
Article
Rate-Dependent Role of IKur in Human Atrial
Repolarization and Atrial Fibrillation Maintenance
Martin Aguilar,1,2 Jianlin Feng,3 Edward Vigmond,4,5 Philippe Comtois,1,2 and Stanley Nattel1,6,7,8,9,*
1Research Center, Montreal Heart Institute and 2Department of Pharmacology and Physiology/Institute of Biomedical Engineering, Universit�e
de Montr�eal, Montreal, Qu�ebec, Canada; 3Bristol-Myers Squibb, Wallingford, Connecticut; 4L’Institut de Rythmologie et Mod�elisation
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ABSTRACT The atrial-specific ultrarapid delayed rectifier Kþ current (IKur) inactivates slowly but completely at depolarized
voltages. The consequences for IKur rate-dependence have not been analyzed in detail and currently available mathematical
action-potential (AP) models do not take into account experimentally observed IKur inactivation dynamics. Here, we developed
an updated formulation of IKur inactivation that accurately reproduces time-, voltage-, and frequency-dependent inactivation. We
then modified the human atrial cardiomyocyte Courtemanche AP model to incorporate realistic IKur inactivation properties.
Despite markedly different inactivation dynamics, there was no difference in AP parameters across a wide range of stimulation
frequencies between the original and updated models. Using the updated model, we showed that, under physiological stimula-
tion conditions, IKur does not inactivate significantly even at high atrial rates because the transmembrane potential spends little
time at voltages associated with inactivation. Thus, channel dynamics are determined principally by activation kinetics. IKur
magnitude decreases at higher rates because of AP changes that reduce IKur activation. Nevertheless, the relative contribution
of IKur to AP repolarization increases at higher frequencies because of reduced activation of the rapid delayed-rectifier current IKr.
Consequently, IKur block produces dose-dependent termination of simulated atrial fibrillation (AF) in the absence of AF-induced
electrical remodeling. The inclusion of AF-related ionic remodeling stabilizes simulated AF and greatly reduces the predicted
antiarrhythmic efficacy of IKur block. Our results explain a range of experimental observations, including recently reported
positive rate-dependent IKur-blocking effects on human atrial APs, and provide insights relevant to the potential value of IKur
as an antiarrhythmic target for the treatment of AF.
INTRODUCTION
The ultrarapid delayed rectifier Kþ current (IKur) was origi-
nally described as a rapidly activating, 4-aminopyridine-
sensitive Kþ current with slow and limited inactivation
(1). However, many of the original experiments used rela-
tively short test pulses, typically <4 s long, which may
have not been enough to observe the full extent of IKur’s
inactivation. Feng et al. (2), using longer 50-s test pulses,
showed that IKur inactivates almost completely when the
cell is depolarized to þ40 mV, with a biexponential time
course comprising fast (tf) and slow time constants (ts) of
1.0 and 6.8 s, respectively. Based on these experiments, it
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has been hypothesized that IKur inactivation may play an
important role under physiological conditions, specifically
related to IKur frequency-dependent dynamics (2). The po-
tential for full inactivation of IKur suggests that the contribu-
tion of the current would decrease at faster rates, as the total
amount of time when the cell is depolarized increases and
inactivation accumulates. However, recent experimental re-
sults using the IKur-selective blocker XEN-D0103 suggest
the opposite, and indicate that the contribution of IKur to
atrial repolarization increases at higher rates (3).

To our knowledge, none of the commonly used mathe-
matical models of the human atrial cardiomyocyte action
potential (AP) integrate the experimentally defined IKur
inactivation dynamics reported by Feng et al. (2). To better
understand the rate-dependent role of IKur and the effect of
blocking it on the human atrial AP, it is necessary to use a
model with accurate inactivation properties. In this study,
we sought to 1) quantify the kinetic features of the IKur
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inactivation properties defined by Feng et al. (2); 2) update
the Courtemanche human atrial AP model (4) to include
realistic IKur inactivation parameters; 3) investigate the
rate-dependent properties of IKur inactivation over the
course of the AP under physiological conditions; 4) evaluate
the contribution of IKur with realistic inactivation properties
to human atrial repolarization at different frequencies; and
5) evaluate the potential consequences for effects of
blocking IKur on atrial fibrillation (AF) in non-remodeled
and AF-remodeled atrial tissue.
MATERIALS AND METHODS

Mathematical modeling of IKur inactivation

The experimental data recorded by Feng et al. (2) were used as the basis for

model development in our study. A description of the experimental methods

can be found in the original article (2). The Courtemanche human atrial car-

diomyocyte model was implemented (4). The original formulation of the

IKur inactivation parameter is as follows:

IKur ¼ Cm � gKur � u3a � ui � ðV � EKÞ;

0:05

gKur ¼ 0:005þ

1þ exp

 
�V � 15

13

!;

� �
V � 185

���1
aui ¼ 21þ exp �
28
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�
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bui ¼ exp

16
;

t ¼ ½a þ b ��1
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� �
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dt

¼
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;

where IKur is the ultrarapid delayed rectifier K
þ current, gKur is the maximal

IKur conductance, V is the transmembrane potential, EK is the Kþ equilib-

rium potential, and ua and ui are IKur’s activation and inactivation gating

variables, respectively; aui and bui are the forward and backward rate

constants for the inactivation gate variable, respectively; tui is the time

constant; ui,N is the steady-state relation for the inactivation gate variable;

Cm is the membrane capacitance (100 pF); and KQ10 is a scaling factor (3).

