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Abstract

Vagal nerve stimulation can promote atrial fibrillation (AF) that requires activa-

tion of the acetylcholine (ACh)-gated potassium current IK,ACh. In chronic AF

(cAF), IK,ACh shows strong activity despite the absence of ACh or analogous

pharmacological stimulation. This receptor-independent, constitutive IK,ACh
activity is suggested to represent an atrial-selective anti-AF therapeutic target,

but the underlying molecular mechanisms are unknown. This chapter provides

an overview of the voltage-clamp techniques that can be used to study
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constitutive IK,ACh activity in atrial myocytes and summarizes briefly the current

knowledge about the potential underlying mechanism(s) of constitutive IK,ACh
activity in diseased heart.

1. Introduction

Stimulation of the vagal nerve decelerates the heart rate due to release
of acetylcholine (ACh). This was demonstrated for the first time by Otto
Loewi in 1921 and the “Vagusstoff” (ACh) became the first neurotransmit-
ter ever discovered (Loewi, 1921). However, it took more than 50 years
until it was suggested that ACh activates a specific population of Kþ

channels (ACh-gated IK,ACh) leading to hyperpolarization of the cell
membrane thereby decreasing pacemaker activity in sinoatrial node cells
(Noma and Trautwein, 1978). In 1983, Sakmann et al. recorded single-
channel openings of IK,ACh in rabbit atrial and sinus node cells and showed
that IK,ACh channels exhibit kinetic properties clearly different from those of
the background inwardly rectifying Kþ channel IK1 (Sakmann et al., 1983).
Cardiac IK,ACh channels were identified as heterotetramers consisting of two
Kir3.1 and two Kir3.4 channel subunits (Krapivinsky et al., 1995).

Today, it is well known that ACh binding to type 2 muscarinic receptors
(M2 receptors) leads to dissociation of inhibitory Gi proteins and to activa-
tion of IK,ACh due to direct interaction of G protein bg-subunits with the
channel (for review, see Hibino et al., 2010; Yamada et al., 1998). Apart
from the canonical M2-receptor-mediated activation of IK,ACh, purinergic
A1 (Dobrev et al., 2000; Kurachi et al., 1986) and sphingolipid Edg-3
(Himmel et al., 2000) receptors, coupled to Gi proteins as well, can also
activate cardiac IK,ACh channels. Taking account of this heterologous regu-
lation, IK,ACh channels are also designated as G protein-activated inwardly
rectifying Kþ channels (GIRK channels). In neurons and various endocrine
cells, GIRK channels are also activated by neurotransmitters that target
a2-adrenoceptors, opioid (m, d, and k), D2 dopamine, GABAB, m-Glu,
5-hydroxytryptamine-1A, and somatostatin receptors, thereby contributing
to formation of slow inhibitory postsynaptic potentials and inhibition of
hormone release (for review, see Hibino et al., 2010; Yamada et al., 1998).
Because of strong activation of GIRK channels by neurotransmitters, tonic
(constitutive) IK,ACh activity in the absence of receptor agonists is often
regarded as negligible. However, it was early recognized that IK,ACh pos-
sesses an agonist-independent “resting” activity, which occurred with a
much lower opening frequency (Sakmann et al., 1983). Physiologically
constitutive IK,ACh channels may underlie a major part of basal Kþ conduc-
tance in sinoatrial cells which lack IK1, playing an important role in regulat-
ing heart rate (Ito et al., 1994). In addition, constitutively active GIRK
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channels have been shown to contribute to the resting membrane potential
of murine hippocampal pyramidal cells (Luscher et al., 1997) and rat locus
coeruleus slices (Blanchet and Luscher, 2002).

In normal heart constitutive IK,ACh activity is very low but may increase
substantially during cardiac diseases. For instance, agonist-independent con-
stitutive IK,ACh activity increases in atrial myocytes from patients with chronic
atrial fibrillation (cAF) and dogs with atrial tachycardia-induced remodeling
(ATR; Cha et al., 2006; Dobrev et al., 2005; Voigt et al., 2008). Constitutive
IK,ACh channels may contribute to the shortening of the atrial action potential
duration (APD), which is a hallmark of the AF-associated changes in atrial
electrical properties (electrical remodeling; Dobrev, 2006; Nattel et al., 2008).
In vivo, vagal nerve stimulation abbreviates APD, increases APD heterogene-
ity, and enhances atrial vulnerability to tachyarrhythmias, which induce and
perpetuate AF (Liu and Nattel, 1997). In knockout mice lacking the Kir3.4
channel subunit,M-receptor stimulation did not induce AF, clearly suggesting
that the effects of vagal nerve activation are exclusively mediated by IK,ACh
(Kovoor et al., 2001). Thus, agonist-independent constitutive IK,ACh channels
during cAF are expected to increase atrial vulnerability to tachyarrhythmias
and to promote persistence of AF. Accordingly, inhibition of constitutive
IK,ACh channels with the highly selective IK,ACh-blocker tertiapin reverses the
APD abbreviation and AF promotion in dogs with ATR (Cha et al., 2006).
Since IK,ACh is absent in ventricles, constitutively active IK,ACh is considered
as a promising atrial-selective anti-AF target, without proarrhythmic side
effects in the ventricles (Dobrev and Nattel, 2010).

