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Abstract. The present study was designed to charac-
terize pharmacological, biophysical and electrophys-
iological properties of the recombinant human
cardiac Iy, (KCNQI1/KCNEI) channels at physio-
logical temperature. Human cardiac KCNQI and
KCNE]I genes were cotransfected into HEK 293 cells,
and a cell clone stably expressing both genes was
selected. Membrane currents were recorded using a
perforated patch-clamp technique. The typical Ik
was slowly activated upon depolarization voltages in
HEK 293 cells stably expressing human cardiac
KCNQI and KCNEI genes, and the current was
inhibited by Ik blockers HMR 1556 and chromanol
293B, with 50% inhibitory concentrations (ICsgs) of
83.8 nm and 9.2 pwm, respectively. s showed a sig-
nificant temperature-dependent increase in its mag-
nitude upon elevating bath temperature to 36°C from
room temperature (21°C). The current was upregu-
lated by the B-adrenoceptor agonist isoproterenol,
and the effect was reversed by H89. In addition, Ik,
was inhibited by Ba®" in a concentration-dependent
manner (ICsy = 1.4 mwm). Action potential clamp
revealed a ““bell-shaped” time course of Ix during the
action potential, and maximal peak current was seen
at the plateau of the action potential. A significant
use- and frequency-dependent increase of Iy, was
observed during a train of action potential clamp.
These results indicate that the recombinant human
cardiac Ix, stably expressed in HEK 293 cells is
similar to native Ik in drug sensitivity and regulated
by Ba?" and B-adrenoceptor via the cyclic adenosine
monophosphate/protein kinase A pathway. Impor-
tantly, the current exhibits significant temperature
dependence, a bell-shaped time course during action
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potential and prominent use- or frequency-dependent
accumulation during a train of action potentials.
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Introduction

The slowly activating delayed rectifier potassium
current I plays an important role in the repolari-
zation of mammalian cardiac action potential in
different species, including humans (Sanguinetti &
Jurkiewicz, 1990; Li et al., 1996; Lu et al., 2001). It
has been demonstrated that Ik, is a heteromultimeric
complex composed of four pore-forming o subunits
and several accessory [ subunits encoded, respec-
tively, by the KCNQ1 and KCNE] genes (Sanguinetti
et al., 1996; Barhanin et al., 1996; Chen et al., 2003).
Dysfunction of Ik due to genetic mutations in the
KCNQ1I or KCNEI gene is linked to congenital long
QT syndrome (LQT1 or LQTSY). Electrical remodel-
ing in diseased hearts is often associated with a
reduction of Iy, e.g., myocardial infarction (Jiang
et al., 2004), chronic heart failure (Li et al., 2002,
2004) and cardiac hypertrophy (Nabauer & Kaab,
1998; Xu et al., 2001). All these conditions increase
the risk for life-threatening ventricular arrhythmia.
Although some properties of the recombinant /i
were studied in different transiently expressing sys-
tems, detailed information of pharmacological and
biophysical properties has not been well documented
at physiological temperature. Here, we established a
HEK 293 cell line stably expressing recombinant
human cardiac Ixs by cotransfecting the human
KCNQI and KCNEI genes and characterized the
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channel’s pharmacological and biophysical properties
at physiological temperature (36-37°C). In addition,
we studied the time course and frequency dependence
of the Iy, current during cardiac action potentials at
physiological temperature.

Methods

CELL CULTURE AND GENE TRANSFECTION

HEK 293 cells were purchased from the American Type Culture
Collection (Manassas, VA) and grown in Dulbecco’s modified
Eagle medium (DMEM; Invitrogen, Carlsbad, CA) supplemented
with 10% fetal bovine serum in 5% CO, and 95% air at 37°C.

Human KCNQ1I and KCNEI cDNAs were generous gifts from
Dr. Mike Sanguinetti (University of Utah, Salt Lake City, UT) and
Dr. Richard Swanson (Merck & Co. Inc, West Point, PA), respec-
tively. These cDNAs were subcloned into the HindIII/BamHI site of
the pCEP4 vector (Invitrogen) and the EcoRI/Notl site of the
pALTER-Max vector (Promega, Madison, WI), respectively. The
vectors of hKCNQ1 (0.4 pg) and hKCNEI (4.0 ug) were cotrans-
fected into HEK 293 cells using Lipofectamine 2000™ (Invitrogen)
according to the manufacturer’s instructions. The cDNA molar
ratio of hAKCNEI:hKCNQ1 was 20:1, ensuring that cells expressing
hKCNQ1 also had hKCNE]I. After selection in 200 pg/ml hygro-
mycin (Sigma-Aldrich, St. Louis, MO) for 2 weeks, colonies were
picked with cloning cylinders and examined for channel expression
by whole-cell current recordings. One colony of cells with stable
expression of I (hKCNQ1/hKCNEI) was obtained and maintained
in DMEM containing 100 pg/ml hygromycin.

