-state outward current measured at +30 mV was 2.88+
0.20 pA/pF (n=36); at room temperature, it was 1.13+0.10
pA/pF (n=14). The steady-state outward current increased
with increasing depolarisation in the range —20 to +40 mV.
The temperature-sensitive outward current (the difference be-
tween 37 °C and room temperature) measured at +30 mV was
~1.75 pA/pF. This current component probably consists main-
ly of TREK-1 because most other non-inactivating currents
(including TASK-1) were blocked with the blocker cocktail.
The transient outward current (/,,) made only a very small
contribution to the steady-state current voltage relation, as
indicated by experiments in which 4-aminopyridine (4-AP),
an inhibitor of /,,, was added to the blocker cocktail. No
significant difference between steady-state outward currents
measured before and after application of 2 mM 4-AP could be
detected (Fig. 2b); this was most likely related to the fact that
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Fig. 2 Effects of temperature and 4-amino pyridine on the current-
voltage relation; all solutions contained the blocker cocktail described
above. a Steady-state current-voltage relations recorded at 37 °C (black
curve; n=36) and at room temperature (22-24 °C; blue curve; n=14). b
Effects of 4-AP on the steady-state current-voltage relation of rat
cardiomyocytes at 37 °C; black curve, control; cyan: 5 min after appli-
cation of 2 mM 4-AP (n=8, paired). The difference between the currents
measured before and after application of 4-AP was not statistically
significant at any membrane potential (p>0.05)
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I, was inactivated completely by the depolarising voltage step
to +40 mV which preceded the voltage ramp.

Block of steady-state outward current by activation of protein
kinase A

It has long been known that TREK-1la currents can be
inhibited by phosphorylation of residue S333 via PKA [30,
34, 56]. Residue S333 in human TREK-1a corresponds to
residue S348 in human TREK-1b and to residue S344 in
human TREK-1c¢ [40]. We tried to obtain an estimate of the
contribution of TREK-1 to the steady-state outward current by
inhibiting it completely through activation of PKA. We used a
combination of the PKA activator forskolin (10 pM) and the
phosphodiesterase inhibitor isobutyl-methylxanthine (IBMX;
500 uM) to maximally activate PKA. Application of forskolin
plus IBMX for 120 s at 37 °C inhibited an outwardly rectify-
ing current component in the range —40 to +40 mV (Fig. 3a),
as expected for TREK-1. At 37 °C, forskolin/IBMX inhibited
52.3+7.7 % (n=9) of the steady-state outward current at +
30 mV (Fig. 3c). The residual current remaining after appli-
cation of forskolin/IBMX was probably also a potassium
current, but its molecular nature is currently unknown. At
room temperature, application of forskolin/IBMX inhibited
~24 % of the steady-state outward current at +30 mV
(Fig. 3b, d). Due to the relatively small current changes at +
30 mV, this difference was not statistically significant in the
paired ¢ test (p=0.057; n=9). However, at +35 mV, the current
change produced by forskolin/IBMX became significant (p=
0.042; n=9).

Since only few currents are inhibited by activation of PKA,
the effects of forskolin/IBMX probably provide a reliable
estimate of the amplitude of the outward current carried by
TREK-1 channels at 37 °C. Using a current density at +30 mV
of 2.88 pA/pF and mean fractional inhibition of 52.3 %, we
arrive at an estimate of 1.5 pA/pF at 37 °C (see “Discussion”).
The current carried by TREK-1 currents at room temperature
can be estimated in a similar way. Using a total current of 1.13
pA/pF at +30 mV and the apparent fractional inhibition of
24 %, we arrive at an estimate of 0.27 pA/pF. Thus, our results
suggest that the TREK-1 current is at least 5 times larger at
37 °C than that at 22 °C.

Block of steady-state outward current by quinidine
and tetrahexylammonium

To obtain a second estimate of the amplitude of the TREK-1
current in native rat cardiomyocytes, we used two drugs
known to inhibit /trgk: quinidine [29, 34] and
tetrahexylammonium (THA) [36]. This approach is not as
straightforward as the activation of PKA because both drugs
are not specific for TREK-1. Although most other potassium
channels known to be expressed in rat cardiomyocytes had