Here, we describe the voltage-clamp techniques that can be used to
study constitutive IK,ACh activity in atrial myocytes and we summarize
briefly the current knowledge about the potential underlying mechanism
of constitutive IK,ACh activity in diseased heart.

2. Recording of Constitutive IK,ACh Using
Patch-Clamp Techniques

2.1. Basic principles of patch-clamp technique

The development of the patch-clamp technique was based on the ambition to
record currents through individual ion channels in intact cells. ErwinNeher and
Bert Sakmann developed the patch-clamp technique in the late 1970s and early
1980s (Hamill et al., 1981; Neher and Sakmann, 1976; Sigworth and Neher,
1980). The major breakthrough was the discovery that application of slight
suction within a freshly prepared glass pipette used as an electrode (Fig. 32.1)
results in formation of very high seal resistances (up to several giga-ohms)
between the pipette and the cellular membrane (giga-seal). The giga-seal
formation reduces the electrical background noise and enables to measure ion
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currents through single channels in a pA range (cell-attached configuration,
Fig. 32.2A). Furthermore, it was recognized that giga-seal formation provides
mechanical stability, so that the membrane patch can be excised from the intact
cell (cell-free inside-out (I-O) configuration, Fig. 32.2A). However, breaking
the patch by suction on the pipette provides electrical continuity between the
patch pipette and the cell interior (whole-cell configuration, Fig. 32.2A), similar
to conventional microelectrode recordings. Here, we do not discuss other
advanced configurations like outside-out or perforated-patch and refer the
interested readers to excellent descriptions of these techniques in previous issues
of this book (Cahalan and Neher, 1992).

The application of correct voltages is challenging because depending on
the patch-clamp configuration used (Fig. 32.2B) the potential applied
through the pipette (EP) may differ substantially from the potential “seen”
by the patch membrane (VC). In the cell-attached configuration, the potential
across the membrane patch (VC) equals the membrane potential of the cell
(EM) minus the pipette potential (EP). Since the pipette potential applied by
the patch-clamp amplifier (EP) indicates the potential of the patch electrode
with reference to the bath electrode (reference electrode; Fig. 32.1), the
pipette potential (EP) equals the membrane potential (EP ¼ EM ¼ VC)
only in whole-cell configuration, where the pipette is connected to the
interior of the cell. In the case of I-O configuration, the electrodes are
reversed with the patch pipette facing the exterior and the bath solution
facing the interior of the membrane patch. Therefore, the potential across the
membrane patch equals the reverse potential of the pipette (VC ¼ �EP).

Holder with
electrode

Amplifier
headstage

Suction tube

Reference
electrode

Rapid solution
exchanger tip

Perfusion tubes

Bath chamber
(warner RC-24E)

Figure 32.1 Bath chamber with associated devices for electrophysiological measure-
ments, bath perfusion, and rapid solution exchange. The reference electrode is
connected to the bath solution via an agar bridge (*), allowing separation of bath and
reference electrode solution.
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2.2. Isolation of human atrial cardiomyocytes

Studying electrophysiological properties of cardiac ion channels with the
patch-clamp technique requires isolated single myocytes, which are usually
obtained following the in vitro exposure of cardiac tissue samples to digestive
enzymes (collagenase, hyaluronidase, peptidase, etc.). Since the first report
of isolation of viable cardiac myocytes in 1955 (Margaret, 1955), a large
quantity of protocols have been developed in order to harvest single atrial
and ventricular myocytes from different species including mouse, rat, rabbit,
dog, guinea pig, and human. Here, we describe in detail the isolation of
human atrial cardiomyocytes, which generally derives from the procedure
described by Bustamante et al. (1982). Regarding procedures used for
isolation of atrial myocytes from other species, we refer to the “Worthing-
ton Tissue Dissociation Guide” provided by Worthington Biochemical
Corp., USA (www.tissuedissociation.com).

A

B

Vc=EM−EP
(Vc ≈ +20 mV)

Glass pipette
(electrode)

Cardiomyocyte

Cell-attached
(CA)

Inside–out (I–O)

EP= −100 mV EP= −100 mV EP= −100 mV

Vc

Vc Vc

Vc
Vc=EP

(Vc= −100 mv)

Vc= −EP
(Vc=+100 mV)

 E
M

≈ −80 mV

Whole-cell

Figure 32.2 Different patch-clamp configurations that can be used to study IK,ACh (A)
and corresponding considerations for voltage application (B). Depending on the con-
figuration, the voltage seen by the studied ion channel (VC) is set by variation of the
pipette potential (EP), which indicates the potential of the patch electrode with refer-
ence to the bath electrode (reference electrode, see Fig. 32.1). In inside-out configura-
tion, VC is also influenced by the membrane potential (EM), which depends largely on
the potassium concentration in the bath solution. See text for further details.
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During routine cannulation procedures in patients undergoing open-
heart surgery for cardiopulmonary bypass grafting, the tip of the right atrial
appendage is usually removed and can be used for isolation of atrial cardi-
omyocytes. After excision, the tissue sample is transferred immediately into
sterile 2,3-butanedione monoxime (contractile inhibitor, preventing myo-
cyte contracture) containing Ca2þ-free solution for transportation (see
Table 32.1). At a general transport time of about 30 min, we did not
recognize a clear advantage of cooling with respect to both number and
quality of isolated atrial cardiomyocytes.

