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Patch-Clamp Technique

Purpose and Rationale

The introduction of the patch-clamp technique
(Neher and Sakmann 1976) revolutionized the
study of cellular physiology by providing a
high-resolution method of observing the function
of individual ionic channels in a variety of normal
and pathological cell types. By the use of variations
of the basic recording methodology, cellular
function and regulation can be studied at a molec-
ular level by observing currents through individual
ionic channels (Liem et al. 1995; Sakmann and
Neher 1995).

The most intriguing method is called the “on-
cell” or “cell-attached” configuration, because ion
channels can be recorded on an intact cell (Jack-
son 1993). This mode is well suited for investiga-
tion of ion channels that are activated by hormonal
stimulation and triggered by intracellular second
messengers.

Another versatile mode is the “cell-excised”
configuration (Hamill 1993). It is obtained by
suddenly removing the patch pipette from the
cell, so that the membrane patch is pulled off the
cell. This mode easily allows the investigator to
expose the channel proteins to drugs by changing
the bath solution. The single-channel currents are
recorded on a videotape and are analyzed off-line
by a computer system. Various parameters are
evaluated, such as the single-channel conduc-
tance, the open and closed times of the channel,
and the open-state probability, which is the per-
centage of time the channel stays in its open state.

In addition to these modes, which enable the
recording of single-channel currents, it is also
possible to measure the current flowing through
the entire cell. This “whole-cell mode” is obtained
by rupturing the membrane patch in the cell-
attached mode (Hamill et al. 1981; Dietzel
et al. 1993). This is achieved by applying suction
to the interior of the patch pipette. The “whole-cell
mode” allows not only the recording of electrical
current but also the measurement of cell potential.
Moreover, the cell interior is dialyzed by the elec-
trolyte solution contained in the patch pipette.

The fabrication of patch-clamp pipettes has
been described by Sakmann and Neher (1995)
and Cavalié et al. (1993).

Variations of the patch-clamp technique have
been used to study neurotransmitter transduction
mechanisms (Smith 1995).

High-throughput methods are required when
developing drugs that work on ion-channel func-
tion (Mathes 2003; Bennett and Guthrie 2003).
Patch clamping suffers from low throughput,
which is not acceptable for drug screening.

Fertig et al. (2002) and Brueggemann et al.
(2004, 2006) presented nanopatch-clamp technol-
ogy, which is based on a planar, microstructured
glass chip, which enables automatic whole-cell
patch-clamp experiments. Planar glass substrates
containing a single microaperture produced by ion
track etching are used to record currents through
ion channels in living mammalian cells.

Falconer et al. (2002) reported high-
throughput screening for ion-channel modulators
setting up a Beckman/Sagian core system to fully
automate functional fluorescence-based assays
that measure ion-channel function. Voltage-
sensitive fluorescent probes were applied and the
activity of channels was measured using Aurora’s
Voltage/Ion Probe Reader (VIPR). The system
provides a platform for fully automated high-
throughput screening as well as pharmacological
characterization of ion-channel modulators.

Schroeder et al. (2003) described a high-
throughput electrophysiology measurement plat-
form consisting of computer-controlled fluid
handling, recording electronics, and processing
tools capable of whole-cell voltage-clamp record-
ings from thousands of individual cells per day.
The system uses a planar, multiwell substrate
(a PatchPlate). The system positions one cell into
a hole separating two fluid compartments in each
well of the substrate. Voltage control and current
recordings from the cell membrane are made
subsequent to gaining access to the cell interior
by applying a permeabilizing agent to the
intracellular side.

Willumsen’s group recommended ion-channel
screening with QPatch (Asmild et al. 2003;
Kutchinsky et al. 2003; Krzywkowski et al.
2004). This system claims to allow fast and
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accurate electrophysiological characterization of
ion channels, e.g., for determination of IC50

values for ion-channel blockers. The system com-
prises 16 parallel patch-clamp sites, each based on
a silicon chip with a micro-etched patch-clamp
hole. Intra- and extracellular fluids are adminis-
tered by laminar flow through integrated minia-
ture flow channels.

Spencer et al. (2012) described a novel
microfluidic automated patch-clamp device;
the IonFlux™ system utilizes microfluidic chan-
nels molded into a polymeric substrate that elim-
inates the necessity of internal robotic liquid
handling.
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Patch-Clamp Technique in Isolated
Cardiac Myocytes

Purpose and Rationale

The generation of an action potential in heart
muscle cells depends on the opening and closing
of ion-selective channels in the plasma mem-
brane. The patch-clamp technique enables the
investigation of drug interactions with ion-
channel-forming proteins at the molecular level.

Procedure

Isolated cells from ventricular muscle of rat and
guinea pig are prepared as described by Yazawa
et al. (1990). Animals are sacrificed by cervical
dislocation. Hearts are dissected and mounted on
a Langendorff-type apparatus and perfused first
with Tyrode solution (in mM: 143 NaCl, 5.4 KCl,
1.8 CaCl2, 0.5 MgCl2, 0.25 NaH2PO4, 5 HEPES,
pH adjusted to 7.4 with NaOH) at 37 �C for 3 min
at a hydrostatic pressure of 60–70 cmH2O, then
with nominally Ca2+-free Tyrode solution
(no Ca2+ is added) for 5–7 min, and finally, with
nominally Ca2+-free Tyrode solution containing
0.12–0.2 mg/ml collagenase (Sigma, type I).
After 15–20 min of collagenase treatment, the
heart is now soft and is washed with storage
solution (in mM: 70 KOH, 50 L-glutamic acid,
40 KCl, 20 taurine, 20 KH2PO4, 3 MgCl2, 10 glu-
cose, 10 HEPES, 0.5 EGTA, pH adjusted to 7.4
with KOH). The ventricles are cut into pieces

(about 5 mm � 5 mm) and poured into a beaker.
The myocytes are dispersed by gently shaking the
beaker and filtration through a nylon mesh
(365 μm). Then, the myocytes are washed twice
by centrifugation at 600–1,000 rpm (about 90 g)
for 5 min and kept at room temperature. The rod
shape of the cell and the clear striations of sarco-
meres are important criteria for selecting viable
cells for the assay. Experiments are performed at
35 �C–37 �C.

For investigation with the patch-clamp tech-
nique (Neher and Sakmann 1976; Hamill
et al. 1981), the isolated cells are placed into a
thermostat-controlled chamber, mounted on the
stage of an inverted microscope equipped with
differential interference contrast optics. Under
optical control (magnification 400�), a glass
micropipette, having a tip opening of about
1 μm, is placed onto the cell. The patch pipettes
are fabricated from borosilicate glass tubes (outer
diameter 1.5 mm, inner diameter 0.9 mm) by
means of an electrically heated puller. In order to
prevent damage of the cell membrane, the tip of
the micropipette is fire polished, by moving a
heated platinum wire close to the tip. The patch
pipette is filled with either high-NaCl or KCl
solution and is mounted on a micromanipulator.
A silver chloride wire connects the pipette solu-
tion to the head stage of an electronic amplifier. A
second silver chloride wire is inserted into the
bath and serves a ground electrode.

After establishing contact with the cell mem-
brane, a slight negative pressure is applied to the
inside of the patch pipette by means of a syringe.
Consequently, a small patch of membrane is
slightly pulled into the opening of the micropi-
pette, and close contact between the glass and
membrane is formed, leading to an increase of
the electrical input resistance into the giga-ohm
range (about 1010 Ω). This high input resistance
enables the recording of small electrical currents
in the range of picosiemens (10�12 S), which flow
through channel-forming proteins situated in the
membrane patch. The electrical current is driven
by applying an electrical potential across the
membrane patch and/or by establishing an appro-
priated chemical gradient for the respective ion
species.
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The patch-clamp method allows one to inves-
tigate the interaction of drugs with all ion channels
involved in the functioning of the heart muscle
cell (K+, Na+, Ca2+, and eventually Cl� channels).
Moreover, the different types of K+ channels
existing in cardiomyocytes can be distinguished
by their different single-channel characteristics or
by appropriate voltage-pulse protocols in the
whole-cell mode.