Pflugers Arch - Eur J Physiol (2015) 467:1069-1079

1073

a s 87°C
—~ 4
= #
< 3 - i
= ﬁi
T TT TR L L
AR I L
c i
© 0 =
5 °
O 14 [ ]
-100 -80 -60 -40 -20 O 20 40
b Voltage (mV)
[y
3 £ RT .
E L P Ll 7Y ) 3:‘
2 g 2” ?200000000°
(] 3
©
g -1
o
5 -2 T r T T T T ,
© -100 -80 -60 -40 -20 O 20 40
Voltage (mV)
C
1.0 1
5 37°C
= 0.8 |
2
€06 - T
204 -
©
go2 )
0.0 -
Forskolin/IBMX Quinidine THA
d 1.0 q
c RT
£0.8
2
£ 0.6 - T
204
30.2 |
o (8)
0.0 -

Forskolin/IBMXQuinidine THA
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been eliminated by the blocker cocktail, the possibility re-
mains that the blockers also inhibited a fraction of the residual
current, whose nature is unknown. We tried to avoid blocking
the inward rectifier channels, because the precise shape of the
current voltage relation at potentials negative to —40 mV
(mainly controlled by inward rectifier channels) is a useful
indicator of the quality of the recordings and of the intactness

of the cardiomyocytes (see “Materials and methods”). In
heterologous expression systems, the 1Csy for block of
TREK-1 by quinidine has been estimated to be about
100 uM [27, 29]; thus, 800 uM quinidine should be sufficient
to block TREK-1 currents almost completely. Preliminary
experiments showed that application of 800 uM quinidine
blocked more than 50 % of the outward current flowing at +
30 mV, which is in good agreement with the data obtained
with forskolin/IBMX (see above). However, application of
800 uM quinidine also blocked a fraction of the inward
rectifier current, which made it difficult to judge the quality
of the recordings. Application of 400 uM quinidine did not
change the inward rectifier component of the current voltage
relation and blocked an outwardly rectifying current flowing
at potentials positive to —40 mV (Fig. 4a); this current com-
ponent had a similar voltage dependence as the forskolin/
IBMX-sensitive outward current described above (Fig. 3a).
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Fig. 4 Application of quinidine and tetrahexylammonium. a The effect
of application of 400 pM quinidine on the steady-state current-voltage
relation at 37 °C. b The same experiment at room temperature. ¢ Time
course of the effect of 400 uM quinidine on the current measured at +
30 mV. The arrow illustrates how the quinidine-sensitive current was
measured
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At 37 °C, application of 400 uM quinidine for 120 s inhibited
50.8+1.9 % (n=18) of the steady-state outward current
flowing at +30 mV, consistent with the results obtained with
forskolin/IBMX (Fig. 3c). The effects of quinidine reached a
steady state within 2 min and were reversible (Fig. 4c).
Application of 100 uM quinidine has a somewhat smaller
effect; it inhibited ~38 % of the steady-state outward current
at +30 mV. This finding suggests that the ICs, for the inhib-
itory effect of quinidine on TREK-1 in rat cardiomyocytes
was well below 100 uM. Therefore, our results with 400 uM
quinidine were used to obtain a second, independent estimate
of the magnitude of TREK-1 currents in cardiomyocytes at
37 °C (see “Discussion”). At room temperature, the outward
current inhibited by quinidine was much smaller than that at
37 °C, but it also showed outward rectification (Fig. 4b); on
average, application of 400 uM quinidine at room temperature
inhibited 58.2+3.6 % (n=9) of the outward current at +30 mV
(Fig. 3d).

Application of 10 pM tetrahexylammonium (THA) also
blocked an outwardly rectifying current component. At 37 °C,
application of 10 uM THA blocked 49.4+12.8 % (n=4) of the
steady-state outward current measured at +30 mV (Fig. 3¢); at
room temperature, application of 10 pM THA blocked 52.2+
6.8 % (n=8) of the outward current (Fig. 3d). Thus, the values
obtained with 400 uM quinidine and with 10 uM THA were
very similar. We also tried to block the TREK-1 current with
200 uM fluoxetine [13]. However, this drug also inhibited a
fraction of the inward rectifier current, and the effect on the
outward current at positive potentials took several minutes to
equilibrate. Therefore, fluoxetine appears to be less suitable
for quantifying the current carried by TREK-1 channels in
ventricular cardiomyocytes.

The possible effect of TREK-1 currents on action potential
duration

To get more information on the functional importance of TREK-
1 channels in rat ventricular myocytes, we analysed its influence
on APD at 37 °C. We performed dynamic patch clamp exper-
iments to simulate the consequences of TREK-1 channel inhi-
bition [25, 66]. Action potentials were recorded in the current-
clamp mode at a sampling rate of 1000 Hz, and TREK-1
currents were subtracted by injection of a compensatory current
between the individual membrane potential measurements. The
compensatory current injected through the patch electrode was
calculated between individual voltage samples on the basis of a
simulated TREK-1 current-voltage relation (see “Materials and
methods™); it was assumed that the TREK-1 current was instan-
taneous and time independent. Despite these simplifications, this
approach should allow a reasonable estimate of the contribution
of TREK-1 to the configuration of the action potential.