To account for IKur inactivation dynamics we replaced the original inac-

tivation gating variable ui by fast (ui,f) and slow (ui,s) inactivation gating var-

iables. The gating variables and time constant parameters were fitted by

iteratively minimizing the mean error of the model time constants relative

to experimentally derived values obtained with a 50-s test-pulse at 0, 10, 20,

30, 40, and 50 mV (Fig. S1, B and C); the modified inactivation gating vari-

ables and time constants are given by the following:
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IKur ¼ Cm � gKur � u3 � ui;s � ui;f � ðV � EKÞ:
a

The activation gating variable and time constant were not modified and are

given by the following:
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The activation gate open probability is given by ua
3. The inactivation gate

open probability in the original model was given by ui; in the modified

model ui,s � ui,f was used to reflect the combined effects of slow and fast

inactivation components. Open probabilities range from 0 (closed) to 1

(open). The charge carried by IKur in one cardiac cycle, given by the area

under the IKur-versus-time curve (Kur AUC), was calculated by integrating

IKur over one cardiac cycle. The activation gate open-probability area under

the curve (ua
3 AUC) was calculated by integrating ua

3 over one cardiac cy-

cle. The AP amplitude was defined as the difference between the peak

phase-0 overshoot potential and the resting membrane potential.
Mathematical simulations

The Courtemanche model of human atrial cardiomyocyte bioelectricity was

implemented with the original and updated IKur inactivation formulations.

The total ionic current for the model (Itot) was given by the following:

Itot ¼ INa þ IK1 þ Ito þ IKur þ IKr þ IKs þ ICa;L þ Ip;Ca

þ INaK þ INaCa þ Ib;Na þ Ib;Ca þ IK;ACh;
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where INa is the fast inward Na
þ current; IK1 is the inward rectifier K

þ cur-

rent; Ito is the transient outward Kþ current; IKur, IKr, and IKs are the ultra-

rapid, rapid, and slow components of the delayed rectifier Kþ current,

respectively; ICa,L is the L-type inward Ca2þ current; Ip,Ca is the sarco-

lemmal Ca2þ pump current; INaK is the Naþ/Kþ pump current; INaCa is

the Naþ/Ca2þ exchanger current; Ib,Na is the background Naþ current;

Ib,Ca is the background Ca2þ current; and IK,ACh is the acetylcholine-acti-

vated Kþ current (5). Isolated cardiomyocyte APs were simulated at 37�C
by numerical integration with the software MATLAB’s ODE23s ordinary

differential equation solver (The MathWorks, Natick, MA) with a relative

tolerance of 10�2. For each condition, pacing was sustained for 280 cycles

with 2-ms 3 nA stimuli and the last action potential was used for analysis.

Computer simulations of the effect of IKur block on AF were performed

with the CARP simulator, which solves the monodomain equation by the

finite element method as described previously (6), as follows:

V � siVV ¼ b

�
Cm

vV

vt
þ Itot

�
;

where si is the tissue conductivity, b is the membrane surface-to-volume

ratio (0.14 mm�1), and Cm is the membrane capacitance (1 mF/cm2). The

updated Courtemanche ionic model was adapted and implemented in

CARP. Conductivities were chosen to give a physiological conduction

velocity in the longitudinal direction (47.9 cm/s). The tissue measured

7 � 6 cm with fibers oriented along the long dimension with an anisotropy

ratio of �6. The grid was discretized at 100-mm resolution and equations

solved with a 25-ms timestep. Reentry was initiated by a standard S1-S2

cross-shock protocol with an S1-S2 interval of 170 ms.

Two-dimensional simulations were conducted using three different

acetylcholine (ACh) distribution patterns (one homogeneous ACh distribu-

tion and two sinusoidal distributions) and three peak ACh concentrations

(1.875, 3.75, and 7.5 nM), generating nine conditions. IKur block was simu-

lated by a fixed reduction in maximal IKur conductance (gKur). Dose-

response curves were generated by introducing IKur block at 10 different

time-points {tdrug ¼ 1000 ms, 1100 ms, . 1800 ms, 1900 ms} for each

percent IKur block {10%, 20%,., 90%, 100%}; the average time to termi-

nation was quantified as the time from tdrug to reentry termination. Simula-

tions were run using the control (non-remodeled) Courtemanche human

atrial AP model and repeated with an AF-remodeled AP model consisting

of the control model with the following modifications: Ito conductance

reduced by 50%, IKur conductance reduced by 50%, ICa,L conductance

reduced by 70%, and IK1 conductance increased by 100% (7).
RESULTS

Experimentally observed time-dependent
inactivation of IKur

The ultrarapid delayed rectifier Kþ current (IKur) is
often described as having slow and partial inactivation.
Fig. 1 A shows normalized IKur during a 1000 ms test-pulse
to þ40 mV, 5 ms after a 100-ms pretest pulse to þ40 mV
to inactivate Ito, as recorded experimentally (black) (2) and
from the original Courtemanche human atrial IKur formula-
tion (blue). Using this relatively short test pulse, experi-
mental IKur inactivates by �45% (black). In contrast to
experimental data, in the original Courtemanche model,
IKur does not inactivate appreciably over the course of the
pulse (blue). Fig. 1 B shows normalized IKur during a
longer, 50 s test-pulse to þ40 mV, 5 ms after a 100-ms pre-
test pulse to þ40 mV to inactivate Ito. With the longer
pulse, the experimentally recorded IKur (black) inactivated
completely with a biexponential time-course characterized
by fast and slow time constants of 702 5 7 and 5688 5
26 ms, respectively. Again, the original Courtemanche
model (blue) fails to reproduce IKur’s inactivation dy-
namics, with 85% of the peak current persisting at the
end of the 50-s test-pulse.
Model inactivation kinetics modified according to
experimental data

To accurately reproduce the experimentally recorded IKur
inactivation kinetics, we modified the Courtemanche model
by introducing a set of slow (ui,s) and fast (ui,f) inactivation
gating variables in place of the single inactivation gating
variable (ui) in the original model. The voltage dependence
of the inactivation gating variables for the original (ui,original,
blue line) and modified (ui,f, red solid line; ui,s, red dashed
line) models is shown in Fig. S1 A. The major modification
to inactivation gating is more complete inactivation at depo-
larized potentials; the complete mathematical formulation
can be found in Materials and Methods. We also replaced
the inactivation time constant (tui,original) with a set of
fast (tui,f) and slow (tui,s) inactivation time constants
(Fig. S1 B). Note that the updated inactivation time con-
stants are of the order of 1–6 s. The voltage dependence
of the activation gating variable (Fig. S1 C; ua,x) and activa-
tion time constant (Fig. S1 D, tua,x) were not modified. The
activation time constant is in the range of 1–6 ms.