Evaluation

Concentration–response curves of drugs which
inhibit or activate ion channels can be recorded
either at the single-channel level or by measuring
the whole-cell current. IC50 and EC50 values
(50 % inhibition or activation, respectively) can
be obtained with both methods.

Modifications of the Method

The patch-clamp technique has been used for eval-
uation of antiarrhythmic agents (Bennett et al. 1987;
Anno and Hondeghem 1990; Gwilt et al. 1991).

Gögelein et al. (1998) used isolated ventricular
myocytes from guinea pigs to study a
cardioselective inhibitor of the ATP-sensitive
potassium channel.

Multiple types of calcium channels have been
identified by patch-clamp experiments (Tsien
et al. 1988).

The effects of potassium channel openers have
been measured (Terzic et al. 1994).

Ryttsén et al. (2000) characterized electropora-
tion of single NG108–15 cells with carbon-fiber
microelectrodes by patch-clamp recordings and
fluorescence microscopy.

Monyer and Lambolez (1995) reviewed the
molecular biology and physiology at the single-
cell level, discussing the value of the polymerase
chain reaction at the single-cell level and the use
of patch pipettes for collecting the contents of a
single cell on which the reverse transcription is
performed.

The patch-clamp technique was found to be
very versatile in the investigation of ion channels

in atrial myocytes, especially from dogs or
humans. Cells were obtained from atria either in
sinus rhythm or in atrial fibrillation (reviewed in
Bosch et al. 1999).
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Voltage-Clamp Studies on Sodium
Channels

Purpose and Rationale

The epithelial Na+ channel plays an important role
in epithelial Na+ absorption in the distal colon,
urinary bladder, salivary and sweat ducts, respira-
tory tract, and, most importantly, distal tubules of
the kidney (Catterall 1986; Palmer 1992). Regula-
tion of this epithelial Na+ channel has a major
impact on Na+ balance, blood volume, and blood
pressure. Inhibition of epithelial Na+ channel
expression is used for the treatment of hypertension
(Endou and Hosoyamada 1995). Busch
et al. (1995) studied the blockade of epithelial Na+

channels by triamterenes using two-microelectrode
voltage-clamp experiments in Xenopus oocytes
expressing the three homologous subunits (α, β,
and γ) of the rat epithelial Na+ channel (rENaC).

Procedure

Xenopus laevis oocytes are injected with
the appropriate cRNA encoding for the α-, β-,
and γ-subunits Canessa et al. (1994) of the rat
epithelial Na+ channel (rENaC). The cRNA for
the wild-type α-subunit and its deletion mutant
Δ278–273 is always coinjected with an equal
amount of β- and γ-subunit cRNA (10 ng/oocyte).

Then, 2–8 days after cRNA injection, the
two-microelectrode voltage-clamp method is used
to record currents from Xenopus oocytes. Record-
ings are performed at 22 �C using a Geneclamp
amplifier (Axon Instruments, Foster City, CA,
USA) and MacLab D/A converter and software
for data acquisition and analysis (ADInstruments,
Castle Hill, Australia). The ND 96 solution (con-
trol) contains (in mM) NaCl 96, KCl 2, CaCl2 1.8,
MgCl2 1, and HEPES 5, pH 7.0. In some experi-
ments, Na+ is replaced by N-methyl-D-glucamine
(NMDG) solution. The microelectrodes are filled
with 3 M KCl solution and have resistances in the
range 0.5–0.9 MΩ. Chemicals (e.g., triamterene as
standard) are added at concentrations between 0.2
and 100 μM. The amplitude of the induced currents
varies considerably, depending on the day of chan-
nel expression and the batch of oocytes. Themutant
channel induces considerably smaller currents
than the wild-type channel. The total Na+ current
amplitude is determined at least once for each
experimental day by superfusion with NMDG
solution or with 3 μM or 5 μM amiloride solution
at the beginning and at the end of each set of
experiments.

Evaluation

Data are presented as means �SEM. A paired
Student’s t-test is used. The level of statistical
significance is set at P < 0.05.

Modifications of the Method

Nawada et al. (1995) studied the effects of a
sodium, calcium, and potassium antagonistic
agent on the sodium current by the whole-cell
voltage-clamp technique (tip resistance = 5 MΩ
[Na]i and [Na]o 10 mmol/l at 20 �C) in isolated
guinea pig ventricular cells.

Sunami and Hiraoka (1996) studied the mech-
anism of cardiac Na+ channel block by a charged
class I antiarrhythmic agent, in guinea pig ventric-
ular myocytes using patch-clamp techniques in
the whole-cell, cell-attached, and inside-out
configurations.
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Erdõ et al. (1996) compared the effects of
Vinca derivatives on voltage-gated Na+ channels
in cultured cells from rat embryonic cerebral cor-
tex. Effects on Na+ currents were measured by
applying voltage steps (20 ms duration)
to �10 mV from a holding potential of �70 mV
every 20 s. Steady-state inactivation curves were
obtained by clamping the membrane at one of a
series of 15-s prepulse potentials, followed 1 ms
later by a 20-ms test pulse to �10 mV.

Ragsdal et al. (1993) examined the actions of a
Na+ channel blocker in whole-cell voltage-clamp
recordings from Chinese hamster ovary cells
transfected with a cDNA encoding the rat brain
type IIA Na+ channel and from dissociated rat
brain neurons.

Taglialatela et al. (1996) studied cloned
voltage-dependent Na+ currents expressed in
Xenopus oocytes upon injection of the cRNA
encoding α-subunits from human and rat brain.

Wang et al. (1997) investigated pharmacolog-
ical targeting of long QTmutant sodium channels.

Eller et al. (2000) measured the effects of a
calcium antagonist on inward Na+ currents (INa)
in GH3 cells with the whole-cell configuration of
the patch-clamp technique. INa was recorded
after depolarization from a holding potential
of �80 mV to a test potential of +5 mV. Initial
“tonic” block (resting state-dependent block) was
defined as peak INa inhibition during the first pulse
2 min after drug application as compared with INa
in the absence of drug. “Use (frequency)-
dependent” block of INa was measured during
trains of 5- or 50-ms test pulses (3 Hz) applied
from �80 mV to a test potential of +5 mV after a
2-min equilibrium period in the drug-containing
solution. Use-dependent block was expressed as
the percentage decrease of peak INa during the last
pulse of the train as compared with INa during the
first pulse.

Khalifa et al. (1999) characterized the effects
of an antidepressant agent on the fast inward cur-
rent (INa) in isolated guinea pig ventricular
myocytes. Currents were recorded in the whole-
cell configuration of the patch-clamp technique in
the presence of Ca2+ and K+ channel blockers.

Haeseler et al. (1999) measured the effects of
4-chloro-m-cresol, a preservative added to a wide

variety of drugs, on heterologously expressed
wild-type paramyotonia congenita (R1448H)
and hyperkalemic periodic paralysis (M1360V)
mutant α-subunits of human muscle sodium chan-
nels using whole-cell and inside-out voltage-
clamp experiments.