The cardiomyocytes were stimulated by brief (1 ms) cur-
rent pulses through the patch electrode at a rate of 1 Hz at
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37 °C. First, 30 consecutive action potentials were elicited
under control conditions; subsequently, 30 action potentials
were elicited under dynamic clamp conditions. After that,
another 30 action potentials were elicited under control con-
ditions (to test for possible slow changes in APD independent
of any intervention); there were no significant changes be-
tween control and re-control. To eliminate the well-known
changes in APD at the beginning of a stimulus train [3], we
averaged only the last ten action potentials and determined the
mean APDsy (APD at 50 % repolarisation) and APDgg. A
typical example of an averaged action potential recorded
under control conditions (black curve) and under dynamic
clamp conditions (magenta) is shown in Fig. 5a. APD was
increased when the calculated TREK-1 current was subtracted
(i.e., compensated by injection of an inverse current). The
average changes in APD measured in 25 different
cardiomyocytes is shown in Fig. Sb: APDso was increased
by 11.5+2.1 % under dynamic clamp conditions (from 7.4+
0.9 to 8.3£1.0 ms). APDy, was increased by 11.5+1.4 %
under dynamic clamp conditions (from 24.4+1.5 to 27.2+
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Fig. 5 Dynamic patch clamp experiments mimicking the selective
inhibition of /trgk. a Typical dynamic clamp measurement of a
ventricular action potential in the steady state at a stimulation rate of
1 Hz; the temperature was 37 °C; the extracellular K™ concentration was
3 mM; no blocker cocktail was added. Black curve control; magenta
dynamic subtraction of /trgk. b Statistical evaluation of the changes in
APDsq and APDgyg (n=25) produced by the subtraction of the calculated
Itrex
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1.7 ms). The average resting potential was —84.7+0.6 mV
under control conditions and 84.2+0.6 mV under dynamic
clamp conditions. Thus, there was only a very small (but
statistically significant; p<0.01) change in resting potential,
which was expected because the membrane conductance at
rest is dominated by the inward rectifier current. In conclu-
sion, dynamic patch clamp measurements predict that Itrgk
has a significant influence on APD in rat cardiomyocytes.

Discussion

TREK-1 channels are highly expressed in rodent and human
cardiac muscle cells [10, 15, 24, 52], and single TREK-1
channels can easily be recorded from rat atrial or ventricular
cardiomyocytes [19, 24, 56]. However, the outward current
carried by TREK-1 channels (/trgk) is difficult to characterise
because there are so many different potassium channels in
cardiomyocytes. We have tried to isolate the TREK-1 current
in rat cardiomyocytes at 37 °C under conditions where other
steady-state currents (Irask, o, Ica Ikare Ik and Iis) were
inhibited by a blocker cocktail.

First, we measured the steady-state outward current that
could be blocked by activation of PKA, using forskolin
(10 uM) and IBMX (500 uM) as tools to elevate intracellular
cAMP. The fractional current inhibited by this combination of
drugs was approximately 52 % (Fig. 3c). The two drugs,
forskolin and IBMX, had only minor effects on the inward
rectifier currents; the normal shape of the current-voltage
relation negative to -40 mV served as a check of the quality
of the cardiomyocytes. Because only very few potassium
channels are known to be inhibited rapidly via PKA, these
measurements allow a reasonable estimate of the steady-state
current carried by TREK-1 channels at 37 °C. Taking into
account the absolute current measured in the presence of the
blocker cocktail at 37 °C (2.88 pA/pF), our data translate to a
value of ~1.5 pA/pF for the TREK-1 current at +30 mV. The
fractional inhibition of the outward current at room tempera-
ture by forskolin/IBMX, which was determined in a similar
way, was ~24 %. Taking into account the absolute current
measured at +30 mV (1.13 pA/pF), this translates to a TREK-
1 current of ~0.27 pA/pF at room temperature. Thus, the
change in temperature from 22 to 37 °C increased the
TREK-1 current by factor of at least 5 in rat cardiomyocytes.
This corresponds to a Q10>3 but is still somewhat less than
had been predicted on the basis of measurements in cell
attached patches [17] or whole-cell measurements in heterol-
ogous expression systems [28].