After removal of fat and connective tissue, the myocardial tissue, usually
between 200 and 400 mg, is transferred to Ca2þ-free solution (without 2,3-
butanedione monoxime; Table 32.1) and chopped into small chunks of
�1 mm3 in size. The following steps should be executed at 37 �C and under
continuous gassing with 100% O2. Primarily the tissue chunks are washed
three times for 3 min in Ca2þ-free solution. For the first digestive step, the
tissue is stirred for 45 min in 20 ml Ca2þ-free solution containing collage-
nase I and protease XXIV (enzyme solution E1; Table 32.1) with [Ca2þ]
being raised to 0.02 mM (add 40 ml of 10 mM stock solution) after 10 min.
The enzyme solution is then exchanged for 20 ml enzyme solution E2
(Table 32.1) containing collagenase I only and stirring is continued until
rod-shaped, striated cells appear. Due to the high variability among tissue
samples from different donors, the duration of the second enzyme exposure
varies between 5 and 45 min. After settling down of the tissue chunks, the
supernatant is replaced by 20 ml of storage solution (Table 32.1; Feng et al.,
1998) and dissociation of the cells is achieved by gentle mechanical tritura-
tion using a Pasteur pipette. After separation from the debris by filtration
through nylon gauze (200 mm mesh) and centrifugation for 10 min at
95 � g, the precipitate was redissolved in 4 ml of storage solution. The
final Ca2þ concentration is set stepwise to 0.5 mM by adding a total amount
of 0.2 ml 10 mM CaCl2 within 20 min (80–40–80 ml). Usually, we obtain
around 50 cells/10 ml and 30 cells/10 ml in samples from sinus rhythm (SR)
and cAF patients, respectively. However, human cells are often more
difficult to isolate than animal cells and cell yield varies largely, depending
on degree of tissue fibrosis, age and cardiac diseases of the donor. The
isolated atrial cardiomyocytes are kept at room temperature until use and
should be used within 8 h.

2.3. Single-channel recordings of IK,ACh in cell-attached
configuration

Since electrical properties of single-channel IK,ACh openings are clearly
different compared to those of other ion channels (i.e., IK1), single-channel
registrations are suitable to provide direct evidence for increased constitu-
tive IK,ACh activity in patients with cAF. Current amplitudes during
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Table 32.1 Solutions for cell isolation

Transport solution Ca2þ-free solution Enzyme solution E1 Enzyme solution E2 Storage solution

Albumin – – – – 1%

2,3-Butanedione monoxime 30 – – – –

DL-b-Hydroxy-butyric acid – – – – 10

EGTA – – – – 10

Glucose 20 20 20 20 10

Glutamic acid – – – – 70

KCl 10 10 10 10 20

KH2PO4 1.2 1.2 1.2 1.2 10

MgSO4 5 5 5 5 –

MOPS 5 5 5 5 –

NaCl 100 100 100 100 –

Taurin 50 50 50 50 10

Collagenase I (Worthington) – – 286 U/ml 286 U/ml –

Protease XXIV – – 5 U/ml – –

pH 7.0 7.0 7.0 7.0 7.4

Adjusted with 1 M NaOH 1 M NaOH 1 M NaOH 1 M NaOH 1 M KOH

Concentrations in mM unless otherwise stated. All drugs were from Sigma-Aldrich (USA) unless otherwise stated.



single-channel measurements are lower (pA range) compared to whole-cell
recordings (nA range) and therefore require higher efforts on reduction of
electrical noise to improve the signal-to-noise ratio. Here we will describe
briefly some steps that we found critical to reduce electrical noise and
improve quality of single-channel recordings.

The first important step is to remove all electrical devices except the
preamplifier from the Faraday cage including the light source of the micro-
scope, which should be exchanged with a cold light source positioned
outside the cage. We use a gravity-driven perfusion system to apply fresh
bath solution (Table 32.2). The Faraday cage should be closed on all sides
during the experiment. Furthermore, high efforts should be spend on
pipette fabrication. We use sylgard (World Precision Instruments, USA)-
coated pipettes fabricated from borosilicate glass capillaries (1.5 mm outer
diameter, 0.87 mm inner diameter, 0.2 mm filament, Hilgenberg, Ger-
many). Since the pipette acts as a capacitator with a capacitance proportional
to 1/wall thickness, thereby causing electrical noise, coating of the pipette
with a thick nonconducting layer reduces electrical noise. In addition, the
hydrophobic nature of sylgard prevents the bath solution from creeping up
the sides of the pipette, thereby reducing electrical contact between pipette
and bath solution. Sylgard should be applied as near to the pipette tip as
possible (10–50 mm) and extend until the pipette shoulder. It is cured by
placing the pipette tip into a heated wire coil for a few seconds. After

Table 32.2 Bath solutions

CA and whole-cell

experiments

I-O experiments

(phosphatases intact)

I-O experiments

(phosphatases inhibited)

CaCl2 2 – –

EGTA – 0.1 0.1

Glucose 10 – –

HEPES 10 5 5

KCl 20 145 145

MgCl2 1 1 1

NaCl 120 20 –

NaF – – 1

Na3VO4 – – 0.1

Na2P2O7 – – 10

ZnSO4 – – 5

pH 7.4 7.4 7.4

Adjusted

with

1 M NaOH 1 M Tris-acetat 1 M Tris-acetat

Concentrations in mM; CA, cell-attached configuration; I-O, inside-out configuration. All drugs were
from Sigma-Aldrich (USA) unless otherwise stated.
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coating, pipettes should be fire polished using a microforge to clean and
smooth the tip. Finally, pipettes should be cut to 2 cm total length. Because
of the high IK,ACh channel density, pipettes should be relatively small, with
tip resistances being �8–10 MO when filled with pipette solution
(Table 32.3, CA Experiments). Small-tip pipettes increase the likelihood
of having only one channel within the patch, which allows a much more
reliable analysis of single-channel properties (see below).