SoLUTIONS AND DRUGS

Tyrode solution contained (mm) NaCl 140, KCI 5.4, MgCl, 1.0,
CaCl, 1.8, NaH,PO, 0.33, 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES) 5.0 and glucose 10 (pH adjusted to 7.3 with
NaOH). For open-patch whole-cell recordings, the pipette solution
contained (mm) KCI 20, K-aspartate 110, MgCl, 1.0, HEPES 10,
ethyleneglycoltetraacetic acid (EGTA) 5, guanosine triphosphate
(GTP) 0.1, Na,-phosphocreatine 5 and Mg,-adenosine triphos-
phate (ATP) 5 (pH adjusted to 7.2 with KOH). For perforated-
patch recordings, EGTA, GTP and ATP were omitted while
amphotericin B (Sigma-Aldrich) was added to the pipette solution
(200 pg/ml).

HMR 1556 and chromanol 293B were gifts from Aventis
(Frankfurt, Germany). The stock solutions were made as 1 and 100
mM in dimethyl sulfoxide (DMSO, Sigma-Aldrich) and kept at 4°C;
HS89 (Sigma-Aldrich) and forskolin (Alomone Labs, Jerusalem,
Israel) were prepared as 10 mm stock solutions in DMSO and
distilled water, respectively, then divided into aliquots and kept at
—20°C. Isoproterenol (Sigma-Aldrich) was freshly prepared as 10
mwMm stock solution in 1 mm ascorbic acid and kept in the dark at
4°C. Propranolol (Sigma-Aldrich) was prepared as 10 mm stock.
DMSO had no measurable effect on Ik currents at the maximal
final concentration (0.1%).

DATA ACQUISITION AND ANALYSIS

Cells on a coverslip were transferred to an open cell chamber
mounted on the stage of an inverted microscope and superfused with
Tyrode solution at ~2 ml/min. Experiments were performed at room
temperature (21-22°C) and/or 36-37°C, maintained with a tem-
perature controller (Warner Instrument, Hamden, CT) as specified.
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Borosilicate glass electrodes (1.2 mm optical density, OD)
were pulled with a Brown-Flaming puller (P-97; Sutter Instrument,
Novato, CA) and had tip resistances of 1-2 MQ when filled with
the pipette solution. The currents were measured using an EPC-10
amplifier and Pulse software (Heka Elektronik, Lambrecht,
Germany). A 3 M KCl-agar bridge was used as the reference
electrode. Tip potential was zeroed before the patch pipette tou-
ched the cell. In most experiments, membrane currents were
recorded with perforated patch configuration by including 200 pg/
ml amphotericin B in pipette solution, and stable access resistance
(8-12 MQ) formed within 30 min. Current and voltage signals were
low pass-filtered at 5 kHz and stored in an IBM-compatible per-
sonal computer for off-line analysis.

Nonlinear curve fitting was performed using Pulsefit (Heka
Elektronik) or Sigmaplot (SPSS, Chicago, IL). Comparison was
made using a paired or unpaired Student’s z-test to evaluate the
statistical significance between two group means. Analysis of vari-
ance was used for multiple groups. Data were expressed as
mean + standard error (sE). Differences were considered significant
at P < 0.05.

Results
CELL LINE STABLY EXPRESSING Ik

Figure 1A illustrates the membrane currents recorded
using the whole-cell patch technique at 21°C, with the
voltage protocol shown in the inset in HEK 293 cells
with or without transfecting AKCNQ1I and hKCNEI
genes. A small endogenous membrane current was
observed in the cell without any gene transfection,
while a slowly activating current was elicited by the
depolarization voltages also with a significant tail
current at —40 mV in HEK 293 cells stably expressing
hKCNQI/hKCNEI and showed a characterization
typical of Ix,. We therefore referred to it as Ixs.

Rundown is a well-known problem for studies of
Ik with whole-cell dialysis patch-clamp configura-
tion. We found that the Ik stably expressed in HEK
239 cells also showed a significant rundown after cell
membrane rupture; however, the perforated patch
configuration with 200 pg/ml amphotericin B in the
pipette solution showed a stable recording. Figure 1B
illustrates time courses of normalized Ik, recorded
with a 3-s voltage step to +40 mV from —-80 mV,
then back to —40 mV in two typical experiments using
conventional whole-cell patch recording and perfo-
rated patch recording, respectively. In the whole-cell
patch configuration, I showed continuous rundown
(55% at 30 min) after membrane rupture, while in the
perforated patch recording, /xs showed no significant
rundown after stable access formation. Stable Ik,
recording was maintained for 30-50 min with perfo-
rated patch recording; therefore, perforated record-
ing was employed in the following experiments.