Song et al. (2000) studied the effects of
N-ethylmaleimide, an alkylating agent to protein
sulfhydryl groups, on tetrodotoxin-sensitive
(TTX-S) and tetrodotoxin-resistant (TTX-R)
sodium channels in rat dorsal root neurons using
the whole-cell configuration of the patch-clamp
technique. Rats at the age of 2–6 days were anes-
thetized with isoflurane, and the spinal cord was
removed and cut longitudinally. Dorsal root
ganglia were plucked from the area between the
vertebrae of the spinal column and incubated in
phosphate-buffered saline solution containing 2.5
mg/ml trypsin at 37 �C for 30 min. After enzyme
treatment, ganglia were rinsed with Dulbecco’s
Modified Eagle Medium supplemented with
10 % horse serum. Single cells were mechanically
dissociated by trituration with a fire-polished Pas-
teur pipette and plated on poly-L-lysine-coated
glass coverslips. Cells attached to the coverslips
were transferred into a recording chamber on the
stage of an inverted microscope. Ionic currents
were recorded under voltage-clamp conditions
by the whole-cell patch-clamp technique. The
solution in the pipette contained (in mM) CsCl
125, NaF 20, HEPES 5, and EGTA 5. The pH was
adjusted to 7.2 with CsOH and the osmolarity was
279 mosmol/l on average. The external solution
contained (in mM) NaCl 50, choline chloride
90, tetramethylammonium chloride 20, D-glucose
5, HEPES 5, MgCl2 1, and CaCl2 1. Lanthanum
(LaCl3, 10 μM) was used to block calcium chan-
nel current. The solution was adjusted to pH 7.4
with tetramethylammonium hydroxide and the
osmolarity was 304 mosmol/l on average. An
Ag–AgCl pellet/3 M KCl-agar bridge was used
for the reference electrode. Membrane currents
were recorded using an Axopatch-1D amplifier.
Signals were digitized by a 12-bit analogue-to-
digital interface, filtered with a low-pass Bessel
filter at 5 kHz, and sampled at 50 kHz using
pCLAMP6 software (Axon Instruments) on an
IBM-compatible PC. Series resistance was
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compensated 60–70 %. Capacitive and
leakage currents were subtracted by using a
P + P/4 procedure (Bezanilla and Armstrong
1977). The liquid junction potential between
internal and external solutions was on average
�1.7 mV. TTX (100 nM) was used to separate
TTX-R sodium currents from TTX-S sodium cur-
rents. For the study of TTX-S sodium channels,
cells that expressed only TTX-S sodium
channels were used. TTX-S sodium channels
were completely inactivated within 2 ms when
currents were evoked by depolarizing steps to
0 mV, while TTX-R sodium channels persisted
for more than 20 ms. The difference in
kinetics was used to identify the type of sodium
current.

Abriel et al. (2000) described the molecular
pharmacology of the sodium channel mutation
DI790G linked to long QT syndrome.

Makielski et al. (2003) showed that a ubiqui-
tous splice variant and a common polymorphism
affect heterologous expression of recombinant
human SCN5AS heart sodium channels.

Viswanathan et al. (2001) studied gating mech-
anisms for flecainide action in SNCN5A-linked
arrhythmia syndromes.
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Voltage-Clamp Studies on Potassium
Channels

Purpose and Rationale

Potassium channels represent a very large and
diverse collection ofmembrane proteins which par-
ticipate in important cellular functions regulating
neuronal and cardiac electrical patterns, release of
neurotransmitters, muscle contractility, hormone
secretion, secretion of fluids, and modulation of
signal transduction pathways. The main categories
of potassium channels are gated by voltage or an
increase of intracellular calcium concentration
(Escande and Henry 1993; Kaczorowski and
Garcia 1999; Alexander et al. 2001). For
ATP-sensitive potassium channels, see section
“Interaction with β-Cell Plasma Membranes and
KATP Channels,” chapter “▶Assays for Insulin
and Insulin-Like Metabolic Activity Based on
Hepatocytes, Myocytes and Diaphragms”.

The delayed outward potassium current in heart
muscle cells of several species is made up of a
rapidly (IKr) and a slowly (IKs) activating compo-
nent (Sanguinetti and Jurkiewicz 1990; Wang
et al. 1994; Gintant 1996; Lei and Brown 1996;
Carmeliet and Mubagawa 1998). Several potent

and selective blockers of the IKr channel have
been shown to prolong the effective refractory
period but have a reverse rate-dependent activity
with both normal and elevated extracellular
potassium concentrations (Colatsky et al. 1990).
Inhibitors of the slow component IKs were devel-
oped in order to circumvent the negative rate
dependence of IKr channel blockers in the effective
refractory period (Busch et al. 1996; Suessbrich
et al. 1996, 1997; Bosch et al. 1998). Gögelein
et al. (2000) studied the effects of a potent inhibitor
of IKs channels in Xenopus oocytes and guinea pig
ventricular myocytes.

Procedure

Studies in Xenopus oocytes are performed with
the two-microelectrode voltage-clamp method.
For isolation of the oocytes, the toads are anesthe-
tized using a 1 g/l solution of 3-aminobenzoic acid
ethyl ester and placed on ice. A small incision is
made to retrieve sacs of oocytes and is subse-
quently closed with absorbable surgical suture.
On waking up, the toads are placed back into the
aquarium. The ovaries are cut up into small
pieces, and the oocytes are washed in Ca2+-free
Or-2 solution (82.5 mM NaCl, 2 mM KCl, 1 mM
MgCl2, 5 mM HEPES; pH 7.4) and subsequently
digested in Or-2 containing collagenase A
(1 mg/ml, Worthington, type II) until follicles are
not longer detectable on the oocyte’s surface. The
oocytes are stored at 18 �C in recording solution
ND-96 (NaCl 96 mM, KCl 2 mM, CaCl2 1.8 mM,
MgCl2 1 mM, HEPES 5 mM, pH 7.4) with added
sodium pyruvate (275 mg/l), theophylline
(90 mg/l), and gentamicin (50 mg/l).

For electrophysiological recordings, the
two-microelectrode voltage-clamp configuration
is used to record ion currents from Xenopus
oocytes. Injection of cRNA is performed
according to Methfessel et al. (1986) and Golding
(1992). Oocytes are injected individually with
cRNA encoding for the human protein minK,
guinea pig Kir2.1, human Herg, human Kv1.5,
mouse Kv1.3, or human HNC2. In the case of
minK, the functional potassium channel is a
heteromultimer composed of the endogenous
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(Xenopus) KvLQT1 and the injected human
minK. This heteromultimeric potassium current is
then called IKs (Barhanin et al. 1996; Sanguinetti
et al. 1996).

The electrophysiological recordings are
performed at room temperature, using a
Geneclamp amplifier (Axon Instruments) and
MacLab D/A converter. The amplitudes of the
recorded currents are measured at the end of the
test voltage steps. To amplify the inward potas-
sium current through Kir2.1 and HNC2, the exter-
nal potassium concentration is raised to 10 mM
KCl and the NaCl concentration lowered to
88 mM (ND-88). The microelectrodes are filled
with 3 M KCl and have a resistance between 0.5
MΩ and 1 MΩ. During the recordings the oocytes
are continuously perfused with ND-96 (or ND-88
in the case of Kir2.1 and HCN2). The test com-
pounds are dissolved in dimethyl sulfoxide
(DMSO) and added to the buffer ND-96 or
ND-88. The current amplitude is determined
after 5 min of wash-in time.

For the isolation of ventricular myocytes,
guinea pigs (weight about 400 g) or
Sprague–Dawley rats of either sex are sacrificed
by cervical dislocation. The hearts are dissected
and perfused retrogradely via the aorta at 37 �C:
first, with nominally Ca2+-free Tyrode solution
(in mmol/l: 143 NaCl, 5.4 KCl, 0.5 MgCl2, 0.25
NaH2PO4, 10 glucose, 5 HEPES, pH 7.2) and then
with Tyrode solution containing 20 mmol/l Ca2+

and 3 mg/ml collagenase type CLS II (Biochrom,
Berlin, Germany). After 5–10 min collagenase
treatment, the ventricles are cut up into small
pieces in the storage solution (in mmol/l:
50 L-glutamic acid monopotassium salt, 40 KCl,
20 taurine, 20 KH2PO4, 1 MgCl2, 10 glucose, 0.2
EGTA, pH 7.2). The myocytes are then dispersed
by gentle shaking followed by filtration through a
nylon mesh (365 μm). The cells are finally
washed twice by centrifugation at 90 g for 5 min
and kept in the storage solution at room
temperature.