Figure 32.3A shows representative recordings of IK,ACh in the absence
and presence of an M-receptor agonist in atrial myocytes from patients with
sinus rhythm (SR) and cAF. Constitutive IK,ACh activity was quite apparent
in cAF, whereas it occurred only sporadically in myocytes from patients
with SR. Inclusion of the nonselective M-receptor agonist carbachol (CCh,
10 mM) in the pipette solution strongly activated IK,ACh in both SR and
cAF, causing frequent channel openings.

A detailed description of the single-channel analysis algorithms is clearly
beyond the scope of this chapter. For more details regarding analysis of
single-channel properties, see Colquhoun (1994), http://www.utdallas.
edu/�tres/microelectrode/me.html. An elementary property characteriz-
ing single-channel activity is the sojourn time at the open and closed level.
To characterize closed and open times, transitions between the two current
levels must be detected. We usually use the threshold-crossing method,
which automatically detects transitions from the closed to the open state or
vice versa every time the observed current crosses the 50% threshold
(idealization). The opening times obtained in this way can be displayed in
an open-time histogram as shown in Fig 32.3B and open-time constants
(topen) can be calculated by mono-exponential fits. Open-time constants

Table 32.3 Pipette filling solutions

CA and I-O experiments Whole-cell experiments

CaCl2 2 2

DL-Aspartic acid Kþ salt – 80

EGTA – 5

GTP-Tris – 0.1

HEPES 5 10

KCl 145 40

Mg-ATP – 5

MgCl2 1 –

NaCl – 8

pH 7.4 7.4

Adjusted with 1 M KOH 1 M KOH

Concentrations in mM; CA, cell-attached configuration; I-O, inside-out configuration. All drugs were
from Sigma-Aldrich (USA) unless otherwise stated.
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from constitutive IK,ACh channels are comparable to IK,ACh channels acti-
vated with CCh, providing strong evidence for the identity of these spon-
taneous current openings as IK,ACh. Since density of IK,ACh channels in atrial
cardiomyocytes is high, patch membranes usually contain two or more
channels under the patch pipette, indicated by two or more opening levels
caused by simultaneous channel openings. However, since reliable deter-
mination of closed-time duration can only be performed with one channel
in the patch, we usually refrain from analyzing closed times.
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Figure 32.3 Single-channel properties of constitutively active IK,ACh channels in atrial
myocytes from patients with chronic atrial fibrillation (cAF). (A) Representative cell-
attached single-channel recordings of IK1, constitutively active and cabachol (CCh)-
activated IK,ACh in myocytes from sinus rhythm (SR, left) and cAF patients (right).
Closed and open levels are indicated by filled and empty arrowheads, respectively. In
the absence of M-receptor agonists (baseline), myocytes from the cAF patients exhibit
both IK1 (

#) and constitutive IK,ACh openings (*), whereas the latter is a rare event in
myocytes from SR patients. (B) Representative histogram of open times of the consti-
tutively active IK,ACh channel (left). Bin-width was 0.2 ms. Open-time constants were
calculated for CCh-activated IK,ACh in SR patients and constitutively active IK,ACh in
cAF patients by monoexponential fits and are expressed as mean � S.E.M. (right). n.d.,
not determined. (C) Channel open probability of constitutively active and CCh-acti-
vated IK,ACh channels are expressed as mean � S.E.M. *P < 0.05. (B, C) Numbers
within the columns indicate number of myocytes/patients. (Reprinted with permission
from Dobrev et al., 2005.)
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An additional parameter that can be obtained after calculation of open-
time durations is the probability of a channel to open (open probability,
Popen). Popen can be estimated by the total open time divided by the total
length of the record. Again, a reliable estimate of Popen can be obtained only
in the presence of only one individual IK,ACh channel in the membrane
patch. Since presence of only one channel is a rare event precluding a
reliable determination of the exact number of channels in the membrane
patch, open probability is often expressed as nPo, where n indicates the
usually unknown number of channels. Figure 32.3C shows higher nPo of
constitutive IK,ACh in myocytes from patients with cAF compared to SR.
Inclusion of the M-receptor agonist CCh further increases nPo without
significant differences between cAF and SR.