The modified model (red line) closely reproduced the
experimentally recorded current inactivation (black line)
during a prolonged pulse (Fig. 1 B) and the experimentally
recorded IKur inactivation kinetics (Fig. 1 C) at 37

�C. Excel-
lent agreement between experiments and the mathematical
model was obtained across the spectrum of test potentials.
Time-, voltage-, and frequency dependence of IKur
inactivation

We then compared the time dependence of IKur inactivation
in the model to experimental results obtained by varying
the duration of the test pulse. Fig. 1 D (black) shows exper-
imentally recorded normalized IKur obtained with condi-
tioning pulses to þ40 mV of varying durations, followed
by a 100-ms prepulse to þ40 mV to inactivate Ito and
then a 100-ms test pulse to þ40 mV. IKur displayed com-
plete inactivation with conditioning pulses >20 s. In
contrast, the original Courtemanche model-derived results
showed little inactivation even with the longest condition-
ing-pulse duration (Fig. 1 D, blue). Conversely, the modi-
fied model closely replicated the experimental data
(Fig. 1 D, red); the half-inactivation conditioning pulse
duration (CPD1/2) was 1100 ms at þ40 mV. The voltage
dependence of IKur inactivation was then assessed by
applying a 50 s pretest pulse to various voltages followed
by a 240-ms test pulse to þ50 mV; the experimentally
Biophysical Journal 112, 1997–2010, May 9, 2017 1999
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FIGURE 1 Time-, voltage-, and frequency

dependence of IKur inactivation. (A) Shown here

is the normalized IKur current during a 1000-ms

test pulse (TP) at þ40 mV, 5 ms after a 100-ms

prepulse (PP), to inactivate Ito (inset) as recorded

from the experimental preparation (black) and

the original Courtemanche human atrial model

(blue). (B) Normalized IKur current using a similar

protocol, but with test pulse duration of 50 s as re-

corded from the experimental preparation (black)

and the original and modified Courtemanche

model (blue and red, respectively), is given. The

experimental and modified model time constants

are tui,f,exp ¼ 702 5 7 ms, tui,s,exp ¼ 5688 5

26 ms and tui,f,model ¼ 713 5 18 ms, tui,s,model ¼
5848 5 188 ms, respectively. (C) Normalized

fast (tui,f) and slow (tui,s) time constants as a func-

tion of test pulse potential for the experimental

preparation and the modified Courtemanche model

at 37�C are shown. (D) Shown here is the normal-

ized IKur current using a CPD toþ40 mV, followed

by a 100-ms prepulse (PP) toþ40 mV to inactivate

Ito preceding a 100-ms test pulse (TP) to þ40 mV

(inset), as recorded from the experimental prepara-

tion and the original and modified models; the

half-inactivation CPD (CPD1/2) was 1100 ms. (E)

Shown here is the normalized IKur current using

a 50 s-conditioning pulse (CP) to various voltages

followed by a 240-ms test pulse toþ50 mV (inset);

the half-inactivation voltage (V1/2) was –6.5 mV in

the model and –7.5 5 0.6 mVexperimentally. (F)

Shown here is the normalized IKur current obtained

by applying 100 pretest stimuli of 100 ms duration

at þ40 mV at various frequencies, followed by a

100-ms conditioning pulse to þ40 mV to inacti-

vate Ito and a 140-ms test pulse toþ40 mV (inset);

the normalized current at 4 Hz was 16% of its

value at 0.1 Hz. For all panels, experimental data

are in black; original and modified models are in

blue and red, respectively.
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recorded normalized IKur is shown in Fig. 1 E (black).
IKur inactivation is highly dependent on the pretest pulse
potential. The original Courtemanche model (blue) did
not reproduce the experimentally observed voltage-depen-
dent inactivation dependence (Fig. 1 E, black), whereas
the modified model-generated results (red) closely matched
experimental findings. The experimental and modified-
model half-inactivation voltages (V1/2s) were �7.5 5 0.6
and �6.5 mV, respectively.

The frequency dependence of IKur inactivation was stud-
ied by applying 100 pulses of 100-ms duration toþ40 mVat
various frequencies, followed by a 100-ms conditioning
pulse to þ40 mV to inactivate Ito and a 140-ms test pulse
to þ40 mV. Experimentally, IKur displayed marked fre-
quency dependence with 84% reduction at 4 vs. 0.1 Hz
(Fig. 1 F, black data). In contrast, the original Courte-
manche model showed virtually no frequency dependence
2000 Biophysical Journal 112, 1997–2010, May 9, 2017
(Fig. 1 F, blue). The modified model was much more consis-
tent with the experimental findings (Fig. 1 F, red).
Incorporation of realistic IKur inactivation kinetics
and AP dynamics

Fig. S2 shows the AP amplitude (Fig. S2 A), AP duration at
90% repolarization (APD90, Fig. S2 B), transmembrane po-
tential at the time of maximum phase 0 overshoot (overshoot
potential, Fig. S2 C), and phase-0 peak Naþ current (peak
INa, Fig. S2 D) as a function of cycle length (CL) for the
original (black) and modified (red) Courtemanche models.
Despite markedly different IKur inactivation kinetics, there
were no significant differences in AP or Naþ-current dy-
namics between the two models across a wide range of
physiologically relevant cycle lengths. We then pursued
the rate-dependent properties of IKur to understand why,
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despite much greater inactivation for both experimental and
model pulse protocols than in the original Courtemanche
model, there was no apparent effect on rate-dependent AP
properties.
IKur activation and inactivation dynamics and
mechanisms of rate-dependence