Whole-cell currents are recorded in the tight-
seal whole-cell mode of the patch-clamp technique,
using an EPC-9 amplifier (HEKA Elektronik,
Lambrecht, Germany). Patch pipettes are pulled
from borosilicate glass capillaries (wall thickness

0.3 mm, outer diameter 1.5 mm) and their tips are
fire polished. Series resistance is in the range of
1–10 MΩ and 50 % compensated by means of the
EPC’s compensation circuit.

The IKs, IKr, and IK1 currents in guinea pig
ventricular myocytes are investigated. The volt-
age pulses for recording the current components
are as follows: IKs current, holding potential
�80 mV to �50 mV (200 ms) to +60 mV (3 s)
to �40 mV (2 s) to �80 mV; IKr current, holding
potential �80 mV to �50 mV (200 ms)
to �10 mV (3 s) to �40 mV (2 s) to �80 mV
(IKr is evaluated as the tail current evoked by a
voltage pulse from �10 mV to �40 mV); and IK1
current, holding potential �80 mV to �120 mV
(200 ms) to �80 mV. In order to suppress
the L-type Ca2+ current, 5 mmol/l nifedipine is
added to the bath solution.

Evaluation

All average data are presented as means � SEM.
Student’s t-test is used to determine the signifi-
cance of paired observations. Differences are con-
sidered as significant at P < 005.

Modifications of the Method

Using the whole-cell configuration of the patch-
clamp technique, Grissmer et al. (1994) analyzed
the biophysical and pharmacological properties of
five cloned voltage-gated K+ channels stably
expressed in mammalian cell lines.

Sanchez-Chapula (1999) studied the block of
the transient outward K+ channel (Ito) by
disopyramide in isolated rat ventricular myocytes
using whole-cell patch-clamp techniques.

Using the patch-clamp technique, Cao
et al. (2001) investigated the effects of a centrally
acting muscle relaxant and structurally related
compounds on recombinant small-conductance
Ca2+-activated K+ channels (rSK2 channels) in
HEK mammalian cells.

Tagliatela et al. (2000) discussed the block of the
K+ channels encoded by the human ether-á-go-go-
related gene (HERG), termed KV(r), which are the
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molecular determinants of the rapid component of
the cardiac repolarizing current IK(Vr), involved in
the cardiotoxic potential and CNS effects of first-
generation antihistamines and may be therapeutic
targets for antiarrhythmic agents (Vandenberg
et al. 2001; Zhou et al. 2005).

Chabbert et al. (2001) investigated the
nature and electrophysiological properties of
Ca2+-independent depolarization-activated potas-
sium currents in acutely isolated mouse vestibular
neurons using the whole-cell configuration of the
patch-clamp technique. Three types of currents
were identified.

Furthermore, Longobardo et al. (1998) studied
the effects of a quaternary bupivacaine derivative
on delayed rectifier K+ currents stably expressed
in Ltk� cells using the whole-cell configuration of
the patch-clamp technique.

Moreno et al. (2003) studied the effects of a
selective angiotensin II type 1 receptor antagonist
on cloned potassium channels involved in human
cardiac repolarization.

Sanchez-Chapula et al. (2002) investigated the
voltage-dependent block of wild-type and mutant
HERGK+ channels by the antimalarial compound
chloroquine.

Anson et al. (2004) published molecular and
functional characterization of common polymor-
phism in HERG (KCNH2) potassium channels.

For more information on the evaluation of
HERG potassium channels in safety pharmacol-
ogy, Champeroux et al. (2013).
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Studies on Kv1.5 Channel

Purpose and Rationale

Treatment of atrial fibrillation/flutter with avail-
able potassium channel blockers (class III antiar-
rhythmic agents which mainly block the delayed
rectifier current Ikr) is associated with ventricular
proarrhythmia. Prolongation of ventricular repo-
larization leads to early afterdepolarization from
which torsades de pointes can evolve. Therefore,
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blockade of a cardiac current of exclusive rele-
vance in the atria is highly desirable as it
is expected to be devoid of ventricular
proarrhythmic effects. The ultrarapid delayed rec-
tifier potassium current (Ikur) seems an ideal atrial
antiarrhythmic target since it is found to contrib-
ute to the action potential in the atrium but not in
the ventricle. The molecular correlate of the
human cardiac ultrarapid delayed rectifier potas-
sium current is the potassium channel Kv1.5,
which therefore gained much interest
(Li et al. 1996; Longobardo et al. 1998; Perchenet
and Clément-Chomienne 2000; Caballero
et al. 2000, 2001, 2004; Bachmann et al. 2001;
Kobayashi et al. 2001; Matsuda et al. 2001; Choi
et al. 2002; Moreno et al. 2003; Choe et al. 2003;
Fedida et al. 2003; Godreau et al. 2002, 2003;
Peukert et al. 2003, 2004; Plane et al. 2005).

For in vivo studies on atrial fibrillation, see
sections “Experimental Atrial Fibrillation,”
“Atrial Fibrillation by Atrial Pacing in Dogs,”
“Atrial Fibrillation in Chronically Instrumented
Goats,” and “Influence on Ultrarapid Delayed
Rectifier Potassium Current in Pigs,” chapter
“▶Anti-Arrhythmic Activity”.

Gögelein et al. (2004) studied the effects of the
antiarrhythmic drug AVE0118 on cardiac ion
channels.

Procedure

Molecular Biology and Cell Culture
Human Kv1.5 cDNA was subcloned into the
eukaryotic expression vectors pcDNA3.1 and
pcDNA3.1/zeo (Invitrogen, Groningen, the Neth-
erlands), cDNA encoding human Kv4.3 long
(Kv4.31; Dilks et al. 1999) was subcloned into
pcDNA3.1, and the cDNA encoding human
KChIP2 short (KChIP2.2; Decher et al. 2001)
was subcloned into pcDNA3.1/zeo expression
vector. Chinese hamster ovary (CHO) cells were
transfected with either hKv1.5 or hKv4.3 and
KChIP2.2 expression constructs. Transfection
was carried out using lipofectamine (Life Tech-
nologies/Gibco BRL, Karlsruhe, Germany)
according to the manufacturer’s instructions. To
boost Kv1.5 channel expression, CHO cells were

consecutively transfected with both Kv1.5 expres-
sion constructs. Both hKv1.5 and hKv4.3 +
hKChIP2.2 were stably expressed in CHO cells,
which were maintained in ISCOVE’s medium
(Biochrom KG, Berlin, Germany), supplemented
with 10 % fetal bovine serum, 2 mM L-glutamine,
350 μg/ml Zeocin (Invitrogen), and 400 μg/ml
G418 (PAA Laboratories). HERG, the potassium
channel underlying IKr currents in human hearts,
was cloned and transfected into CHO cells as
described previously (Rampe et al. 1997). Cells
used for patch clamping were seeded on glass or
plastic coverslips 12–36 h before use.