The analysis of single-channel amplitudes in relation to the applied voltage
(VC) provides a further evidence for the identity of the studied channel
(Fig 32.4A). To calculate IK,ACh amplitude, we generate point amplitude
histograms by plotting all digitized current events according to their individ-
ual current values in a histogram (Fig. 32.4B). There is usually one peak at the
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Figure 32.4 Single-channel conductance of constitutively active IK,ACh channels in a
myocyte from one patient with chronic atrial fibrillation. (A) Representative single-
channel recordings at various potentials (VC; see Fig. 32.2). Closed and open levels are
indicated by filled and empty arrowheads, respectively. (B) Corresponding amplitude
histogram at �100 mV. Bin-width was 0.2 pA. After fitting two Gaussian distribution
curves, single-channel IK,ACh amplitude equals the difference between the two peaks at
�0.05 pA (closed level) and �2.28 pA (open level). (C) Current–voltage relation
calculated from the corresponding amplitude histograms.
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closed level and one peak at the open level. The single-channel IK,ACh
amplitude equals the difference between both peaks. Since again any drift
in baseline will bias the results, an appropriate baseline correction should be
performed in advance. In addition, single-channel openings of constitutive
IK,ACh are relatively rare; therefore, we recommend to confine the histogram
to those points that correspond to periods when the channel is open. Plotting
the amplitude values against the corresponding voltage applied on the patch
(VC) results in an almost linear relationship with the slope representing the
single-channel conductance (Fig. 32.4C). The conductance obtained in atrial
myocytes from cAF patients in absence of an M-receptor agonist (36.3 pS) is
comparable to published values of agonist-activated IK,ACh and is clearly
different from typical single-channel conductances of other inward-rectifier
potassium currents like IK1 and ATP-dependent Kþ currents (IK,ATP)
(Heidbuchel et al., 1990b).

2.4. Whole-cell recording of constitutive IK,ACh

Whereas single-channel measurements are valuable for the direct proof of
constitutive IK,ACh activity, they are not feasible to evaluate the relative
contribution of constitutive IK,ACh activity to total inward-rectifier Kþ cur-
rent. In addition, in whole-cell configuration, the channels are not shielded by
the patch pipette and the applied drugs reach the channel quickly without any
access restrictions, which allows a reliable testing of drug effects on channel
function (Kitamura et al., 2000). In whole-cell configuration, direct electrical
access to the cell interior is obtained by disrupting the patch membrane after
giga-seal formation. Successful disruption, achieved by applying gentle suction
to the pipette, is indicated by the occurrence of capacitance artifacts in response
to a distinct voltage step in the mV range. Since these capacitance artifacts are
mainly due to cell membrane recharges, they are usually used for estimation of
the cardiomyocyte surface area, assuming a membrane capacitance per unit
area of about 1 mF/cm2 (Gentet et al., 2000).

In whole-cell configuration, the patch-pipette filling solution is in direct
contact with the cytosol and should therefore have a similar ion concentra-
tion (Table 32.3). Borosilicate glass microelectrodes (1.5 mm outer diame-
ter, 0.87 mm inner diameter, 0.2 mm filament, Hilgenberg, Germany) with
tip resistances of 2–5 MO are acceptable. The myocytes are superfused with
bath solution (Table 32.2). We use high (20 mM) extracellular potassium
concentration because this shifts the reversal potential to more positive
values and allows to record much larger (more easily measurable/compara-
ble) inwardly directed Kþ currents (Dobrev et al., 2000, 2001, 2005;
Himmel et al., 2000; Voigt et al., 2007). We recorded the currents at
room temperature because current amplitudes at room temperature are
comparable to those at 37 �C and the success rate of experiments is much
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higher at room temperature (Voigt et al., 2010b), especially when using
human atrial myocytes.

Drugs are generally applied via a rapid solution-exchange-system (ALA-
Scientific-Instruments, USA). Agonist-inducible IK,ACh is stimulated with
CCh (2 mM) and defined as the difference current between total current in
the presence of CCh and basal current. Basal inward-rectifier currents and
IK,ACh are specifically assessed as Ba

2þ(1 mM)-sensitive currents. Since both
IK1 and constitutive IK,ACh channels contribute to basal inward-rectifier Kþ

current in atrial myocytes, the whole-cell configuration is not feasible for
direct detection of constitutive IK,ACh. However, selective IK,ACh-channel
blockers and specific voltage protocols targeting differences in time-depen-
dent IK,ACh “relaxation” allow sufficient differentiation between constitu-
tive IK,ACh currents and IK1 also in the whole-cell voltage-clamp
configuration.

2.4.1. Use of selective IK,ACh-channel blockers
Drugs like NIP-142, NIP-151, and AVE0118 are shown to block IK,ACh in
atrial myocytes; however, their selectivity for IK,ACh is imperfect (Christ
et al., 2008; Hashimoto et al., 2008; Tanaka and Hashimoto, 2007). In
addition, inhibition of constitutively active IK,ACh may contribute to the
efficacy of commonly used class I and III antiarrhythmic drugs (Voigt et al.,
2010a). Tertiapin, a 21-amino acid containing peptide initially isolated from
the venom of the European honey bee, has been characterized as a selective
blocker of Kir3.1 and Kir3.4 heteromultimers, renally expressed Kir1.1a
(ROMK1) channels and Ca2þ-dependent large-conductance Kþ channels
(BK channels) in a nanomolar range ( Jin and Lu, 1998; Kanjhan et al.,
2005). Kir1.1b (ROMK2) and Kir2.1 ( Jin and Lu, 1998) channels are
inhibited in the micromolar range only ( Jin and Lu, 1998; Sackin et al.,
2003). Since ROMK channels are not expressed in cardiac myocytes and
inhibition of BK channels occurs only after myocyte incubation for at least
15 min (Kanjhan et al., 2005), acute application of tertiapin in atrial myo-
cytes can be considered as highly selective for IK,ACh inhibition. It is
suggested that tertiapin blocks IK,ACh channels by interaction of its
a-subunit C-terminus with the external side of the channel pore
( Jin et al., 1999). This interaction with the extracellular side of the channel
may explain the delayed inhibitory effect of tertiapin in cell-attached
configuration, where the channel is largely isolated from the bath solution
by the patch-pipette (Voigt et al., 2008). For experimental purposes, we
recommend the usage of a non-air-oxidizable derivate, called tertiapin-Q,
in which the methionine residue 13 is replaced by glutamine ( Jin and Lu,
1999). Tertiapin-Q functionally resembles native tertiapin in both affinity
and specificity, but is much more stable. On experimental days, we prepare
fresh working solutions of tertiapin (0.1–100 nM) using a 100-mM stock
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solution stored at �15 �C. In addition, 1 mg/ml albumin should be added
to the bath solution to reduce nonspecific protein binding of tertiapin.