Second, we measured the steady-state current that could be
blocked by quinidine in the presence of the blocker cocktail.
At 37 °C; the fractional current blocked by 400 uM quinidine
was approximately 50 %. However, in view of our estimate of

the ICso for quinidine (<100 pM), it is possible that with
400 uM quinidine, the TREK-1 current was not blocked
completely by application of 400 uM quinidine. This would
lead to a slight underestimation of the TREK-1 current at
37 °C. On the other hand, we found that at room temperature,
400 uM quinidine had a larger effect than forskolin/IBMX
(Fig. 3d). This finding is most likely attributable to the fact
that quinidine also blocked a fraction of the residual current
(which was unaffected by forskolin and IBMX), both at room
temperature and at 37 °C. This may lead to a slight overesti-
mation of the TREK-1 current at 37 °C. It may well be that the
two relatively small errors described here may roughly cancel
each other out. Similar considerations apply to the effects of
THA. Despite these limitations, it is pleasing to note that our
data obtained with the K channel blockers are in reasonable
agreement with the data obtained with forskolin/IBMX at
37 °C (Fig. 3c). Taken together, our measurements suggest
that the average current carried by TREK-1 channels repre-
sents about 50 % of the steady-state outward current that
remained in the cardiomyocytes at positive potentials after
removal of Itask, Lo, Ica Ik aTe Ik and Ik (Fig. 3¢) and that
the average amplitude of this current is about 1.5 pA/pF.

It should be noted, however, that the density of the net
outward current measured at positive membrane potentials
showed a considerable scatter from one cardiomyocyte to
the next, probably because there is a gradient of the expression
of TREK-1 channels across the ventricular wall [52]. In our
experiments, we did not discriminate between myocytes com-
ing from different regions in the ventricular wall; thus, the
values given here represent averages across the entire wall
thickness; the range of current densities observed in our ex-
periments was 0.15 to 3.8 pA/pF.

We also tried to assess the effects of Itrpk on the ventric-
ular action potential. This was difficult because the blocker
cocktail used for the isolation of TREK-1 also had a marked
effect on APD and because there was no specific TREK-1
blocker available. Quinidine and THA are known to block
other channels as well, and fluoxetine could not be used
because it also partially inhibited the inward rectifier current
in cardiomyocytes. Therefore, we chose to use a dynamic
patch clamp system to obtain an estimate of the contribution
of Itrek to the repolarisation of rat ventricular muscle. After
eliciting an action potential, current pulses compensating for
the TREK-1 current were injected into the cardiomyocytes at
1-ms intervals (see “Materials and methods”). After the sub-
traction of the calculated TREK-1 current, both APDs, and
APDy, were increased by 11.5 %; this applies for action
potentials in the steady state during continuous stimulation
at a rate of 1 Hz. Thus, TREK-1 was clearly relevant for
determining the rate of repolarisation in rat cardiac ventricular
muscle. In rat atrium, a steady-state outward current has been
measured that shares many properties with TREK-1 [2].
Application of 1 uM noradrenaline inhibited this TREK-like
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current and caused a distinct prolongation of the atrial action
potential [2].

One of the conclusions that can be drawn from our exper-

iments is that at potentials near the plateau /trpk in rat
ventricular muscle is relatively large (1-2 pA/pF) in compar-
ison to other potassium currents. If Itrpk were of similar
magnitude in the human heart, this would have some interest-
ing functional implications:

I.

In the human cardiac ventricles, Itrgx Would be expected
to have a much larger effect on APD than in the rat,
because in larger mammals (who tend to have long action
potentials), 1, is not as dominant as in the rat, the plateau
is relatively flat and the repolarisation is initiated by the
relatively small voltage-activated outward currents /Iy,
and I [32].

The duration of the cardiac action potential shows a
marked temperature dependence in many species [21,
26, 50, 58]. After cooling from 37 °C to room tempera-
ture, APDs, and APDg, of guinea pig and cat ventricular
muscle increased by a factor of about 2 [50, 58]. Since
both of these animal species have long ventricular action
potentials, a large fraction of the effect of temperature on
APD may be due to the temperature dependence of ITrgk-
A transmural gradient was found for the transient outward
current [4, 8, 31]: I, is much larger in subepicardial than
in subendocardial myocytes. The gradient in the density
and inactivation properties of /, causes differences in the
configuration of the action potential and may (indirectly)
be responsible for the shorter APD observed in
subepicardial myocytes compared to subendocardial
myocytes [4, 8, 31]. A transmural gradient in the expres-
sion level of TREK-1 was found in rat [52] and
porcine [68] heart; interestingly, this channel was
found to be more strongly expressed in subendocar-
dial than that in subepicardial myocytes. Such a
transmural gradient of Itrgx (subendocardial >
subepicardial) would be expected to antagonise the
effect of the transmural gradient in 7, (subepicardial
> subendocardial) on APD, i.e., it would make the
difference in APD between subendocardial and
subepicardial myocytes smaller.