Northern Blot Analysis of Kv1.5 in the Pig
Heart and Cloning of Pig Kv1.5
Polyadenylated RNA was isolated from pig car-
diac tissues with the Oligotex mRNA purification
kit (Qiagen), and 10 μg per tissue was resolved by
denaturing formaldehyde electrophoresis and
blotted on a positively charged nylon membrane.
The membrane was hybridized with a
DIG-labeled riboprobe (DIG RNA labeling kit,
Roche) encompassing the entire coding sequence
of human Kv1.5 and exposed on a Lumi-Imager
(Roche). The pig Kv1.5 was cloned by 50-rapid
amplification and 30-rapid amplification of cDNA
ends (RACE) reactions. An adapter-ligated, dou-
ble-stranded cDNA library was prepared from pig
heart mRNA with the Marathon cDNA Amplifi-
cation Kit (Clontech). The 50-RACE and
30-RACE reactions were performed with oligonu-
cleotide primers derived from a partial pig Kv1.5
nucleotide sequence (GenBank accession number
AF348084). Overlapping cDNA clones were
obtained by repeated reactions and the DNA
sequence determined by automated DNA sequenc-
ing on both strands (ABI 310, PerkinElmer).
A full-length cDNA clone was established by
recombinant PCR. It encodes an open reading
frame of 1,083 bp and a protein with 86 % overall
sequence similarity to the human Kv1.5 protein.
The sequence of the pig Kv1.5 cDNAwas submit-
ted to GenBank (accession number: AY635585).

For Xenopus oocyte expression, cDNAs
encoding Kv1.5, Kv4.3, and KChip2.2 were
cloned into the oocyte expression vector pSGEM
(Villmann et al. 1997), and capped cRNA was

Patch-Clamp and Voltage-Clamp Techniques 623

http://dx.doi.org/10.1007/978-3-319-05392-9_7


synthesized using the T7 mMessage mMachine
kit (Ambion, Austin, Tex., USA).

Voltage-Clamp Experiments in Xenopus
Oocytes
Handling and injection of Xenopus oocytes were
performed according to Bachmann et al. (2001).
Adult female Xenopus laevis frogs were anesthe-
tized with 3-aminobenzoic acid ethyl ester solu-
tion (1 g/l) and intact ovary lobes were removed.
The oocytes were defolliculated by treatment with
40 mg collagenase dissolved in 20 ml buffer
(in mM: NaCl 82.5, KCl 2, MgCl2 1, HEPES
5, titrated to pH 7.5 with NaOH) for
120–150 min at 18 �C. Oocytes were injected
with 50 nl cRNA using a microinjector (World
Precision Instruments, Sarasota, Fla., USA).
Oocytes were stored under gentle shaking at
18 �C in a buffer containing (in mM) NaCl
96, KCl 2, CaCl2 1.8, MgCl2 1, HEPES
5, Na-pyruvate 2.5, theophylline 0.5, and genta-
micin 50 μg/ml, titrated to pH7.5 with NaOH.
They were used for experiments 1–3 days after
injection.

Two-electrode voltage-clamp recordings were
performed at room temperature in a medium
containing (in mM) NaCl 96, KCl 2, CaCl2 1.8,
MgCl2 1, and HEPES 5, at pH 7.5 with NaOH.
Microelectrodes were pulled from filament boro-
silicate glass capillaries (Hilgenberg, Malsfeld,
Germany) using a horizontal microelectrode
puller (Zeitz, Augsburg, Germany). After filling
with 3 M KCl, pipettes had a resistance of 0.3–1.3
MΩ. To activate hKv1.5 and hKv4.3 channels,
oocytes were clamped from a holding potential
of �80 mV to 40 mV for 500 ms. Data were
recorded with a Turbo Tec 10CX amplifier (NPI,
Tamm, Germany) using an ITC-16 interface
(Instrutech Corporation, Long Island, USA) and
the Pulse software (HEKA Elektronik,
Lambrecht, Germany).

Patch-Clamp Experiments with CHO Cells
Cells expressing Kv1.5 or Kv4.3 plus KChIP2.2
were assayed using the standard whole-cell patch-
clamp technique (Hamill et al. 1981). Cells were
mechanically removed from the tissue culture flask
and placed in a perfusion chamber with a solution

containing (in mM) NaCl 140, KCl 4.7, CaCl2
2, MgCl2 1.1, and HEPES 10, at pH adjusted to
7.4 with NaOH. Patch pipettes were pulled from
borosilicate glass capillaries and heat polished.
After filling with (in mM) NaCl 10, KCl
120, EGTA 1, HEPES 10, and MgCl2 1.1 (pH 7.2
with potassium hydroxide, KOH), pipettes had
resistances of 2–3 MΩ. Experiments were carried
out at 36 � 1 �C. For the recording of hKv1.5,
voltage pulses of 450 ms duration were applied
from the holding potential of �30 mV to +20 mV
at a frequency of 1 Hz. For recording of the hKv4.3
+KChIP2.2, the holding potential was�50mVand
test pulses of 200 ms duration were applied
to �10 mV at a frequency of 1 Hz. Data were
recorded with an EPC-9 patch-clamp amplifier
(HEKA Elektronik) and the Pulse software
(HEKA Elektronik) and stored on a PC for later
analysis. Series resistance was in the range of 4–9
MΩ andwas compensated by 80%bymeans of the
EPC9’s compensation circuit. The experiments
were performed under continuous superfusion of
the cells with solution heated to 36 � 1 �C.

HERG channel currents were recorded at room
temperature using the whole-cell configuration of
the patch-clamp technique with an Axopatch
200B amplifier (Axon Instruments). Briefly, elec-
trodes (3–6 MΩ resistance) were fashioned from
TW150F glass capillary tubes (World Precision
Instruments) and filled with pipette solution
(in mM: potassium aspartate 120, KCl
20, Na2ATP 4, HEPES 5, MgCl2 1, pH 7.2
adjusted with KOH). HERG currents were initi-
ated by a positive voltage pulse (20 mV) followed
by a negative pulse (�40 mV) and were recorded
for off-line analyses. Once HERG current from a
cell perfused with control external solution
(in mM: NaCl 130, KCl 5, sodium acetate 2.8,
MgCl2 1, HEPES 10, glucose 10, CaCl2 1 at pH
7.4 adjusted with NaOH) was stabilized, the cell
was perfused with external solution containing the
compound at a specific concentration for percent-
age inhibition. For each concentration from each
cell, peak amplitude of the steady-state HERG tail
current at �40 mV was measured. The peak
amplitude for each concentration was compared
with that for the control solution from the same
cell and expressed as percent control.
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Isolation of Porcine Atrial Myocytes
Male pigs weighing 15–30 kg of the German
Landrace were anesthetized with pentobarbital
exactly as described previously (Wirth and
Knobloch 2001). After a left thoracotomy the
lung was retracted, the pericardium was incised,
and the heart was quickly removed and placed in
oxygenated nominally Ca2+-free Tyrode solution
containing (in mM) NaCl 143, KCl 5.4, MgCl2
0.5, NaH2PO4 0.25, HEPES 5, and glucose 10, at
pH adjusted to 7.2 with NaOH. The hearts were
then mounted on a Langendorff apparatus and
perfused via the left circumflex coronary artery
with Tyrode solution (37 �C) with constant pres-
sure (80 cmH2O). All coronary vessels
descending to the ventricular walls were ligated,
ensuring sufficient perfusion of the left atrium.
When the atrium was clear of blood and contrac-
tion had ceased (�5 min), perfusion was contin-
ued with the same Tyrode solution, which now
contained 0.015 mM CaCl2 and 0.03 % collage-
nase (type CLS II, Biochrom KG, Berlin,
Germany), until atrial tissue softened (�20 min).
Thereafter, left atrial tissue was cut into small
pieces and mechanically dissociated by tritura-
tion. Cells were then washed with storage solution
containing (in mM) L-glutamic acid 50, KCl
40, taurine 20, KH2PO4 20, MgCl2 1, glucose
10, HEPES 10, and EGTA 2 (pH 7.2 with KOH)
and filtered through a nylon mesh. The isolated
cells were kept at room temperature in the storage
solution.