Fig. 2 A shows model APs at progressively shorter stimula-
tion cycle lengths (750, 500, 300, and 265 ms). The AP
duration is shortened and plateau potential becomes less
positive as the dome disappears when stimulation cycle
length decreases. Fig. 2 B shows the corresponding IKur sim-
ulations. There is a rate-dependent decrease in IKur during
phase 2 of the AP with little change in peak IKur (inset)
except at the shortest cycle length (inset, red). Fig. 2, C
and D, shows the corresponding activation and inactivation
gate open probabilities (ua

3; ui,f � ui,s) as a function of time
for the shortest (red) and longest (blue) cycle length. IKur
activation decreases during phase 2 in a rate-dependent
manner (Fig. 2 C), whereas inactivation is virtually rate
independent (Fig. 2 D). Therefore, IKur rate dependence is
driven by its activation gate kinetics, with little contribution
from inactivation. This is further detailed in Fig. S3 where
the rate dependence of the total IKur charge carried per cycle
(Fig. S3 B) is shown to be due to changes in rate-dependent
activation-gate open probability (Fig. S3 F), with no signif-
icant contribution from inactivation (Fig. S3 D).

Fig. 2 E shows the steady-state activation gating variable
as a function of transmembrane potential with the voltage
for 50% (V0.5 ¼ �30 mV) activation marked with a purple
A

C

E F

D

B

dot; V0.5 is shown in Fig. 2 A as a purple dashed line.
For membrane potentials negative to V0.5, the activation
gate starts to close, whereas for potentials positive to V0.5,
the activation gate is mostly open. The activation-variable
(ua

3; Fig. 2 C) rate dependence can be understood based
on the AP time course (Fig. 2 A) and ua’s voltage depen-
dence (Fig. 2 E). At slower stimulation frequencies like a
cycle length of 750 ms (blue curve in Fig. 2 A), the plateau
potential is positive to V0.5 (dashed purple line in Fig. 2 A)
for the duration of phase 2 of the AP, keeping ua largely
open. It is only at the end of the AP plateau that the mem-
brane potential falls below V0.5, leading to appreciable de-
creases in ua and return of the activation gate open
probability toward 0 (ua

3 ¼ 0, closed, Fig. 2 C). In contrast,
at faster stimulation frequencies such as at a cycle length of
265 ms (red curve in Fig. 2 A), the plateau potential is nega-
tive to V0.5 starting at the end of phase 1 (Fig. 2 A), leading
to earlier and more rapid closure of the activation gate (red
curve in Fig. 2 C). The activation-gate time constant is in the
range of 1–6 ms (Fig. S1 D), which allows the activation
gate to closely track changes in membrane potential.

Fig. 2 F shows the fast (ui,f, solid black line) and slow
(ui,s, black dashed line) inactivation gating variables as a
function of test potential, with the slow inactivation-gating
variable V0.5 marked by a teal dot. For membrane potentials
positive to V0.5 (teal dot), the slow inactivation gate starts
to close whereas for membrane potentials negative to
V0.5, the inactivation gates are mostly open. Fig. 2 D shows
the inactivation gate open probability (ui,f � ui,s) as a func-
tion of time at stimulation cycle lengths of 265 ms (red) and
750 ms (blue). The rate independence of ui,f � ui,s (Fig. 2 D,
FIGURE 2 Mechanism of IKur rate dependence.

(A) Action potentials at stimulation cycle lengths

from 265 ms (red), 300 ms (green), 500 ms (black),

and 750 ms (blue) are shown. The purple and teal

dashed lines correspond to the activation and inac-

tivation gating variable 50% (V0.5,ua¼�30 mVand

V0.5,uis ¼ �5 mV) opening potentials, respectively.

(B) Shown here are corresponding IKur tracings;

there is a rate-dependent decrease in IKur during

phase 2 of the AP. (C) Shown here is the activation

gate open probability (ua
3) and (D) inactivation

gate open probability (ui,f � ui,s) as a function of

time for CLs of 265 ms (red) and 750 ms (blue).

The activation open probability is rate dependent

and the inactivation open probability is rate inde-

pendent. (E) Shown here is the activation gating

variable (ua) as a function of transmembrane

potential; the purple dot corresponds to activation

gating variable V0.5 as transposed on (A). (F) Fast

(ui,f; black solid) and slow (ui,s; black dashed)

inactivation gating variables as a function of

transmembrane potential are given; the teal dot

corresponds to the slow inactivation gating variable

V0.5 as transposed on (A). The inactivation open

probability is rate independent because the action

potential spends very little time positive to V0.5,uis

(�5 mV; teal).

Biophysical Journal 112, 1997–2010, May 9, 2017 2001
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blue versus red) can be explained from the AP time course
(Fig. 2 A) and ui’s voltage dependence (Fig. 2 F). For
the slow inactivation gate to close, the membrane potential
needs to be positive to V0.5 (�5 mV). For the fast inactiva-
tion variable, the voltage dependence is even more positive.
However, the AP, both at cycle lengths of 265 and 750 ms,
spends negligible time at potentials positive to the V0.5 of
either fast or slow inactivation (positive to the blue-dashed
line in Fig. 2 E). Moreover, the inactivation time constants
are>1 s (Fig. S1 B), at least two orders-of-magnitude longer
than the time the membrane spends above V0.5. Hence,
because the membrane spends very little time positive to
V0.5 and the inactivation gate time constants are slow to
close, the inactivation gating variables remain mostly in
their open state (>0.93 fractional availability, Fig. 2 D) irre-
spective of activation frequency.
Rate-dependent effects of IKur block on AP
properties and underlying mechanism

