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Motivation
Vorhofflimmern ist die häufigste Herzrhythmusstörung und betrifft ca. 1% der  
Bevölkerung. Allerdings sind die zu Grunde liegenden Entstehungs-
mechanismen teilweise immer noch nicht verstanden. Daher sind Computer-
simulationen der Elektrophysiologie des menschlichen Vorhofs hilfreich für die 
Verbesserung der Diagnose und Therapie. Zu diesem Zweck müssen die 
elektrophysiologischen Modelle z.B. an Medikamenteneffekte angepasst 
werden. Hierfür wird die Differenz zwischen gegebenen Messdaten und 
simulierten Stromverläufen minimiert. In diesem Projekt soll die Anpassung 
der Modelle verbessert werden, indem die relevanten gewöhnlichen 
Differentialgleichungen des Modells analytisch gelöst werden.
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HERG channels are blocked in the closed, 
open and inactivated state

To address the question which state of the channel is
blocked, we measured outward currents during a test pulse
at 0 mV for 30 s. This long test pulse was necessary to re-
solve the kinetics of amiodarone block, because
amiodarone is a blocker with slow kinetics. First we did the
control measurements without amiodarone, then we
washed in amiodarone (100 µM) for 30 min and made the
measurements with amiodarone. Figure 3A displays a
graphical overlay of the control measurement and the two
measurements with amiodarone. Apparently, there are two
components of block. One component of closed channel
block that resulted in a 45.2±4.6% (n=5) reduction of the
initial peak current, and a second component of an addi-
tional 30.0±8.7% (n=5) reduction that developed during the
long test pulses within approximately 5 s (Fig. 3A). The
closed channel block component is apparent in an enlarge-
ment of the first 2 s of the blocking curve and the control
curve in Fig. 3B. In this graph the control curve and the
blocking curve are continued with a dotted line that results
in a current amplitude difference (!) when extrapolated to
the beginning of the measurement. This difference ! is the
result of closed channel block before the first pulse with

amiodarone. The fact that there is an activation time course
during the first 0.5 s does not interfere with this idea, since
the lower availability during activation of the control cur-
rent would have produced an even smaller ! (when there
would be no closed state block ! would be even negative,
above the extrapolated control current). The second com-
ponent can be interpreted as open channel block. The open
channel block component was reversible within 2 min,
since the second test pulse in the presence of amiodarone
reached virtually the full peak amplitude (Fig. 3A). By us-
ing different time intervals between the first and second
long test pulse in a modified protocol, we calculated the
time constant for recovery from amiodarone block. This
gave a time constant of tau=73 s at –80 mV recovery poten-
tial (Fig. 3C).

Subsequently, we also analyzed whether channels in the
inactivated state, that is at very positive potentials, are
blocked by amiodarone. This question was addressed by
using a special protocol that brings all channels into the in-
activated state during strong inward rectification at very
positive potentials. If inward rectification (caused by inac-
tivation) should affect amiodarone block, then the inacti-
vated state should have a different affinity for amiodarone.
The modified protocol was as follows (modified from
Kiehn et al. 1996): from a holding potential of –80 mV a
first depolarizing step to 0 mV was carried out for 2 s, fol-
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Fig. 1  Amiodarone blocks
HERG currents in Xenopus oo-
cytes: original currents obtained
from the same oocyte before (A)
and after exposure to 10 µM
amiodarone (B). The maximum
outward current (test pulse 10
mV) at the end of the test pulse
was reduced by 36% (C), the
peak tail currents were reduced
by 43% after the test pulse to 30
mV (D). Pulse protocol: holding
–80 mV, test pulses from –80
mV to 80 mV (400 ms) in 10-
mV increments, followed by a
return pulse to –60 mV
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Abb. 5.2. Anpassung des schnellen Kaliumausstromes an die Literaturwerte im Fall von Amiodaron.
A) Aus der Literatur entnommene Stromverläufe ohne Einfluss von Amiodaron. B) Aus der Literatur
entnommene Stromverläufe unter dem Einfluss von Amiodaron. C) Extrahierte Messpunkte und simulierte
Stromverläufe unter Controlbedingungen bei verschiedenen Clampspannungen. D) Extrahierte Messpunkte
und simulierte Stromverläufe unter Einwirkung von Amiodaron. Gemessene Stromverläufe aus [74].

das Parameterset ausgewählt, das unter Verwendung der angepassten Parameter an den Control-

fall, am besten mit dem Originalstrom des ten Tusscher Zellmodells übereinstimmt. Um sicher

gehen zu können, dass die abgeänderten Kinetikparameter nicht allgemein auf die Messbedin-

gungen in den entsprechenden Literaturquellen zurückzuführen sind, werden im späteren Verlauf

die Ergebnisse, die unter Verwendung der geänderten Kinetik durch Medikamenteneinwirkung zu-

stande kommen, mit den Daten verglichen, die ebenfalls eine Anpassung an die Messdaten im

Controlfall beinhalten.