Isolation of Guinea Pig Ventricular
Myocytes
Ventricular myocytes were isolated by enzymatic
digestion according to Gögelein et al. (1998).
Dunkin–Hartley–Pirbright white guinea pigs
(weight about 400 g) were sacrificed by cervical
dislocation. The hearts were dissected and per-
fused retrogradely via the aorta at 37 �C with the
same solutions as used for isolation of pig atrial
myocytes.

Electrophysiological Recordings from
Cardiac Myocytes
Whole-cell currents were recorded with an EPC-9
patch-clamp amplifier (HEKA Elektronik) as

described above for CHO cells. A small aliquot
of cell-containing solution was placed in a perfu-
sion chamber, and after a brief period allowing for
cell adhesion to the chamber, the cells were per-
fused with (in mM) NaCl 140, KCl 4.7, CaCl2 1.3,
MgCl2 1.0, HEPES 10, and glucose 10, at pH
adjusted to 7.4 with NaOH. Patch pipettes were
pulled from borosilicate glass capillaries and heat
polished. After filling with (in mM) KCl
130, MgCl2 1.2, HEPES 10, EGTA 10, K2ATP
1, GTP 0.1, and phosphocreatine 5 (pH 7.2 with
KOH), pipettes had a resistance of 2–3 MΩ.
Series resistance was in the range of 6–12 MΩ
and was compensated by 60–70 %. Offset volt-
ages generated when the pipette was inserted in
NaCl solution (1–5 mV) were zeroed before for-
mation of the seal.

Effects of AVE0118 on the IKACh were
recorded from pig left atrial myocytes by applying
voltage pulses of 500 ms duration from the hold-
ing potential of �80 mV to �100 mV. Carbachol
(10 μM) was added in order to evoke the IKACh.
After stabilization of the IKACh (3 min), AVE0118
was added in increasing concentrations in the
continuous presence of carbachol. The current
was measured at the end of the pulse after 3 min
of incubation at each concentration, and inhibition
of the carbachol-activated current was calculated.
In some experiments, AVE0118 was washed
out before application of the next higher
concentration.

Also the L-type Ca2+ current was investigated
in pig left atrial cells. In these experiments, KCl in
the pipette was replaced by CsCl, and voltage
pulses of 300 ms duration were applied from the
potential of �40 mV to 0 mV. Possible effects of
AVE0118 on the currents IK1, IKs, IKr, and IKATP
were investigated in guinea pig ventricular
myocytes. IK1 currents were recorded by a voltage
step from �80 mV to �120 mV lasting for
200 ms. When IKs and IKr currents were recorded,
1 μM nisoldipine was added to the bath to block
the L-type Ca2+ current. IKs was assessed by volt-
age pulse to +60 mV for 3 s, starting from �40
mV. IKr was evaluated as the tail current evoked
by a voltage pulse from �10 mV to �40
mV. IKATP was evoked by adding 1 μM
rilmakalim (Krause et al. 1995) to the bath and
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by applying voltage ramps from �130 mV to
+80 mV for 500 ms. The rilmakalim-activated
current was recorded at the potential 0 mV. All
patch-clamp experiments were performed under
continuous superfusion of the cells with solution
heated to 36 � 1 �C.

Evaluation

All averaged data are presented as the mean
�SEM. The Student’s t-test was used to determine
the significance of paired or unpaired observations.
Differences were considered significant at
P < 0.05. The values for half-maximal inhibition
(IC50) and the Hill coefficient were calculated by
fitting the data points of the concentration–response
curves to the logistic function:

f xð Þ ¼ a� dð Þ= 1þ x=cð Þn½ � þ d

where a represents the plateau value at low drug
concentration, d the plateau value at high drug
concentration, c the IC50 value, and n the Hill
coefficient. The curve fitting and the Student’s
t-test were performed with the computer program
Sigma-Plot 5.0.
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Voltage-Clamp Studies on Calcium
Channels

Purpose and Rationale

Calcium influx through voltage-gated Ca2+ chan-
nels mediates a range of cytoplasmatic responses,
including muscle contraction, release of neuro-
transmitters, Ca2+-dependent gene transcription,
and the regulation of neuronal excitability, and
has been reviewed by several authors (Augustine
et al. 1987; Bean 1989; Miller 1987; Zamponi
1997; Snutch et al. 2001). In addition to their
normal physiological function, Ca2+ channels as
calcium antagonists are also implicated in a num-
ber of human disorders (see also “▶Calcium
Uptake Inhibition Activity”).

Using patch-clamp techniques, the structure
and regulation of voltage-gated Ca2+ channels
has been studied by many authors (Sculptoreanu
et al. 1993; Peterson et al. 1997; Catterall 2000).
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Berjukow et al. (2000) analyzed the role of the
inactivated channel conformation in molecular
mechanism of Ca2+ channel block by a
dihydropyridine derivative in L-type channel con-
structs and mutants in Xenopus oocytes and
described the electrophysiological evaluation.

Procedure

Inward barium currents (IBa) are studied with
two-microelectrode voltage clamp of Xenopus
oocytes 2–7 days after microinjection of approx-
imately equimolar cRNA mixtures of constructs
of L-channel mutants. All experiments are carried
out at room temperature in a bath solution with
the following composition: 40 mM Ba(OH)2,
50 mM NaOH, 5 mM HEPES, and 2 mM
CsOH (pH adjusted to 7.4 with methanesulfonic
acid). Voltage-recording and current-injecting
microelectrodes are filled with 2.8 M CsCl,
0.2 M CsOH, 10 mM EGTA, and 10 mM
HEPES (pH 7.4) with resistances of 0.3–2 MΩ.
Resting channel block is estimated as peak
IBa inhibition during 100-ms test pulses from
�80 to 20 mV at a frequency of 0.033 Hz until
steady state is reached. The dose–response curves
of IBa inhibition were fitted using the Hill
equation:

IBa, drug
IBa, control

%ð Þ ¼ 100� A

1þ C
IC50

� �nH þ A

where IC50 is the concentration at which IBa inhi-
bition is half maximal, C is the applied drug
concentration, A is the fraction of IBa that is not
blocked, and nH is the Hill coefficient.

Recovery from inactivation is studied at a
holding potential of �80 mV after depolarizing
Ca2+ channels during a 3-s prepulse to 20 mV
by applying 30-ms test pulses (to 20 mV)
at various time intervals after the conditioning
prepulse. Peak IBa values are normalized to
the peak current measured during the prepulse,
and the time course of IBa recovery from inacti-
vation is fitted to a mono- or biexponential
function:

IBa, recovery ¼ A� exp
�t

τfast

� �
þ B� exp

�t

τslow

� �

þ C

Voltage dependence of inactivation under quasi-
steady-state conditions is measured using a
multistep protocol to account for rundown (less
than 10 %). A control test pulse (50 ms to 20 mV)
is followed by a 1.5-s step to �100 mV followed
by a 30-s conditioning step, a 4-ms step to �100
mV, and a subsequent test pulse to 20 mV
(corresponding to the peak potential of the I–V
curves).

Inactivation during the 30 s conditioning pulse
is calculated as follows:

IBa, inactivation ¼ IBa, test 20mVð Þ
IBa, control 20mVð Þ

The pulse sequence is applied every 3 min from a
holding potential of�100mV. Inactivation curves
are drawn according to the following Boltzmann
equation:

IBa, inactivation ¼ ISS

þ 1� ISSð Þ 1þ exp
V�V0:5

k

� �� �

where V is the membrane potential, V0.5 is the
midpoint voltage, k is the slope factor, and ISS is
the fraction of non-inactivating current.