When IKur is blocked, the plateau voltage is raised and IKr
is enhanced, counteracting the repolarization delays caused
by IKur block (8). Consequently, to understand the rate-
dependent AP changes caused by IKur block, it is essential
to analyze the associated changes in IKr. Fig. 3 A shows the
steady-state IKr activation-gate variable in the Courtemanche
model as a function of test potential, withV0.1 (�28mV),V0.5

(�14mV),V0.75 (�7mV), andV0.9 (0mV)marked and trans-
posed as dashed lines onto Fig. 3 B. Fig. 3, B–D, shows the
AP, IKur, and IKr simulations obtained at a cycle length
of 1000 ms under control conditions (blue) and with 75%
IKur block (red). IKur block elevates the plateau potential,
A

B

C

D G

F

E
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bringing the membrane potential positive to IKr’s V0.5

(�14 mV; green dashed line in Fig. 3 B) for the duration of
phase 2 of the AP, leading to a 136% increase in IKr, an accel-
eration in phase-3 repolarization and no net change in overall
APD (Fig. 3 B; APD�60 control versus IKur block ¼ 255 vs.
256 ms, respectively). Fig. 3, E–G, shows the AP, IKur, and
IKr simulations at a cycle length of 250ms under control con-
ditions (blue) and with 75% IKur block (red). Because of the
change in AP morphology at the short cycle length, IKur
block-induced elevation of the plateau fails to keep the
plateau potential in the IKr activation range (e.g., V0.5 of
�14 mV; green dashed line in Fig. 3 E), hence, there is little
IKr recruitment (ratio of total IKr with IKur block versus
control¼ 1.40), leading toAPDprolongation (APD�60 under
control versus IKur-block conditions of 199 and 209 ms,
respectively). Therefore, despite the fact that IKur is smaller
at rapid frequencies, the ability of IKur block to prolong
APD is enhanced.
IKur block and AF termination

The above analysis suggests that the APD-prolonging effect
of IKur blockade is preserved at rapid rates and might result
in an ability to suppress AF. We therefore studied the effect
of IKur block on simulated two-dimensional cholinergic AF.
We generated nine ACh conditions (Fig. S4); reentry was
sustained for>5 s across conditions but displayed markedly
different dynamics ranging from single spiral wave reentry
(Fig. S5) to multiple, short-lived wavelets (Figs. 4, S5,
and S6 for representative examples). In line with our sin-
gle-cell results, there were no significant differences in
reentry dynamics, APD�60 distribution, and depolarized
FIGURE 3 Rate-dependent effects of IKur block

on the AP. (A) Shown here is the IKr activation

gate steady state (xr,N) as a function of test poten-

tial. V0.1, V0.5, V0.75, and V0.9 are marked and trans-

posed onto (B) and (E) as dashed lines. (B) Shown

here are APs obtained at a cycle length of 1000 ms

under control (blue) and with 75% IKur blockade

(red); the AP duration at �60 mV (APD�60) was

255 ms for both. (C and D) Shown here are corre-

sponding IKur and IKr tracings; the ratio of IKr with

75% IKur block to control was 2.36. (E) Shown here

are APs obtained at a cycle length of 250 ms under

control (blue) and with 75% IKur blockade (red);

the APD�60 for control and 75% IKur block was

199 and 209 ms, respectively. (F and G) Shown

here are corresponding IKur and IKr tracings; the

ratio of IKr with 75% IKur block to control was 1.40.
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FIGURE 4 Representative example of simulated vagotonic AF using pattern #2 with a peak ACh concentration of 3.75 nM and the non-remodeled car-

diomyocyte model. (A) Shown here is ACh distribution with peak concentration of 3.75 nM and (B) a corresponding APD�60 distribution. (C) Shown here is

transmembrane potential over time at 50-ms intervals; reentry is maintained by multiple short-lived spiral waves. (D) Shown here is the ratio of depolarized

cells (ratio of cells with a voltage positive to �60 mV to the total number of cells) and (E) transmembrane potential over time for the cardiomyocyte marked

with a white circle in (A) and (B).
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fraction between the original and modified IKur inactivation
models (Figs. 5, S7, and S8 for representative examples).
Using the non-remodeled Courtemanche human action
potential model, we found a dose-dependent relationship
between AF termination efficacy and percent IKur block
(Fig. 6). Reentry termination was relatively infrequent
with <50% IKur block, but increased to >90% of simula-
tions at 100% IKur block for all conditions considered. We
also found an inverse relationship between average time to
termination and percent IKur block (Fig. 6).

Fig. 7 shows a representative example of successful AF
termination by 50% IKur block with ACh pattern #2 and a
peak concentration of 3.75 nM (Fig. 7 A). The areas of
largest ACh concentration had the shortest APs (Fig. 7 B).
IKur block prolonged refractoriness, increasing the excur-
sion of the phase singularities, favoring wave-front colli-
sion, annihilation, and reentry termination (Fig. 7, C–E).
Fig. S9 shows the dynamics with the same ACh pattern/con-
centration but with 100% IKur block; the increased refracto-
riness is even more pronounced and termination more rapid.
Consistent with a significant role of IKur in AP repolariza-
tion, the mean APD�60 increased from 85 ms under control
conditions to 97 and 126 ms at 50 and 100% IKur block,
respectively.