The Ik -selective blockers HMR 1556 and
chromanol 293B were verified in the HEK 293 cell
line stably expressing human cardiac I, with perfo-
rated patch recording. Both HMR 1556 and 293B
inhibited /Ix, (at +40 mV) in a concentration-
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Fig. 1. Membrane currents in HEK 293 cells. (4) Membrane cur-
rents were recorded at 21°C using the voltage protocol shown in the
inset in HEK 293 cells with («) and without () transfecting the
hKCNQI1/KCNEI genes. A slowly activating current was activated
in the cell stably expressing hKCNQ1/hKCNEI upon 3-s voltage
steps to between —60 and +40 (20-mV increment) from —80 mV
with significant tail current at —40 mV, typical of Ix,. A small
endogenous current was observed in the cell without gene trans-
fection. (B) Time courses of normalized /i tail current recorded at
—40 mV after a 3-s voltage step to +40 from —80 mV in whole-cell
patch configuration (open triangles) and perforated patch recording
with 200 pg/ml amphotericin B in pipette solution (open circles) in
different cells expressing Ik channels. Continuous rundown of [
was observed after membrane rupture in whole-cell patch config-
uration, while stable /x, was maintained for 30 min. Original /i,
traces at corresponding time points are shown at the right of the
panel. (C) Concentration-response relationships of I inhibition
by HMR 1556 (open circles) and chromanol 293B (open triangles).
The numbers in parentheses are experimental numbers.

dependent manner (Fig. 1C), and the concentration-
response relationship curves for the inhibition of Iy
by HMR 1556 in five cells completed all concentra-
tions (0.003—1 pum) and by 293B in six cells completing
all concentrations (1-100 pum) were fitted to the Hill
equation: E = Epu/[1 + (ICso/C)®], where E is the
effect at concentration C, E,,,, is the maximal effect,
1Csy is the concentration for half-maximal effect and
b is the Hill coefficient. The ICsq for HMR 1556 was
83.8 + 3.4 nm, with a b value of 1.13 (Ephax = 95%),
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while the ICsy for 293B was 9.2 + 0.7 um, with a b
value of 1.23 (Enax = 98%).

TEMPERATURE DEPENDENCE OF Iy

To investigate the temperature dependence of I, the
current was recorded at room temperature (21-22°C)
and then at 36-37°C. Each cell was tested at the two
temperatures to avoid issues of current variations
among cells. Figure 2A shows [ traces recorded in a
representative cell with a similar voltage protocol
shown in the inset of Figure 1A at 21°C and 36°C.
Magnitude and kinetics for activation and deactiva-
tion of I, clearly increased as bath temperature was
elevated to 36°C from 21°C. Figure 2B displays the
current-voltage (I-V) relationships of Ik tail current
at 21°C and 36°C in eight cells. The increase of bath
temperature resulted in a substantial augmentation of
current magnitude. Ik, tail current at +40 mV was
0.12 = 0.01 nA at 21°C and 0.44 + 0.05 nA at 36°C
(increased by 2.7-fold, P < 0.01).

The voltage dependence of Iy activation was
determined by normalizing /i tail current (measured
at —40 mV from the peak tail to the completed
deactivation level). Figure 2C displays the activation
curves fit to the Boltzmann function: f = 1/{1 +
exp[(Vo.s—V)/S]}, where V, is the test potential, V5 is
the midpoint of activation voltage and S is the slope
factor. Vys was 214 £ 1.4 mV at 21°C and
10.2 + 1.1 mV at 36°C (n = 7, P < 0.01), while S
was not significantly affected (13.3 + 2.0 for 21°C,
148 + 2.1 for 36°C), suggesting that activation
conductance of I is increased by elevating bath
temperature.