At the whole-cell configuration, we activate the inward-rectifier cur-
rents using a ramp pulse from�100 toþ40 mV (Fig 32.5A), which is much
better tolerated by human atrial myocytes compared to clamp steps. A direct
comparison between results obtained with ramp pulses versus clamp steps
indicated their similarity and supported the validity of results obtained with
ramp-pulse protocols (Voigt et al., 2010b). Figure 32.5B shows the time
course of inward-rectifier current at �100 mV. Application of the
M-receptor agonist CCh (2 mM) resulted in a rapid initial current increase
(Peak), followed by a decrease to a quasi-steady state level (QSS). The
agonist-dependent IK,ACh currents at Peak and QSS level are defined as
CCh-sensitive current increases (Peak- and QSS-IK,ACh). In the absence of
M-receptor agonists, application of the highly selective IK,ACh-blocker
tertiapin (0.1–100 nM) to myocytes from SR patients resulted only in a
slight reduction of basal inward-rectifier Kþ current, which was comparable
to values in control experiments with application of bath solution only. In
contrast, tertiapin reduced basal current in cAF patients in a concentration-
dependent manner (Fig. 32.5C). In addition, tertiapin inhibited the CCh-
mediated activation of IK,ACh in both SR and cAF, confirming the potency
and efficacy of tertiapin as a selective IK,ACh-channel blocker (Fig. 32.5D).
Taken together, these data suggest the existence of substantial constitutive
IK,ACh activity in cAF only.

2.4.2. Estimation of time-dependent IK,ACh “relaxation”
Apart from the use of selective IK,ACh blockers, differences in electrophysi-
ological properties can be also utilized to differentiate IK1 and constitutive
IK,ACh currents in whole-cell patch-clamp experiments. An elegant method
is the analysis of activation kinetics upon a hyperpolarizing voltage step
pulse. Whereas an instantaneous increase of current amplitude upon hyper-
polarization is characteristic for almost all inward-rectifier Kþ currents, the
time-dependent current increase, called “relaxation,” is a hallmark of IK,ACh
currents only (Hibino et al., 2010). Although the exact mechanism is largely
unknown, regulators of G protein signaling (RGS-proteins), which accel-
erate GTPase activity of the Ga-subunit, appear essential for reconstituting
the relaxation behavior of IK,ACh current in Xenopous oocytes expressing
Kir3.1/Kir3.4 channels together with M2 receptors (Fujita et al., 2000). As
shown in Fig. 32.6, Cha et al. used this phenomenon to demonstrate
increased time-dependent hyperpolarization-activated inward-rectifier cur-
rent (IKH) in atrial myocytes from dogs with ATR (Cha et al., 2006). IKH is
inhibited by tertiapin-Q, and single-channel recordings in atrial myocytes
from dogs with ATR directly confirmed the identity of IKH as constitutive
IK,ACh (Voigt et al., 2008).

666 Niels Voigt et al.



A

B

C D

Basal
current

VC=–100mV VC=–100 mV

S2
S2S1

S1

8pA/pF 4pA/pFIK,ACh
IK,AChTertiapin, 10nM Tertiapin, 10nM

60 s 60 s

CCh, 2mM CCh, 2mM CCh, 2mM CCh, 2mM

–60–80–100

Sinus rhythm

Basal
current Basal

current

Basal
current

VC (mV) VC (mV)

250ms 250ms

IK,ACh IK,ACh

10pA/pF 10pA/pF

CCh (2mM) CCh (2mM)

+40mV0.5Hz, RT,
[K+]O=20mM

–50mv

–100mV
500ms –80mV

Atrial fibrillation

–80–100 –60–40 –40–20 –20 0200 2040 40

B
lo

ck
 o

f 
ba

sa
l 
cu

rr
en

t
(p

A
/p

F
)

10

8

6

4

2

0

–2

SR
SR

cAF
cAF

Log EC50=–8.2
n=5–18/3–8

Log EC50=–9.1
n=5–15/3–8

Ctl –10 –9

n=8–24/3–8

n = 7–16/3–6

* *

*

–8 –7 Ctl –10 –9 –8 –7

C
C

h-
ac

ti
va

te
d 

I K
,A

C
h

(S
2/
S 1

-r
at

io
n)