We then sought to investigate whether IKur block could
successfully terminate two-dimensional AF under ionically
remodeled conditions, such as in chronic AF. As previously
reported (7), AF-remodeling conditions stabilize reentry
dynamics (Figs. S10–S12) and ACh is no longer needed to
maintain AF. Overall, the efficacy of IKur block in terminat-
ing AF in remodeled atria was very low, with no termination
observed below 80% block and 10% termination at 90 and
100% block in the absence of ACh and across the nine
ACh conditions (see Fig. S13 for a representative example).
At the cellular level, remodeling stabilized reentry 1) by
significantly shortening the APD90 (APD90 for non-remod-
eled versus remodeled was 283 vs. 195 ms, respectively
at CL 1000 ms and 204 vs. 140 ms, respectively at CL
250 ms) and 2) by hyperpolarizing the resting membrane
potential (RMP) as compared to the non-remodeled cardio-
myocyte (Fig. 8, A and B, dashed versus solid) across a wide
range of diastolic intervals. The IKur block-induced APD90

prolongation was preserved under remodeled conditions
(Fig. 8 C versus Fig. 8 D, red versus blue; DAPD90 at
Biophysical Journal 112, 1997–2010, May 9, 2017 2003
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FIGURE 5 Representative example comparing reentry dynamics in the original and modified models. (A and B) Transmembrane potential snapshots over

time at 50-ms intervals for the original and modified models are shown. (C and D) APD�60 values for the original and modified models are given. (E and F)

Shown here is the ratio of depolarized cells (ratio of cells with a voltage positive to�60 mV to the total number of cells) and transmembrane potential for the

original (blue) and modified (red) models. Non-remodeled cardiomyocyte model with ACh pattern #2 with peak concentration of 3.75 nM is given.
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CL ¼ 250 ms non-remodeled versus remodeled was 11 vs.
10 ms, respectively). However, because the remodeled AP is
of much shorter duration and is hyperpolarized, the diastolic
interval is long enough for the AP to return to the RMP
before the next activation, even at rapid stimulation fre-
quencies (Fig. 8 A, blue versus red dashed). Conversely,
for the non-remodeled cardiomyocyte, even a small prolon-
gation in APD encroaches on repolarization at short CLs
(Fig. 8 A, blue versus red solid), and IKur block causes
APD alternans behavior at short CLs (Fig. 8 C). Hence,
the differential efficacy of IKur blockade for AF termination
in remodeled versus non-remodeled atria appears to be
related to the remodeling-induced APD-abbreviation and
hyperpolarization more than from IKur downregulation,
because the APD prolongation caused by IKur block is pre-
served in remodeled cardiomyocytes.
DISCUSSION

In this study, we have developed an updated formulation
of IKur inactivation kinetics that reproduces experimentally
observed IKur inactivation properties. Using the model, we
2004 Biophysical Journal 112, 1997–2010, May 9, 2017
have shown that, under physiological stimulation conditions,
IKur dynamics aremainly determined by its activation kinetics
with relatively minor contribution from channel inactivation.
Hence, 1) contrary to intuition, IKur inactivation does not
accumulate at rapid stimulation frequencies; and 2) despite
a rate-dependent decrease in absolute IKur magnitude, the
relative contribution of IKur to AP repolarization increases
with increased activation frequency. We also found that IKur
block terminates simulated cholinergic AF in a dose-depen-
dent fashion in non-remodeled atrial tissue but is ineffective
in the presence of simulated atrial remodeling. Because IKur
is expressed in the human atrium but not ventricle (9), it is
an interesting potential candidate for atrial-selective anti-
AF therapy. Therefore, the demonstration that despite its po-
tential for complete inactivation, IKur maintains a significant
contribution to repolarization dynamics and arrhythmia
maintenance during AF, is potentially important.
IKur inactivation

The initial reports characterizing IKur inactivation used rela-
tively short test pulses, typically <5 s long, and therefore
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FIGURE 6 Dose-response (bar-graphs) and

average time to termination (red data) by IKur block

using the non-remodeled cardiomyocyte model for

(A) ACh pattern #1 with peak ACh concentration of

1.875 nM. (B–D) Shown here are the ACh pattern

#2 and peak ACh concentrations of 1.875, 3.75,

and 7.5 nM, respectively.
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failed to observe the full scale of IKur inactivation (1,10–14).
Using 50-s test pulses, Feng et al. (2) demonstrated that hu-
man atrial IKur inactivates fully, with a biexponential time-
course characterized by rapid and slow time constants of
1.0 and 6.8 s, respectively. Moreover, IKur inactivation was
found to be highly time-, voltage-, and frequency-dependent.
These observations raised the possibility that channel inacti-
vation could accumulate at rapid activation frequencies,
significantly decreasing IKur’s contribution to AP dynamics.
If IKur inactivated completely at rapid activation frequencies,
such as during AF, then IKur blockers would be predicted to
haveminimal antiarrhythmic effects. Paradoxically, and con-
trary to this intuitive expectation, recent workwith the highly
selective IKur blocker XEN-D0103 found that IKur block pro-
longs the atrial APD and effective refractory period preferen-
tially at rapid activation frequencies (3).
Novel elements relative to prior in silico work

To our knowledge, none of the commonly used human atrial
in silico models correctly reproduces the experimentally
observed IKur inactivation kinetics. In this investigation,
we first analyzed experimental recordings of IKur inactiva-
tion to produce an accurate in silico representation. We
then studied IKur inactivation dynamics and rate-dependence
with the updated model that accounted realistically for IKur
inactivation (2) by introducing a set of fast and slow inacti-
vation gating variables (ui,f and ui,s) and corresponding time
constants (tui,f and tui,s). The modified model accurately
reproduced IKur time-, voltage-, and frequency-dependent
inactivation across a wide range of physiological test poten-
tials. Of note, the inactivation-gate time constants are three
orders-of-magnitude slower than the activation-gate time
constant (second versus millisecond). After including the
updated IKur representation in the Courtemanche AP-model,
we compared AP parameters as a function of stimulation
cycle length and found no significant difference between
the original and modified model results despite markedly
different inactivation kinetics. We then applied our model
to gain insight into the role of IKur activation and inactiva-
tion on IKur and its rate-dependent role in repolarization
and arrhythmia maintenance.
Mechanism of IKur rate dependence

Using the modified model, we showed that the activation
gate open probability is highly rate-dependent (because of
rate-induced AP morphology changes) and parallels IKur
rate dependence, whereas the inactivation gate open proba-
bility is effectively rate independent because the cell spends
little time at voltages associated with significant inactivation-
gate closure. Hence, IKur rate-dependence is due to its activa-
tion gating-variable dynamics and rate-dependent changes in
AP morphology, with no contribution from inactivation.
Rate-dependent effect of IKur block on AP
repolarization

We next sought to understand the mechanism underlying the
positive rate-dependent effect of IKur block on the APD, as
Biophysical Journal 112, 1997–2010, May 9, 2017 2005
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FIGURE 7 Representative example of reentry termination by 50% IKur block using ACh pattern #2 with peak ACh concentration of 3.75 nM and the non-

remodeled cardiomyocyte model. (A)Shown here is the ACh distribution with peak concentration of 3.75 nM and (B) its corresponding APD�60 distribution.