Abb. 5.2 und 5.3 zeigen die so angepassten Stromverläufe für den schnellen Kaliumausstrom und

den langsamen Kalziumeinstrom ohne und mit Einwirkung von Amiodaron an die Messdaten aus

der Literatur. Im Fall des Kaliumkanals gelingt eine gute Anpassung der simulierten Ströme an die

entnommenen Messdaten. Bis auf den Strom bei einer Clampspannung von 0 mV stimmen auch

die simulierten Verläufe des Kalziumstroms relativ gut mit den extrahierten Messwerten überein

(siehe Abb. 5.3). Die Anpassung kann in diesem Fall jedoch auch durch eine höhere Gewichtung

der entsprechenden Spannung nicht verbessert werden. Durch eine Gewichtung um den Faktor

100 gegenüber den anderen Clampspannungen wird nur eine minimal bessere Angleichung an die

Messpunkte erreicht, wofür im Gegenzug die restlichen Ströme nahezu auf 0 zurückgehen. Die

Gründe hierfür liegen vermutlich im Unvermögen des Zellmodells, die Dynamik der Messdaten
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the lower availability during activation of the control cur-
rent would have produced an even smaller ! (when there
would be no closed state block ! would be even negative,
above the extrapolated control current). The second com-
ponent can be interpreted as open channel block. The open
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since the second test pulse in the presence of amiodarone
reached virtually the full peak amplitude (Fig. 3A). By us-
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at 0 mV for 30 s. This long test pulse was necessary to re-
solve the kinetics of amiodarone block, because
amiodarone is a blocker with slow kinetics. First we did the
control measurements without amiodarone, then we
washed in amiodarone (100 µM) for 30 min and made the
measurements with amiodarone. Figure 3A displays a
graphical overlay of the control measurement and the two
measurements with amiodarone. Apparently, there are two
components of block. One component of closed channel
block that resulted in a 45.2±4.6% (n=5) reduction of the
initial peak current, and a second component of an addi-
tional 30.0±8.7% (n=5) reduction that developed during the
long test pulses within approximately 5 s (Fig. 3A). The
closed channel block component is apparent in an enlarge-
ment of the first 2 s of the blocking curve and the control
curve in Fig. 3B. In this graph the control curve and the
blocking curve are continued with a dotted line that results
in a current amplitude difference (!) when extrapolated to
the beginning of the measurement. This difference ! is the
result of closed channel block before the first pulse with

amiodarone. The fact that there is an activation time course
during the first 0.5 s does not interfere with this idea, since
the lower availability during activation of the control cur-
rent would have produced an even smaller ! (when there
would be no closed state block ! would be even negative,
above the extrapolated control current). The second com-
ponent can be interpreted as open channel block. The open
channel block component was reversible within 2 min,
since the second test pulse in the presence of amiodarone
reached virtually the full peak amplitude (Fig. 3A). By us-
ing different time intervals between the first and second
long test pulse in a modified protocol, we calculated the
time constant for recovery from amiodarone block. This
gave a time constant of tau=73 s at –80 mV recovery poten-
tial (Fig. 3C).

Subsequently, we also analyzed whether channels in the
inactivated state, that is at very positive potentials, are
blocked by amiodarone. This question was addressed by
using a special protocol that brings all channels into the in-
activated state during strong inward rectification at very
positive potentials. If inward rectification (caused by inac-
tivation) should affect amiodarone block, then the inacti-
vated state should have a different affinity for amiodarone.
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Kiehn et al. 1996): from a holding potential of –80 mV a
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mV increments, followed by a
return pulse to –60 mV

HERG channels are blocked in the closed, 
open and inactivated state

To address the question which state of the channel is
blocked, we measured outward currents during a test pulse
at 0 mV for 30 s. This long test pulse was necessary to re-
solve the kinetics of amiodarone block, because
amiodarone is a blocker with slow kinetics. First we did the
control measurements without amiodarone, then we
washed in amiodarone (100 µM) for 30 min and made the
measurements with amiodarone. Figure 3A displays a
graphical overlay of the control measurement and the two
measurements with amiodarone. Apparently, there are two
components of block. One component of closed channel
block that resulted in a 45.2±4.6% (n=5) reduction of the
initial peak current, and a second component of an addi-
tional 30.0±8.7% (n=5) reduction that developed during the
long test pulses within approximately 5 s (Fig. 3A). The
closed channel block component is apparent in an enlarge-
ment of the first 2 s of the blocking curve and the control
curve in Fig. 3B. In this graph the control curve and the
blocking curve are continued with a dotted line that results
in a current amplitude difference (!) when extrapolated to
the beginning of the measurement. This difference ! is the
result of closed channel block before the first pulse with

amiodarone. The fact that there is an activation time course
during the first 0.5 s does not interfere with this idea, since
the lower availability during activation of the control cur-
rent would have produced an even smaller ! (when there
would be no closed state block ! would be even negative,
above the extrapolated control current). The second com-
ponent can be interpreted as open channel block. The open
channel block component was reversible within 2 min,
since the second test pulse in the presence of amiodarone
reached virtually the full peak amplitude (Fig. 3A). By us-
ing different time intervals between the first and second
long test pulse in a modified protocol, we calculated the
time constant for recovery from amiodarone block. This
gave a time constant of tau=73 s at –80 mV recovery poten-
tial (Fig. 3C).

Subsequently, we also analyzed whether channels in the
inactivated state, that is at very positive potentials, are
blocked by amiodarone. This question was addressed by
using a special protocol that brings all channels into the in-
activated state during strong inward rectification at very
positive potentials. If inward rectification (caused by inac-
tivation) should affect amiodarone block, then the inacti-
vated state should have a different affinity for amiodarone.
The modified protocol was as follows (modified from
Kiehn et al. 1996): from a holding potential of –80 mV a
first depolarizing step to 0 mV was carried out for 2 s, fol-
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