Figure 2D shows raw data for activation (+40
mV) and deactivation (-40 mV) of Ik, fitted by
single exponential functions with time constants at
21°C and 36°C. The activation of Ix, was fitted
from the significant activation of the current to the
end of the voltage steps, while the deactivation of
Ixs was fitted from the peak tail to the complete
deactivation level of the tail current. Both activa-
tion and deactivation time constants of Ix, were
decreased by elevating bath temperature from 21°C
to 36°C. Figure 2E illustrates the mean values for
the activation time constant of Ix, at different
voltages. The activation time constant of Ik, was
significantly reduced at 36°C at test potentials of
-20 to +40 mV (P < 0.01). Figure 2F displays the
deactivation time constant of Ix, determined at
potentials of —90 to —30 mV after a 3-s voltage step
to +40 mV (inset) measured at 21°C and then at
36°C. The mean values of the deactivation time
constant of I, at all test potentials were shorter at
36°C than those at 21°C (n =8, P < 0.01).
Therefore, Ik, activation and deactivation kinetics
are markedly accelerated at physiological tempera-
ture relative to those at room temperature. This
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Fig. 2. Temperature dependence of Iy,. (A4) Ik, traces recorded in a
representative cell with similar voltage protocol shown in the inset
of Figure 1A (3-s steps to between —60 and + 60 from —80 mV with
20-mV increment, then to —40 mV) at 21°C, then at 36°C. (B) I-V
relationships of Ik tail current measured at —40 mV from peak tail
current to the complete deactivation level at 21°C (open circles) and
36°C (open triangles) in the same group of cells (each cell tested at
the two temperatures). (C) Steady-state activation of Ix deter-
mined by normalizing Iy tail current at 21°C (open circles) and at
36°C (open triangles). The curve was fit to the Boltzmann function.
(D) Ik traces recorded from a representative cell with a 3-s voltage
step to +40 from —80 mV, then to —40 mV at 21°C, then at 36°C.
Raw data (points) of I, and corresponding I tail current at —40
mV were fit to a monoexponential function (solid line, superim-
posed with raw data) with activation and deactivation time con-
stants shown. (E) Activation time constant was greater at 21°C
than at 36°C in the entire voltage range (**P < 0.01, n = 8). (F)
Deactivation time constant of Ik determined with the voltage
protocol shown in the insez. The time constant was shorter at 36°C
(open circles) than at 21°C (open triangles) over the whole voltage
range examined(**P < 0.01, n = 8).

temperature dependence is important when consid-
ering the contribution of I, to action potential
repolarization at body temperatures.

Q) is the characteristic temperature coefficient,
which is used to assess temperature dependence of ion
channel currents (Noble & Tsien, 1968; Kiyosue
et al., 1993; Li et al., 1998). We determined Q;, values
for the amplitude and kinetics of the recombinant
human cardiac Ik, expressed in HEK 293 cells. The
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Qg for Iy, magnitude was calculated by the equation
Q]O =1+10 (A2 - Al)/[Al (T2 - Tl)]y where A] and
A, are Iy, magnitude at different temperatures T,
and T,, respectively; the Qo for Ik, activation and
deactivation time constants was calculated with the
equation Qo = exp{[10/(T> — T;)] In(ty/72)}, where
71 and 1, are the time constants obtained at T, and
T,, respectively. Qo values were 1.8 £ 0.1 for the
magnitude of Ixs at +40 mV, 4.9 £+ 0.2 for the time
constant of Ik, activation at +40 mV and 3.9 + 0.2
for the time constant of deactivation of Ik, at —40
mV. No voltage dependence of Q;, was observed for
the magnitude, activation and deactivation time
constants of Ig,.

MODULATION OF Ik BY -ADRENOCEPTOR VIA THE
CycLic ADENOSINE MONOPHOSPHATE/PROTEIN KINASE
A PATHWAY

To study whether the recombinant I expressed in
HEK 293 cells could be modulated by B-adrenocep-
tor via the cyclic adenosine monophosphate (CAMP)/
protein kinase A (PKA) pathway as in native cardiac
myocytes, we tested the effects of a B-adrenoceptor
agonist (isoproterenol), an adenylate cyclase activa-
tor (forskolin) and a PKA inhibitor (H89) on I at
36°C.

Figure 3 illustrates the effect of isoproterenol
(100 nm) on voltage dependence and kinetics of /Ixs.
The magnitude of I was augmented by application
of 100 n™m isoproterenol for 3 min (Fig. 3A). Mean
values of Ik, tail current were increased by isoprote-
renol at voltage steps from —20 to + 60 mV (Fig. 3B,
n =7 P <0.050r P < 0.0l vs. control). Figure 3C
shows the steady-state activation of Iy, determined
by normalizing the tail current in the absence and
presence of 100 nm isoproterenol. The Vs of Iy
activation was shifted toward hyperpolarization by 4
mV with 100 nMm isoproterenol (Vo5 109 £ 1.0 mV
for control, 6.9 = 0.8 mV for isoproterenol; P <
0.05, n = 7), while the slope factor was not affected
(13.8 £ 1.2 for control, 14.5 = 1.3 for isoprotere-
nol).

Figure 3D and E display the activation and
deactivation time constants of Ik in the absence and
presence of 100 nm isoproterenol. The activation time
constant of Iy, was reduced by isoproterenol at —20
to +40 mV (n = 7, P < 0.01 vs. control); however,
the deactivation time constant was increased by iso-
proterenol at potentials of =90 to —=20 mV (n = 7,
P < 0.01 vs. control). These results indicate that
isoproterenol accelerates the activation and slows
down the deactivation of Ik,.