(C) Transmembrane potential snapshots over time at 50 ms intervals are given; 50% IKur block was introduced at tdrug ¼ 1200 ms. (D) Shown here is the ratio

of depolarized cells (ratio of cells with a voltage positive to �60 mV to the total number of cells) and (E) transmembrane potential over time for the car-

diomyocyte marked with a white circle in (A) and (B) for control (blue) and 50% IKur block (red).
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reported by Ford et al. (3). At slow stimulation frequencies,
IKur block significantly elevated the AP plateau potential
compared to control (no block), keeping the membrane at
potentials for which IKr’s activation gate opens for the dura-
tion of phase 2 of the AP, leading to recruitment of IKr and
compensating for IKur blockade with minimal effect on the
APD. At rapid stimulation frequencies, the membrane po-
tential is negative to IKr’s half-activation potential leading
to little IKr recruitment, limited compensation by IKr, and
IKur block-induced APD prolongation at rapid frequencies.
Hence, although IKur’s absolute magnitude is less at rapid
activation frequencies, the relative contribution of IKur to
AP repolarization makes IKur block a potentially interesting
atrial-selective anti-AF strategy.

The mechanisms of reverse rate-dependency (RRD) of
drug-induced APD changes have been a matter of substan-
tial debate. Arguing from first principles, Zaza (15) pro-
posed that RRD is an intrinsic property of cardiac cells
and that the same change in total transmembrane current
will prolong long APs more than short ones. These predic-
tions were supported by experimental work in which APD
2006 Biophysical Journal 112, 1997–2010, May 9, 2017
changes were shown to be proportional to the initial APD
using clinically available drugs like the class-I agent lido-
caine and class-III agent dofetilide, as well as by applying
inward or outward current pulses (16). The same group sug-
gested that channel blockers may, at best, attenuate this
intrinsic RRD but that forward rate-dependency (FRD)
would be ‘‘difficult to attain’’ (16). In an elegant study using
a series of ventricular cardiomyocyte models, Cummins
et al. (17) challenged this notion by suggesting that RRD
can be overcome if rate-dependent AP morphological
changes are large enough. In other words, the complex
nonlinear rate-dependent changes in current dynamics
may be such that RRD could be offset, making FRD
possible. For example, they showed that increasing ICa,L
(gCa,L) leads to FRD changes by elevating the AP plateau
potential, leading to differential IKs activation at slow activa-
tion frequencies (17). Because IKur is not expressed in
ventricular cardiomyocytes, the possible FRD properties
of IKur block could not be evaluated. Our findings in atrial
cardiomyocytes are, however, qualitatively in line with these
observations, because we found that IKur block moves the
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FIGURE 8 IKur blocking effects in remodeled

cardiomyocytes. (A) Shown here is a single cell

AP at a stimulation CL of 250 ms for a non-remod-

eled (NR; solid) and remodeled (R; dashed) cardio-

myocyte without drug (blue) and with 75% IKur
block (red); (B) same as in (A), but at CL of

1000 ms. (C) Shown here is an AP at 90% repolar-

ization (APD90) as a function of diastolic interval

without drug (blue) and with 75% IKur block (red)

for a non-remodeled cardiomyocyte; (D) same as

in (C), but for a remodeled cardiomyocyte.
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AP plateau potential to more positive voltages, leading to
differential IKr activation at slow versus rapid pacing rates
and FRD APD-prolongation. Hence, FRD APD-prolonga-
tion, a highly desirable antiarrhythmic property, may be
an attainable goal.
Relevance for antiarrhythmic drug development

We also found that IKur block terminates simulated cholin-
ergic AF in a dose-dependent manner in nonionically
remodeled atrial tissue by prolonging refractoriness,
increasing the reentry wavelength, favoring rotor collision
and annihilation. These findings are consistent with prior
experimental work using relatively IKur-specific blockers
in goats, rats, pigs, humans, and in silico systems (18–22).
Electrical remodeling shortened the APD and hyperpolar-
ized the RMP, leading to very stable reentry as described
in Pandit et al. (7). The ability of IKur block to terminate
simulated AF was greatly attenuated by remodeling,
because the block-induced APD-prolongation was insuffi-
cient to counteract the strong effects of remodeling. The
APD-prolonging effect of IKur block was not per se affected
by channel downregulation. These observations are consis-
tent with the report by Ford et al. (3), in which APD90 pro-
longation induced by the IKur-selective blocker XEN-D0103
was maintained in chronic-AF human atrial cardiomyo-
cytes. Scholz et al. (22) found that IKur block was effective
at terminating simulated AF, even in remodeled atria. How-
ever, they used slightly different remodeling parameters,
included gap junction remodeling, and did not incorporate
IKur downregulation. The differential effectiveness of IKur
block in non-remodeled versus remodeled atria is consistent
with a prior randomized phase-3 clinical trial in which ver-
nakalant, a mixed INa/IKur blocker, was much less effective
at restoring sinus rhythm in patients with long-lasting
AF (4.0%) compared to recent-onset AF (51.7%) (23).
Of note, recent experimental work demonstrated persis-
tent antiarrhythmic efficacy of vernakalant in goats with
remodeled atria owing to unaltered effects on Naþ-depen-
dent parameters (conduction velocity and postrepolarization
refractoriness) (24). Our findings suggest that the clinical
efficacy of pure IKur block may be limited to recent-onset
AF, in which remodeling has not taken place.