Steady-state inactivation of the mutate
channels at �80 mV is estimated by shifting
the membrane holding potential from �80
to �100 mV. Subsequent monitoring of the
corresponding changes in IBa amplitudes until
steady state reveals the fraction of Ca2+ channels
in the inactivated state at �80 mV. Steady-state
inactivation of different L-type channel con-
structs at �30 mV is estimated by fitting time
course of current inactivation to a biexponential
function.

The IBa inactivation time constants are esti-
mated by fitting the IBa decay to a mono- or
biexponential function.
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Evaluation

Data are given as the means �SE. Statistical sig-
nificance is calculated according to Student’s
unpaired t-test.

Modifications of the Method

Besides Xenopus oocytes (Waard and Campell
1995; Hering et al. 1997; Kraus et al. 1998), sev-
eral other cell types and constructs, such as CHO
cells (Sculptoreanu et al. 1993; Stephens
et al. 1997); HEK293 (human embryonic kidney)
cells (Lacinová et al. 1999); tsA-201 cells, a
subclone of HEK293 (Peterson et al. 1997;
McHugh et al. 2000); cardiac myocytes from
rats (Scamps et al. 1990; Tohse et al. 1992;
Gomez et al. 1994) and rabbits (Xu et al. 2000);
isolated atrial myocytes from failing and
non-failing human hearts (Cheng et al. 1996);
skeletal muscle myotubes from mice and rabbits
(Johnson et al. 1994); myocytes of guinea pig
mesenteric artery (Morita et al. 1999); dendrites
from rat pyramidal and olfactory bulb neurons
(Markram and Sakmann 1994; Stuart and
Spruston 1995; Koester and Sakmann 1998;
Margie et al. 2001); and rat amygdala neurons
(Foehring and Srcoggs 1994; Young et al. 2001),
were used to study the function of calcium
channels.

Using the whole-cell variation of the patch-
clamp technique, Yang et al. (2000) studied
cellular T-type and L-type calcium channel cur-
rents in mouse neuroblastoma N1E115 cells. The
cells were cultured in Dulbecco’s Modified
Eagle’s Medium containing 10 % fetal bovine
serum at 37 �C in a humidified atmosphere of
5 % CO2 in air. The medium was changed every
3–4 days. After mechanical agitation, 3 � 104

cells were replanted in 35-mm tissue culture
dishes containing 4 ml of bath solution. After
cell attachment, the dish was mounted on the
stage of an inverted phase-contrast microscope
for Ca2+ channel current recording. These cells
expressed predominantly T channel currents. In
experiments where L channels were specifically
sought, the cells were grown and maintained

at confluence for 3–4 weeks under the same
culture conditions with the addition of 2 %
dimethyl sulfoxide (Narahash et al. 1987). Three
to 5 days before use, the cells were replanted
with the same medium. These cells expressed
predominantly L channel currents. A small num-
ber of these cells also expressed T channel cur-
rents. Hence, cells were selected so that at a
holding potential of �40 mV, the T channel com-
ponent was very small and the inward current
measured was conducted predominantly by L
channels.

By using whole-cell and perforated patch-
clamp techniques, Wu et al. (2000) showed that
mifrabidile, a non-dihydropyridine compound,
has an inhibitory effect on both T- and L-type
Ca2+ currents in pancreatic β-cells.
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Patch-Clamp Studies on Chloride
Channels

Purpose and Rationale

Cl� channels are a large, ubiquitous, and highly
diverse group of ion channels involved in many
physiological key processes including regulation of
electrical excitability, muscle contraction, secre-
tion, and sensory signal transduction. Cl� channels
belong to several distinct families characterized in
detail: voltage-gated Cl� channels, the cAMP-
regulated channel CFTR (cystic fibrosis transmem-
brane conductance regulator), ligand-gated Cl�

channels that open upon binding to the neurotrans-
mitters GABAor glycine, and Cl� channels that are

regulated by the cytosolic Ca2+ concentration
(Jentsch and G€unther 1997; Frings et al. 2000).

Cliff and Frizel (1990) studied the cAMP- and
Ca2+-activated secretory Cl� conductances in the
Cl�-secreting colonic tumor epithelial cell line T84
using the whole-cell voltage-clamp technique.

Procedure

T84 cells are used 1–3 days after plating on
collagen-coating coverslips. The cells are
maintained at 37 �C. At this temperature, the
responsiveness of the cells to secretagogues, par-
ticularly to cAMP-dependent agonists, is
improved. Increases in Cl� and K+ conductances
are the major electrical events during stimulation
of Cl� secretion. Accordingly, bath–pipette ion
gradients are chosen so that transmembrane Cl�

and K+ currents can be monitored independently
at clamp voltages equal to the reversal potentials
of these ions. The pipette solution is 115 mMKCl,
25 mM N-methyl-D-glucamine (NMDG) gluta-
mate, 0.5 mM EGTA, 0.19 mM CaCl2, 2 mM
MgCl2, 2 mM Na2ATP, 0.05 mM Na3GPT, and
5 mM HEPES, at pH 7.2. The bath solution is
115 mM NaCl, 40 mM NMDG glutamate, 5 mM
potassium glutamate, 2 mMMgCl2, 1 mM CaCl2,
and 5 mM HEPES, at pH 7.2. Bath Na+ and Cl�

concentrations are reduced by substituting
NMDG chloride or sodium glutamate for NaCl.
When Na+- and K+-free solutions are used, Na+

and K+ are replaced by NMDG+, and Cl� is
reduced by replacing Cl� by glutamate.

During whole-cell recording, the membrane
potential is clamped alternately to three different
voltages, each for 500-ms duration. Computer-
controlled voltage-clamp protocols are used to
generate current–voltage (I–V) relations when
the transmembrane currents are relatively stable
by stepping the clamp voltage between �100 mV
and +100 mVat 20 mV intervals.

Test drugs (e.g., 8-(4-chlorophenylthio)adeno-
sine 30,50-cyclic monophosphate, A23187,
forskolin, or ionomycin) are solubilized in stock
solutions (ethanol of DMSO) and diluted.
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Evaluation

Instantaneous relations are constructed from cur-
rents recorded 6 ms after a voltage step.

Modifications of the Method

Maertens et al. (2000) used the whole-cell patch-
clamp technique to study the effect of an antima-
larial drug on the volume-regulated anion channel
(VRAC) in cultured bovine pulmonary artery
endothelial cells. They also examined the effects
on other Cl� channels, i.e., the Ca2+-activated Cl�

channel and the cystic fibrosis transmembrane
conductance regulator, to assess the specificity
for VRAC.