Pretreatment with 1 pum propranolol fully pre-
vented the augmentation of Ik, by 100 nm isoprote-
renol (n = 6); however, forskolin at 1 pm
significantly increased Ixs (by 28.5 + 7.4%, n = 7,
P < 0.01 ) in the presence of propranolol. The
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Fig. 3. Effects of the B-adrenoceptor agonist isoproterenol (Iso) on
Iy in HEK 293 cells. (4) I traces recorded in a representative cell
with the voltage protocol as shown in the inset in the absence and
presence of isoproterenol. Isoproterenol at 100 nm substantially
increased Iks. (B) I-V relationships of I tail current in the absence
(open circles) and presence of 100 nm isoproterenol (filled circles,
*P < 0.05; **P < 0.01 vs. control). (C) Steady-state activation
curves were determined by normalizing Iy tail current measured at
—40 mV and fit to the Boltzmann distribution in the absence and
presence of 100 nm isoproterenol. (D) Time constant of Ik activa-
tion in the absence and presence of 100 nm isoproterenol (n = 7,
**P < 0.01 vs. control). (E) Voltage-dependent time constant of I
deactivation determined by the voltage protocol as shown in the
inset of Figure 2F in the absence and presence of 100 nMm isoprote-
renol. The deactivation time constant of Ik, was increased by
application of 100 nm isoproterenol(n = 7, **P < (.01 vs. control).

stimulatory effect of Ik by isoproterenol or forskolin
was completely reversed by the coapplication of 1 pum
H89 (n = 7). These results support the notion that
isoproterenol increased I by activating endogenous
B-adrenoceptor in HEK cells (Freeman et al., 2002;
Werry et al., 2002), and the effect was mediated by
the cAMP/PKA pathway.

INHIBITION OF Iys BY BA?*

It has been reported that Ba®" inhibits several K *
channel currents (Lesage et al., 1997, Weerapura
et al., 2000; Li et al., 2000). Here, we determined
whether human cardiac [Ixs would be affected by
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application of Ba®*. Figure 4A shows Iy, traces
recorded in a representative cell with a similar voltage
protocol as shown in the inset of Figure 3A in the
absence and presence of BaCl,. Ba®>" at 3 mwm sub-
stantially inhibited voltage-dependent Iy, and the
effect was reversed by washout. Figure 4B displays
the I-V relationships of mean values of I, step cur-
rent during control, in the presence of 3 mm Ba’"
and after drug washout for 5 min. Ba®" significantly
suppressed Ik at =20 to +60 mV (n = 6, P < 0.05
or P < 0.01 vs. control). Figure 4C illustrates the
concentration-response relation for the inhibition of
Ixs (+40 mV) by Ba®>'. The ICs, of Ba®" for
inhibiting I, was 1.4 mm, the Hill coefficient was 1.0
and E.x was 60%.

Figure 4D illustrates the steady-state activation
curves of Iy determined by normalizing the tail
current in the absence and presence of Ba®*. Ba®* at
3 mwm shifted the Vs of Ik, activation toward
depolarization by 6 mV (10.1 = 1.1 mV in control,
16.1 = 0.9 mV for Ba>"; n = 6, P < 0.01). Fig-
ure 4E displays the normalized current traces re-
corded in a representative cell by a 3-s voltage step to
+40 from —80 mV in the absence and presence of
Ba’*. The raw data (points) were fit to monoexpo-
nential functions (solid lines) with time constants
shown during control and after 3 mm Ba®>". Fig-
ure 4F shows the mean values of voltage-dependent
activation time constants in the absence and presence
of Ba?". Ba?" at 3 mm significantly increased the
activation time constant of Ix, at =20 and +40 mV
(n =6, P < 0.01), indicating a slowed activation
of the current. However, Ba’t did not affect the
deactivation time constant (data not shown).

TiME CoURSE OF Ixs DURING HUMAN CARDIAC ACTION
POTENTIAL

The distribution of Ik, during cardiac action po-
tential was studied wusing an action potential
waveform, as described previously (Li et al., 1999).
Figure SA illustrates the cardiac action potential
obtained from human ventricular myocytes
(Li et al., 1998) as a voltage waveform to clamp
cells and the current elicited by the action potential
in a HEK 293 cell expressing [xs channels in the
absence and presence of HMR 1556. HMR 1556 at
1 uMm almost abolished the outward current acti-
vated by the action potential. Figure 5B shows the
HMR 1556-sensitive Ix obtained by digital sub-
traction of the currents after application of HMR
1556 from those before drug application. The nor-
malized HMR 1556-sensitive I, exhibited a ‘“bell-
shaped” distribution during the cardiac action po-
tential, which activated slowly after depolarization,
reached a maximum level at plateau phase of the
action potential and declined with repolarization of
the action potential. Figure 5C shows instantaneous
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Fig. 4. Effects of Ba®>" on Ixs. (4) Voltage-dependent I recorded
in a typical experiment with the voltage protocol shown in the inset
of Figure 3A in the absence and presence of BaCl,. Ba>* at 3 mm
reversibly suppressed Ix. (B) I-V relationships of /¢ during control
(open circles), in the presence of 3 mm BaCl, (filled circles) and after
washout of Ba®™ for 5 min (open triangles, n = 6, *P < 0.05; **P
< 0.01 vs. control). (C) Concentration-response relationship of I
inhibition by Ba®*. ICs, was 1.4 mm, Hill coefficient was 1.0 and
Eax was 60%. (D) Steady-state activation curves of Ixg were
determined by normalizing Iy tail current in the absence and
presence of Ba®" and fit to the Boltzmann distribution. (E) Ixs
traces recorded with 3-s voltage step to +40 mV in a representative
cell in the absence and presence of 3 mM Ba®". Raw data were fit to
a monoexponential function with time constants shown. Ba®*
remarkably increased the activation time constant of Ixs. (F)
Voltage-dependent time constants of /i activation during control
and after application of 3mm Ba>" (n = 6, **P < 0.01 vs. control).