Log[tertiapin] (M) Log[tertiapin] (M)

1.0

0.8

0.6

0.4

0.2

–0.2

0.0

Figure 32.5 Detection of constitutive IK,ACh activity in whole-cell configuration with
the highly selective IK,ACh-blocker tertiapin. (A) Representative inward-rectifier cur-
rent recordings under basal conditions (basal current) and in response to 2 mM carbachol
(CCh) in myocytes from a patient with sinus rhythm (SR, left) and chronic atrial
fibrillation (cAF, right), respectively. Top: Ramp protocol. (B) Corresponding time
course of basal inward-rectifier current and CCh-activated IK,ACh at �100 mV.
Tertiapin (10 nM) was applied before, during and after a second CCh application (S2)
with the first CCh application (S1) serving as internal control. (C) Concentration-
dependent block of basal current with tertiapin in SR and cAF patients unmasks
increased constitutively active IK,ACh channels in cAF patients only. *P < 0.05 versus
corresponding values in SR. (D) Concentration-dependent effects of tertiapin on the
S2/S1 ratio of IK,ACh. (C, D) Each point represents values (mean � S.E.M.,
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number of myocytes/patients. (Reprinted with permission from Dobrev et al., 2005.)
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2.5. Identification of the underlying mechanism(s) of
constitutive IK,ACh

Previous studies showed that the M-receptor antagonist atropine does not
abolish the constitutive IK,ACh activity, suggesting that an agonist-independent
mechanism might be implicated in the formation of constitutive IK,ACh
channels (Dobrev et al., 2005). An increased receptor-independent dissociation
of Ga- andGbg-subunits appears unlikely contributor because neither pertussis
toxin nor the absence of GTP affected the IK,ACh-like component of basal
whole-cell current in dog atrial myocytes (Ehrlich et al., 2004). In addition,
indirect evidence also suggests that upregulation and stronger membrane
translocation of PKCe might cause hyperphosphorylation of IK,ACh channels
in cAF patients, likely contributing to the increase in constitutive IK,ACh
activity (Voigt et al., 2007). Together, these findings point to a membrane-
delimited phosphorylation-mediated mechanism of constitutive IK,ACh.

In the I–O configuration, a small, cell-free piece of cell membrane
containing the channel of interest is attached to the pipette with the
cytosolic side facing the bath solution. This configuration allows direct
alterations of the intracellular milieu which makes it particularly suitable
for the exploration of the intracellular mechanism of constitutive IK,ACh
activity. Here we describe how we use this method to study increased
constitutive IK,ACh activity in dogs with ATR (Makary et al., unpublished).
For excision of the membrane patch, it is necessary that the myocytes are
properly attached to the glass bottom of the chamber. Therefore, it is
essential to allow enough time (�30 min) for myocytes to settle down
before starting an experiment. Coating of the glass bottom with laminin
may also improve the adhesion of the cells, but we did not find an advantage
of using laminin coating. I-O patches are made based on the cell-attached
configuration (see above). Very slow elevation of the pipette under contin-
uous monitoring of single-channel activity should result in excision of the
membrane patch out of the intact cell while preserving the giga-seal. Pulling
off a membrane patch often results initially in the formation of a membrane
vesicle in the pipette tip indicated by disappearance of the channel openings
at preserved seal resistance. In order to reduce the chance of vesicle forma-
tion, we use pipettes with low seal resistance around 2–3 MO. If vesicle
formation should still be a problem, the outer face of the vesicle can be
opened by briefly taking the membrane through the bath solution/air
interface, by positioning the tip in front of the outflow of the bath perfusion
or by momentarily making contact with a droplet of paraffin or a piece of
cured sylgard. However, these mechanical procedures are always critical
because they may spoil the intact giga-seal.

After I-O formation, the cytosolic side of the channel faces the bath
solution which is exchanged to a high Kþ bath solution (Table 32.2) in
order to represent intracellular conditions and avoid Kþ gradients across the

Voigt-Constitutive IK,ACh Channels in the Diseased Heart 669



membrane patch. Furthermore, it has to be considered that after I-O
formation the potential seen by the patch is directly controlled by the
amplifier and that the influence of the membrane potential is eliminated
(EP ¼ þ100 mV results in Vc ¼ �100 mV, see above and Fig. 32.2B).
After excision of the patch and formation of the I-O configuration, the
constitutive IK,ACh activity of ATR cardiomyocytes is strongly reduced
(Fig. 32.7A) and the resulting low opening probability becomes comparable
to that of control cardiomyocytes, pointing to the contribution of a cytosolic
factor to ATR-associated increase of constitutive IK,ACh. Previous studies of
agonist-activated IK,ACh revealed that inhibition of phosphatases is necessary
to prevent run-down in cell-free I-O patches (Huang et al., 1998; Kaibara
et al., 1991; Shui et al., 1997), suggesting that normal IK,ACh activity requires
channel phosphorylation (Heidbuchel et al., 1990a; Medina et al., 2000).