Pusch et al. (2000) characterized chloride
channels belonging to the ClC family. Chiral
clofibric acid derivates were tested on the human
ClC-1 channel, a skeletal muscle chloride chan-
nel, after heterologous expression in Xenopus
laevis oocytes by means of two-microelectrode
voltage-clamp recordings.
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Inhibition of Hyperpolarization-
Activated Channels

Purpose and Rationale

The hyperpolarization-activated cation currents
(termed If, Ih, or Iq) play a key role in the initia-
tion of cardiac and neuronal pacemaker depolar-
izations. Unlike most voltage-gated channels,
they are activated by hyperpolarizing voltage
steps to potentials negative to �60 mV, near the
resting potential of most cells. This property
earned them the designation of If for “funny” or
Iq for “queer.” The funny current, or pacemaker
(If) current, was first described in cardiac pace-
maker cells of the mammalian sinoatrial node as
a current that slowly activates on hyperpolariza-
tion at voltages in the diastolic voltage range and
contributes to the generation of cardiac rhythmic
activity and to its control by sympathetic and
parasympathetic innervations (DiFrancesco
et al. 1986; Accili et al. 1997, 2002; Robinson
and Siegelbaum 2003; Baruscotti et al. 2005).
In sinoatrial cells, f-channels are modulated by
cAMP independently of phosphorylation,
through a mechanism involving direct interac-
tion of cAMP with the intracellular side of the
channels (DiFrancesco and Tortora 1991; Bois
et al. 1996). A significant advancement in
the study of molecular properties of
pacemaker channels was achieved when a new
family of channels was cloned, the HCN
(hyperpolarization-activated, cyclic nucleotide-
gated) channels (Ishii et al. 1999; Kaupp and
Seifert 2001; Biel et al. 2002; Macri
et al. 2002). The HCN family is related to
the cyclic nucleotide-gated channel and eag
potassium channel family and belongs to the
superfamily of voltage-gated cation channels.
HCN channels are characterized by six
membrane-spanning segments (S1–S6) includ-
ing voltage-sensing (S4) and pore (between S5
and S6) regions. In the C-terminal region,
they contain a consensus sequence for binding
of cyclic nucleotides. In the heart,
neurotransmitter-induced control of cardiac
rhythm is mediated by If through its
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second-messenger cAMP, whose synthesis is
stimulated and inhibited by β-adrenoceptor and
muscarinic agonists, respectively.

Inhibition of the If channel was recommended
for induction of bradycardia and treatment of cor-
onary disease (Thollon et al. 1994, 1997; Simon
et al. 1995; Bois et al. 1996; Deplon et al. 1996;
Acilli et al. 1997; Rocchetti et al. 1999; Monnet
et al. 2001, 2004; Bucchi et al. 2002; Cerbai
et al. 2003; Rigg et al. 2003; Vilaine et al. 2003;
Albaladejo et al. 2004; Colin et al. 2004;
DiFrancesco and Camm 2004; Moreno 2004;
Mulder et al. 2004; Vilaine 2004; Chatelier
et al. 2005; Leoni et al. 2005; Romanelli
et al. 2005; Schipke et al. 2006).

Romanelli et al. (2005) reported the design,
synthesis, and preliminary biological evaluation
of zatebradine analogues as potential blockers of
hyperpolarization-activated current, and Chatelier
et al. (2005) described that a calmodulin antago-
nist directly inhibits f-type current in rabbit sino-
atrial cells.

Procedure

Sinoatrial Cell Isolation
Sinoatrial node myocytes of the rabbit were iso-
lated (DiFrancesco et al. 1986). Cells were allowed
to settle in Petri dishes and were superfused with
normal Tyrode solution containing (in mM) NaCl
140, KCl 5.4, CaCl2 1.8, MgCl2 1, D-glucose 5.5,
and HEPES–NaOH 5, at pH 7.4.

Electrophysiology
In macro-patch experiments the temperature was
kept at 27–28 �C and the patch pipette solution
contained (in mM) NaCl 70, KCl 70, CaCl2 1.8,
MgCl2 1, BaCl2 1, MnCl2 2, and HEPES–KOH
5, at pH 7.4. The control solution perfusing the
intracellular side of the membrane patches
contained (in mM) potassium aspartate
130, NaCl 10, CaCl2 2, EGTA 5, and
HEPES–KOH 10, at pH 7.2, pCa = 7. In some
experiments, the calcium concentration of the
bath solution was reduced to 0.1 nM according
to the calculation of Fabiato and Fabiato (1979)
and the correction of Tsien and Rink (1980).

Macro-patches containing hundreds of
f-channels were formed using a large-tipped
pipette (0.5–2 MΩ) (DiFrancesco and Tortora
1991). The test compound or calmodulin
(Calbiochem) was dissolved in either distilled
water and ethanol (50/50) or distilled water,
respectively, divided into aliquots, and stored at
�20 �C until use. Ethanol was added to control
solutions at the same concentration used in test
solutions (lower than 0.1 %).

Evaluation

The time course of macro-patch If under the influ-
ence of the modifying compounds was recorded
by applying hyperpolarizing steps of 3 s duration
at a frequency of 1/15 Hz. At steady state, the
voltage dependence of If was described by the
equation If(E) = gf(E) � (E – vEf) = gfmax �
y1(E) � (E – Ef), where gf is the conductance,
gfmax the fully activated conductance, y1 (E)
the steady-state activation parameter, and Ef the
reversal potential (DiFrancesco and Noble 1985).
Steady-state current–voltage (I–V ) curves were
measured by applying 1-min-long
hyperpolarizing voltage ramps with a rate of
�115 mV/min from a holding potential of �35
mV. Conductance–voltage (gf/E) relations were
then obtained from the above equation as ratios
between steady-state I–V curves (if/E) and E – Ef,
where Ef was set to�12.24 mV (DiFrancesco and
Mangoni 1994). Conductance curves were fitted
by Boltzmann function, gf(E) = gfmax � y1(E) =
gfmax � 1/[1 + exp(E – E1/2)/p], where E1/2 is the
half-maximal voltage of activation and p is the
inverse-slope factor. This allowed estimation of
the shifts of the voltage dependence of conduc-
tance (i.e., of the activation parameter y1) mea-
sured as changes in E1/2. Shifts of the If activation
curve caused by cAMP were also determined by a
quicker method not requiring measurement
of the conductance–voltage relation (Accili and
DiFrancesco 1996). Shifts were obtained by
applying hyperpolarizing steps from �35 mV to
near the midpoint of the If activation curve and
adjusting the holding potential (�35 mV in the
control solution) until the cAMP-induced change
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in If was compensated and the control If magni-
tude fully restored. Since the compensation
involved a change of the test voltage (from E to
E + sm, where sm is the measured displacement of
the holding potential in mV), a correction was
introduced to obtain the shift of the activation
curve (s, mV), according to the relation: s = sm �
[+(y1/(dy1/dE)]/(E – Ef).

When comparing different sets of data,
statistical analysis was performed with either
the Student’s t-test or analysis of variance
(ANOVA). Values of P < 0.05 were considered
significant. Statistical data were given as mean
�SEM values.
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Measurement of Cytosolic Calcium
with Fluorescent Indicators

Purpose and Rationale

Intracellular free Ca concentration can be mea-
sured in cultured endothelial cells with a fluoro-
metric method (Tsien et al. 1982; Grynkiewicz
et al. 1985; L€uckhoff et al. 1988; Busse and
Lamontagne 1991; Hock et al. 1991).

Procedure

Cultured endothelial cells from the pig are seeded
on quartz coverslips and grown to confluence. The
cells are loaded with the fluorescent probe indo-1
by incubation with 2 μmol indo-1/AM and
0.025 % Pluronic F-127, a nonionic detergent.
Thereafter, the coverslips are washed and trans-
ferred to cuvettes, filled with HEPES buffer.

Evaluation

Fluorescence is recorded in a temperature
controlled (37 �C) spectrofluorophotometer
(excitating wavelength 350 nm, emission wave-
length simultaneously measured at 400 nm and
450 nm).

Modifications of the Method

Lee et al. (1987) measured cytosolic calcium tran-
sients from the beating rabbit heart using indo-1
AM as indicator.

Yanagisawa et al. (1989) measured intracellu-
lar Ca2+ concentrations in coronary arterial
smooth muscle of dogs with fura-2.

Makujina et al. (1995) measured intracellular
calcium by fura-2 fluorescence simultaneously
with tension in everted rings of porcine coronary
artery denuded of endothelium.

Hayashi and Miyata (1994) described the prop-
erties of the commonly used fluorescent indicators
for intracellular calcium: fura-2, indo-1, and fluo-3.

Monteith et al. (1994) studied the Ca2+ pump-
mediated efflux in vascular smooth muscles in
spontaneously hypertensive rats.
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