I-V relationship obtained by plotting the action
potential clamp voltage against normalized HMR
1556-sensitive Ixg current in Figure 5B, indicating
that the I-V relationship peaked at a plateau of
+30 mV during the action potential.

RATE-DEPENDENT INCREASE OF Ig

The rate-dependent increase or accumulation of Iy
was described in native cardiomyocytes of guinea pig
heart at physiologically relevant rates (Jurkiewicz &
Sanguinetti, 1993), and a similar finding observation
was made in canine ventricular myocytes with
application of the B-adrenoceptor agonist isoprote-
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renol (Stengl et al., 2003). To study whether the fre-
quency dependence was present in the recombinant
human cardiac I expressed in HEK 293 cells, the
action potential waveform was employed to record
Ik at 0.5-2 Hz. Figure 6 illustrates use and frequency
dependence of Ik with action potential clamp. Iy
was recorded at 0.5, 1.0, 1.5 and 2.0 Hz with a train
of 20 action potential waveforms (60-s interval be-
tween trains). Figure 6A displays the action potential
waveform and representative current traces from the
first, second and twentieth waveforms at 2 Hz in a
typical experiment. The magnitude of I, was clearly
larger during the second and twenticth waveforms
than during the first waveform, and the time of peak
current at plateau of the action potential shifted to
120 ms during the twentieth waveform from 185 ms
during the first waveform. Similar results were ob-
tained in a total of six cells.

Figure 6B shows changes in normalized Iy,
during each waveform expressed as a function of the
first waveform at each frequency. Statistically signif-
icant use dependence was noted at all frequencies
from 0.5 to 2.0 Hz (n = 8, P < 0.05 or P < 0.01).
The use-dependent increase in Ik, resulted in fre-
quency dependence of the current, as shown in Fig-
ure 6C, which illustrates the relation between pulse
frequency and steady-state peak Ik, at the twentieth
waveform. The normalized Ik was greater at 1, 1.5
and 2.0 Hz than at 0.5 Hz (P < 0.01).

The effects of the B-adrenoceptor agonist iso-
proterenol on time course and use and frequency
dependence of Ik were studied using the waveform
of human cardiac action potential in another set of
experiments. Figure 7A shows representative I
traces recorded at 0.5 Hz before (control) and after
application of isoproterenol in a typical experiment.
The magnitude of I was increased and the time of
peak current at plateau of the action potential was
slightly shifted to 184 ms from 196 ms during the
action potential waveform by application of 100 nm
isoproterenol. Figure 7B displays changes in nor-
malized Ixs during each waveform expressed as a
function of the first waveform at each frequency
during control and after 100 nm isoproterenol. Iso-
proterenol increased the degree of use-dependent
accumulation at 1 and 2 Hz and at 0.5 and 1.5 Hz
(data not shown). The frequency-dependent accumu-
lation of Ixs peak current (twentieth waveform)
during the action potential was increased by 5.5%,
4.3%, 4.1% and 4.3% with 100 nm isoproterenol
(n = 6, P < 0.05 vs. before isoproterenol).

Discussion
In the present study, we established a HEK 293 cell

line stably expressing high levels of recombinant
human cardiac Ix, channels and characterized in
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Fig. 5. Time courses of Ik during human cardiac action potential
(AP). (A) Action potential obtained from a human ventricular
myocyte was used to clamp the HEK 293 cell expressing Ixs
channels, and currents were elicited by the action potential during
control and after application of 1 um HMR 1556. (B) HMR 1556-
sensitive current, obtained by subtracting membrane currents be-
fore and after application of HMR 1556 and then normalized by
the maximum current, showing a “bell-shaped” distribution during
the action potential. (C) Instantaneous I-V relationship of HMR
1556-sensitive Ixs during the action potential against the action
potential voltage, peaked at about +30 mV.

detail the pharmacological and biophysical properties
of the current at physiological temperature with a
perforated patch technique.