For the purposes of this study, IKur block was simulated as
a fixed reduction in maximal conductance (gKur). However,
there is in silico and experimental evidence that the electro-
physiological and antiarrhythmic effects of IKur blockade
are modulated by the time- and voltage-dependent kinetics
of block. Using a family of IKur-selective diphenyl phos-
phine oxide compounds, Lagrutta et al. (25) were able
to show that IKur blocking potency and frequency depen-
dence were functions of blocking kinetics, with open state
blockers being the most effective IKur antagonists. Several
other molecules, including vernakalant and experimental
compounds like zatebradine, loratadine, and bisindolylma-
leimide, have also been shown to block IKur preferentially
in the open state (19,26–28). Mathematical simulations sup-
port these findings and suggest that IKur blockers with rapid
binding or slow unbinding kinetics have the strongest anti-
arrhythmic effects (22,29). Further work is needed to
analyze the effects (if any) on state-dependent drug block,
of adding realistic IKur inactivation kinetics.
Biophysical Journal 112, 1997–2010, May 9, 2017 2007
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Consistent with this study, XEN-D0101, a selective IKur
blocker, prolonged the atrial effective refractory period
(AERP) and decreased AF vulnerability in a dose- and
rate-dependent manner in atrial tachycardia-induced remod-
eled canine atria (30,31). In human cardiomyocytes, XEN-
D0101 prolonged AERP in AF-remodeled but not in non-re-
modeled tissue (32). However, experiments were conducted
using a stimulation frequency of 1 Hz at which we predict
no effect on APD and AERP based on this study; rapid stim-
ulation rates at which IKur-block induced prolongation of
APD/atrial refractoriness would be expected were not re-
ported. In coronary-perfused canine atria, 4-aminopyridine
(a moderately selective IKur blocker) was found to shorten
APD and to increase the propensity for AF, displaying
only mildly antiarrhythmic effects in remodeled atrial tissue
(33). Again, the protocol employed a stimulation cycle
length of 500 ms at which IKur block would not be expected
to increase the APD or AERP. Furthermore, the mechanism
of IKur in dog atrium is different from that in humans, and
the magnitude is often very small (34). MK-0448 failed to
prolong AERP in healthy human subjects using relatively
slow stimulation cycle lengths of 400 and 600 ms at which
IKr recruitment balances IKur block (35). IKur block rate-
dependence, as described in this study, along with species-
and remodeling-related differences, likely account for these
conflicting results. Finally, genetic studies reported both
loss- and gain-of-function variants associated with the
development of lone AF (36–39). Whether and how these
observations in rare genetically based forms of AF are appli-
cable, remains to be seen more broadly.

Naþ channel blockers (NCBs) are moderately effective
antiarrhythmic drugs commonly used to control AF (40).
In 2015, it was reported that IKr block increases the anti-
AF effects of an optimized NCB by delaying repolarization
at rapid rates (41). However, IKr blockers have reverse-use-
dependent effects on APD, such that the APD-prolonging
effect of IKr block is maximal at the slow rates of normal si-
nus rhythm (producing a serious risk of excess repolariza-
tion delay and ventricular proarrhythmia) and decreases
markedly at rapid rates like those of AF. Given the positive
rate-dependence of the APD-prolonging effect of IKur block,
the addition of an IKur blocker to an optimized NCB would
be expected to potentiate the NCB’s anti-AF efficacy prefer-
entially at rapid rates such as during AF. We have already
shown evidence for this principle in a canine computational
model (41). The work presented here provides tools and
further rationale for testing this concept in human models.
Study limitations

First, this study was performed in silico with extensive use
of prior primary experimental patch-clamp data (2). The
model predictions regarding the rate-dependent effects of
IKur block on AP properties need to be tested prospectively
in human tissue. Second, the model does not consider IKur
2008 Biophysical Journal 112, 1997–2010, May 9, 2017
modulation by adrenergic (42) or by vagal (30) tone, nor
by temperature dependence (2). However, the model was
based on data obtained at normal body temperature and
should therefore be relevant to normal clinical conditions.
Finally, as discussed above, we simulated IKur block with
a fixed reduction in maximal conductance, whereas IKur
block by antiarrhythmic drugs have been shown to depend
on blocking kinetics and show state-dependent properties
(22,29,43). Further computational analyses considering the
state-dependent actions of specific IKur blockers might
therefore be of interest.

Our simulations in remodeled atria have one major limi-
tation. To compare remodeled results with those in non-re-
modeled conditions, we used the same IKACh model and
distributions. However, IKACh is greatly reduced in remod-
eled atria (44). There are no realistic IKACh models for
remodeled atria. Future work is needed to create such
models and use them to obtain a more accurate picture of
IKur-blocking effects under these conditions.
CONCLUSIONS

An updated in silico model that accounts for experimentally
observed IKur inactivation kinetics shows that, contrary to
possible intuitive inferences basedon the potentially complete
inactivation shown by IKur, IKur inactivation is in fact negli-
gible under physiologically relevant conditions. On the con-
trary, the main determinant of IKur rate dependence is the
response of its activation dynamics to frequency-dependent
changes in AP-morphology. However, despite a smaller abso-
lute IKur magnitude at rapid rates, the relative contribution of
IKur toAP repolarization increases because of decreases in off-
setting currents, particularly IKr. These positive rate-depen-
dent effects allow IKur block to terminate AF and position it
to have potentially valuable antiarrhythmic properties. At
the same time, our results also suggest that the efficacy of
IKur block for AF termination might be greatly attenuated in
the ionically remodeled atrium that develops after several
days or more of sustained AF (8).
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