(phosphatases intact)
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CTL
–CCh (IK,ACh)

B
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(phosphatases inhibited)
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Figure 32.7 IK,ACh single-channel recordings in inside-out configuration. (A, B)
Representative cell-attached (left) and inside-out (right) recordings of constitutively
active IK,ACh in the absence (A) and presence (B) of protein phosphatase inhibitors.
Closed and open levels are indicated by filled and empty arrowheads, respectively
(Makary et al., unpublished observations).
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To assess the contribution of channel phosphorylation to constitutive IK,ACh
activity in ATR, we added phosphatase inhibitors (fluoride, vanadate, and
pyrophosphate, Table 32.2) to the bath solution. Under these conditions,
the open probability of constitutive IK,ACh channels in ATR cardiomyo-
cytes was only slightly reduced after I-O formation (Fig. 32.7B) compared
to cell-attached experiments and the differences between control and
ATR were preserved. The results in Fig. 32.7 indicate a crucial role of
phosphorylation in development of constitutive IK,ACh channel activity.
These findings provide an example of how I-O recordings may be used
to explore the molecular mechanisms of constitutive IK,ACh. Further
studies are necessary to elaborate whether and how specific phosphorylation
processes contribute to the development of constitutive IK,ACh activity
in cAF.

3. Conclusions and Perspective

Although impaired channel phosphorylation is a potential contributor
to development of constitutive IK,ACh activity in cAF, the complex regulation
of agonist-activated IK,ACh makes several underlying mechanisms possible
(Fig. 32.8A). Physiological activation of IK,ACh requires binding of
Gbg-subunits to the IK,ACh channel, which strengthens the interaction
between channel subunits and cell membrane-located phosphatidylinositol
4,5-bisphosphate (PIP2; Huang et al., 1998). It is known that depletion of
PIP2 and removal of ATP both prevent activation of IK,ACh by Gbg-subunits,
suggesting tonic channel phosphorylation and sufficient PIP2 levels in the cell
membrane as absolute requirements for Gbg-mediated activation of IK,ACh
(Medina et al., 2000; Sui et al., 1998). In contrast, enhanced channel phos-
phorylation and/or increased amount of PIP2 close to the channel may
activate the channel even in the absence of Gbg-subunits (Kaibara et al.,
1991; Kim, 1993; Okabe et al., 1991). In addition, Naþ enhances the
interaction of PIP2 with the IK,ACh channel indicating that AF-associated
Naþ-overload might also contribute to constitutive IK,ACh (Mark and
Herlitze, 2000). As mentioned above, activation of IK,ACh requires ATP
which may modulate the channel through multiple mechanisms: (i) direct
phosphorylation of the channel and/or channel regulatory proteins (Kim,
1993; Medina et al., 2000), (ii) generation of PIP2 (Huang et al., 1998), and
(iii) transphosphorylation between adenosine and guanosine nucleosides via
nucleoside diphosphate kinase (NDPK; Heidbuchel et al., 1990a). In princi-
ple, each of these mechanisms may contribute to the development of
cAF-associated constitutive IK,ACh activity. The here described patch-clamp
techniques in combination with suitable biochemical and molecular biology
methods (i.e., adenoviral transfection of cultured human atrial myocytes,
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Figure 32.8 Regulatory mechanisms of IK,ACh in the atrium. (A) Binding of the vagal
neurotransmitter acetylcholine (ACh) to muscarinic M2 receptors leads to dissociation
of Gi protein a- and bg-subunits. In addition, transphosphorylation between adenosine
and guanosine nucleosides via nucleoside diphosphate kinase (NDPK) may cause
receptor-independent Gi protein dissociation. In both cases, the consecutive binding
of Gi protein bg-subunits to the IK,ACh channel subunits Kir3.1 and Kir3.4 strengthens
their interaction with cell membrane-located phosphatidylinositol 4,5-bisphosphate
(PIP2), thereby increasing IK,ACh open probability. Similarly increased intracellular
Naþ also strengthens the interaction of PIP2 with the channel leading to receptor-
independent current activation. In contrast, stimulation of Gq-coupled receptors (R;
i.e., AT1-receptors or a1-adrenoceptors) activates phospholipase-C (PLC), thereby
lowering the PIP2 membrane content, which results in IK,ACh inhibition. Furthermore,
the PIP2 metabolite diacylglycerol activates protein kinase C that phosphorylates IK,ACh
channel subunits. In general, channel phosphorylation, which is dynamically regulated
by protein kinases (PK) and phosphatases (PP), is an absolute requirement for normal
IK,ACh function. Adenosine triphosphate (ATP) modulates the channel through multi-
ple actions: (i) direct phosphorylation of the channel and/or channel regulatory pro-
teins, (ii) generation of PIP2, and (iii) transphosphorylation between adenosine and
guanosine nucleosides via nucleoside diphosphate kinase (NDPK). (B) Adenoviral-
mediated expression of “enhanced green fluorescence protein” and the Gbg-scavenger
transducin-a. With bright-field microscopy, adenovirally transfected human right atrial
myocytes are indistinguishable from nontransfected cells (left), whereas the fluores-
cence emission light at an excitation wavelength of 488 nm indicates successful trans-
fection (right). (C) Basal inward-rectifier current (IM) in response to a ramp pulse from
�100 to þ40 mV (see also Fig. 32.5A) measured in a human right atrial myocyte
transfected with transducin-a. Identity as inward-rectifier current was specifically
assessed by application of Ba2þ (1 mM). CM, cell capacity.
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Fig. 32.8B) are powerful tools to discover the underlying mechanism(s) of
constitutive IK,ACh activity in the diseased heart.
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