HEK 293 cells were originally derived from
human embryonic kidney and subsequently demon-
strated to be a useful cell type to produce adenovirus,
other viral vectors and human recombinant proteins.
This type of cell has been used to stably (or tran-
siently) express cloned cardiac ion channels, including
hKvl1.5 (Choi et al., 2005), hERG (Zhou et al., 1998),
Kv4.2 and Kv4.3 (Guo et al., 2002), Kv2.1 (Leung
et al., 2005) and HCN (Ludwig et al., 1999) channels.
The present study established a HEK 293 cell line
stably expressing human cardiac Ix, channels by
cotransfecting the AKCNQ1 and hKCNE] genes, and
the current exhibited a characterization typical of Iy,
consistent with that of [y transiently expressed in
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Fig. 6. Use or frequency dependence of Ii,. (4) The same human
cardiac action potential (4P) as in Figure 5A used to clamp a HEK
293 cell expressing Ik channels and representative current traces
from first, second and twentieth action potentials at 2 Hz. (B)
Results (means =+ sg) are normalized to current elicited by the first
action potential of a train after resting for 60 s. The action potential
clamp frequencies were 0.5, 1, 1.5 and 2 Hz (n = 8). (C) Steady-
state frequency (increase) of Ix,. Results (mean + sg) for each cell
during twentieth action potential at each frequency (n = 8, **P <
0.01 vs. 0.5 Hz).

HEK cells reported by Zhang and colleagues (2001).
However, it is different from that described by
Kupershmidt and coworkers (2002), who reported in
a comparative study that Ik was generated in HEK
293 cells only when a domain-containing protein
(fhl12) was coexpressed with KCNQ1 and hKCNEI.
The results from Zhang et al. (2001) and the present
observations suggest that fhl2 is not necessary for
expressing functional /i channels in HEK 293 cells.
The variation is likely related to different vectors
applied.

A rundown of Ix, was observed in whole-cell
patch configuration due to alteration of the intracel-
lular milieu. Therefore, perforated patch recording
with amphotericin B was used (Fig. 1B). The selective
Ixs blockers HMR 1556 and chromanol 293B
blocked Ik channels and had ICsos of 83.8 nm and
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Fig. 7. Effects of isoproterenol on time courses of Ii, during hu-
man cardiac action potential (4P) and use dependence of the
current. (4) The same human cardiac action potential as in Figure
6A used to clamp a representative HEK 293 cell expressing Ik
channels, and current traces were recorded at 0.5 Hz before (con-
trol) and after application of 100 nm isoproterenol. (B) Results are
normalized to current elicited by the first action potential of a train
after resting for 60 s. The action potential clamp frequencies were 1
and 2 Hz (n = 6, P < 0.05 vs. before isoproterenol).

9.2 uMm, respectively, for the inhibition of human
cardiac Ixs. The ICsqo values are close to those (65 nm
for HMR 1556, 8 pum for 293B) observed in canine
ventricular myocytes (Volders et al., 2003), suggesting
the cell line stably expressing human cardiac Ik
would be a good model for pharmacological evalua-
tion. In addition, cells stably expressing human car-
diac Ik, are much more convenient than those of
transiently transfected /i channels. Especially when
the perforated patch configuration is employed to
limit the current rundown, a highly successful
recording may easily be obtained with the stable cell
line. Although perforated patch configuration had
high access resistance, the voltage error would not
significantly affect the major conclusion of this slowly
activating current (Sanguinetti & Jurkiewicz, 1990).
The temperature dependence was observed in
several ion channel currents of cardiac myocytes (Li
et al., 1998; Tiwari & Sikdar, 1999) and related to the
variation of cardiac action potential duration at dif-
ferent temperatures (Kiyosue et al., 1993). The Qg
value of 1.8 we observed here in human cardiac Ik,
stably expressed in HEK 293 cells was close to those
(1.5-1.8) of other K™ channels (Li et al., 1998; Tiwari
& Sikdar, 1999) and that (1.7) in human cardiac Iy
expressed in Chinese hamster ovary cells (Seebohm
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et al., 2001) but smaller than those (3.5-4.4) in native
cardiac Ixs in guinea pig ventricular myocytes
(Kiyosue et al., 1993) and that (5.1) in cloned
hKCNQI/hKCNEI genes expressed in Xenopus
oocytes (Seebohm et al., 2001). Whether the different
Qqos of Ik, are related to different cell types and/or
species remains to be studied.