Opening of stretch-activated nonselective cation channels
(SACs) constitutes one of the major pro-arrhythmic fac-
tors in the mammalian [11, 39, 54, 67]. TREK-1 is a
(potentially anti-arrhythmic) stretch-activated K channel
(SAK), and one of its major functions may be to counter-
balance the inward current produced by SACs and thus to
prevent the occurrence of ventricular extrasystoles during
stretch of the ventricles at the end of the filling phase [18,
24] or during strong contractions. Interestingly, computer
models of cardiac mechanics suggest that the mechanical
strain both in systole and in diastole is much greater in the
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subendocardium than near the epicardial surface [18], in
line with the gradient of expression of TREK-1.

In cardiac ventricular muscle of humans and other mam-
mals, adrenergic agonists can either cause an increase or a
decrease in APD, depending on heart rate, species and
experimental conditions. Activation of [3-adrenergic re-
ceptors causes an increase in I, mediated by activation
of PKA [42], and this is expected to produce a decrease in
APD [42, 55, 62]. In contrast, inhibition of Itrgk, also
mediated by activation of PKA [34, 43, 56], is expected to
produce an increase in APD. In canine heart, stimulation
of {3-adrenergic receptors with isoprenaline produces a
slight decrease in APD in subepicardial myocytes [41,
51]. In feline heart, isoprenaline produces a biphasic
change in APD: an initial lengthening followed by a
shortening [53]. In porcine heart, which is often used as
a model for the human heart, isoprenaline causes a pro-
longation of the ventricular action potential [21], and
similar results have been obtained in guinea pig heart
[33, 38] and in cardiomyocytes from human hearts [6,
60]. This increase in APD caused by sympathetic stimu-
lation may be at least partially due to inhibition of /Trgk.
The susceptibility of TREK-1 channels to inhibition via
PKA would tend to increase APD mainly in subendocar-
dial myocytes. Thus, it is tempting to speculate that sym-
pathetic stimulation has differential effects on APD in
different zones of the ventricle: The activation of I,
may give rise to an overall shortening of the action po-
tential, while the inhibition of TREK-1 might give rise to
an increase in APD mainly in the subendocardial zone. At
low levels of sympathetic stimulation, the increase in
APD produced by inhibition of Itrpk would probably
outweigh the effect of activation of Iy, consistent with
the prolongation of the action potential observed in hu-
man, porcine and guinea-pig heart. At higher levels of
sympathetic stimulation, the accompanying increase in
heart rate is expected to lead to an overall shortening of
the action potential (mediated by cumulative activation of
Iy, and Iy [3, 16] and by accumulation of extracellular K
and intracellular Na" ions [3, 7]) and a relative prolonga-
tion of APD in subendocardial myocytes due to inhibition
of Itrek. The overall effect of strong sympathetic stimu-
lation would then be an accentuation of the difference in
APD between subendocardial and subepicardial cells,
leading to a smaller transmural dispersion of
repolarisation [1], and this may serve to minimise the
propensity of the heart to arrhythmias. Thus, the inhibition
of TREK-1 via PKA may play an important role in the
adaptation of the electrical activity of the heart to sympa-
thetic stimulation.

Our hypothesis of a complementary function of /trgk and
Iy during sympathetic stimulation is supported by some
clinical observations in long-QT syndrome (LQTS). The
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LQT]1 subtype is caused by autosomal dominant or auto-
somal recessive mutations in the genes coding for sub-
units of Kv7.1 channels (KCNQ1 and KCNE), which are
responsible for /. When [, is reduced or eliminated,
sympathetic stimulation is expected to elicit a prolonga-
tion of the action potential, due to inhibition of Itrgk.
Indeed, a ‘paradoxical QT prolongation’ during bolus
administration of adrenaline has been discovered in
LQT]1 patients [63], and this has been widely used clini-
cally as a screening procedure for the LQT1 subtype of
the LQTS [47-49, 63] (with a specificity of 86 % for
LQT1 versus non-LQT1 patients [63]). Furthermore,
LQT]1 patients have long been known to be most sensitive
to sympathetic stimulation and much more prone to ar-
rhythmias and sudden cardiac death during physical ex-
ercise than patients with other LQT subtypes.
Accordingly, sudden cardiac death in LQT1 patients can
be effectively prevented by 3-receptor blockade [47]. It
may well be that the paradoxical QT prolongation induced
by adrenaline and the cardiac events triggered by physical
exercise in LQT1 patients are at least partially attributable
to inhibition of Itgrgk.
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