It is interesting that the Vs (+10.2 mV, Fig. 2)
of Ixs activation obtained in HEK cells stably
expressing recombinant human cardiac I is close to
that (+9.4 mV) observed in human right ventricular
myocytes from explanted heart (Li et al., 1996), to
those (+7.0-15 mV) observed in rabbit ventricular
myocytes (Salata et al., 1998; Xu et al., 2001) and to
that (+15.7 mV) in guinea pig cardiac myocytes
(Sanguinetti & Jurkiewicz, 1990). The time constant
(110 ms at —30 mV) of deactivation of recombinant
Ik, 1s close to that (122 ms) observed in undiseased
human ventricular myocytes (Virag et al., 2001) but
different from that (220 ms) in relatively normal hu-
man right ventricular myocytes (Li et al., 2004). The
time constant (162 ms at +40 mV) of Ix activation
in HEK cells is, however, smaller than that (903 ms)
observed in undiseased human ventricular myocytes
(Virag et al., 2001). These different values are likely
related at least in part to the difficulty of separating
I, current in native cells from other currents.

The B-adrenoceptor agonist isoproterenol, as in
native mammalian cardiac cells (Salata et al., 1998;
Han, et al., 2001), upregulated the recombinant
human cardiac I expressed in HEK cells, shifted the
conductance-voltage relationship to more negative
potentials and speeded up the activation kinetics and
slowed down the deactivation rate (Fig.3). The
observation of B-adrenoceptors in HEK 293 cells is
supported by a previous report (Friedman, et al.,
2002). In addition, the antagonism of the effects of
isoproterenol and forskolin by the PKA inhibitor
H&89 suggested an intact B-adrenoceptor cAMP/PKA
system in HEK 293 cells.

It was reported that Ba®>" inhibited several K"
channel currents (Lesage et al., 1997; Weerapura
et al., 2000; Li et al., 2000). Ba>" also inhibited the
recombinant human cardiac [k in a concentration-
dependent manner with an ICsy of 1.4 mwm
(Emax = 60%), shifted rightward the voltage-depen-
dent activation and slowed activation without
affecting the deactivation kinetics of Ik channels
(Fig. 4). The effect suggests that /s channels contain
a Ba’" binding site. No information is available in
the literature regarding the effect of Ba®>* on native
cardiac I to compare this observation. This effect
should be considered when Ba””" is used for blocking
other K™ currents in native cells.

I 1s an important contributor to the repolari-
zation in cardiac action potential. The present results
with the action potential clamp technique demon-
strate a bell-shaped distribution of Ik, during the



M.-Q. Dong et al.: Properties of Human Cardiac Ik

action potential (Fig. 5), similar to the prediction of
the mathematical model (Zeng et al., 1995) and the
observation in guinea pig ventricular myocytes
(Rocchetti et al., 2001). The current slowly activated
and reached a maximum level at plateau of the action
potential (about +30 mV), then gradually inacti-
vated to zero at termination of the action potential.

A significant use- and frequency-dependent in-
crease of Ix, was observed at physiologically relevant
rates of 1-2 Hz with the action potential clamp tech-
nique (Fig. 6), consistent with the reports in guinea
pig cardiac myocytes (Lu et al., 2001; Jurkiewicz &
Sanguinetti, 1993). A previous study described that
the accumulation of I at high heart rate was related
to the higher density and slow deactivation kinetics of
the current in guinea pig ventricular myocytes, while
no significant accumulation of Ik, in rabbit ventricu-
lar cells was due to the lower density and faster
deactivation of the current (Lu et al., 2001). However,
the frequency dependence of I observed in this study
seems mainly related to the fast activation and large
magnitude (or density) of the current since the deac-
tivation time constant of the current is much faster
(Fig. 3, 63 ms at =50 mV) than that (151 ms) observed
in rabbit ventricular cells (Lu et al., 2001). The notion
that the speed of activation and the density of the
current dominate the accumulation of Ik, is supported
by recent observations in canine ventricular myocytes
(Stengl et al., 2003). These authors found that the
accumulation of Ix, was significant only when the
current was augmented by application of isoprotere-
nol in action potential clamp experiments (Stengl et
al., 2003). We also found that isoproterenol increased
the degree of accumulation of /I (Fig. 7). Our earlier
study showed that the small Ik, did not show a sig-
nificant increase at a higher rate in ventricular cells
from explanted human hearts (Li et al., 1999). Al-
though the accumulation of I was observed in HEK
293 cells, whether the accumulation of Ik is signifi-
cant in human heart and involved in the rate-depen-
dent abbreviation of human cardiac action potential
remains to be studied in undiseased human cardiac
myocytes.

In summary, the present study provides detailed
information that the recombinant human cardiac Ik,
stably expressed in HEK 293 cells is similar to native
Ik, in drug sensitivity and modulated by Ba®" and
B-adrenoceptor via the cAMP/PKA pathway. Impor-
tantly, the current exhibits significant temperature
dependence, a bell-shaped time course during action
potential and prominent use- or frequency-dependent
accumulation of activation during a train of pulses.
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