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As is well known, the sino-atrial (SA)
node is the pacemaker region of the
mammalian heart. One of the most
prominent features of SA node cells is
the “funny” current (I [1-4]). Activa-
tion of Ir at the termination of an action
potential is the main process responsi-
ble for the generation of the diastolic
depolarization and spontaneous activity
of cardiac pacemaker cells. The inward
Ir current that is carried by Na* and
K* is activated upon membrane hyper-
polarization within a voltage range [5,
6]. Ir is modulated by the direct bind-
ing of cyclic adenosine monophosphate
(cAMP), which flows through the hyper-
polarization-activated cyclic nucleotide-
gated (HCN) channels. The molecular
identity of this current hasbeen identified
through heterologous expression. The
four isoforms of the mammalian HCN
channels (HCN1-4), which belong to
the superfamily of voltage-dependent
K* and cyclic nucleotide-gated channels,
combine to form tetrameric channels in
the heart and nervous system [7-10].
Previous studies have shown that all four
channel isoforms have been detected in
the heart. HCN4 is the most promi-
nent HCN transcript in the SA node,
whereas HCN2 is the dominant tran-
script in the ventricles of all the species
investigated. Ir has been considered to
produce automatic activity from other
cardiac regions, including the Purkinje
fibers, atrioventricular node, atrium, and
ventricle [11-14].

Ginkgo biloba extract (GBE) has been
used worldwide as a herbal medicine that
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possesses anumber of constituents, and is
mainly composed of flavonoids, includ-
ing quercetin and rutin, and terpenoids
such as bilobalide and ginkgolides A, B,
and C [15, 16]. The effects of GBE and
bilobalide (its main constituent) on the
pacemaker activity and the underlying
ionic currents in rat SA nodal cells have
been investigated, indicating that GBE
and bilobalide decreased the slope of the
diastole (phase 4 depolarization; [17]).
Satoh [18] demonstrated that the cur-
rent of Ir was inhibited by this drug in
rat SA nodal cells. Although these re-
sults indicated that GBE may affect the
function of cardiac HCN channels and
the spontaneous activity, the mechanism
of its action has not been explained.

The aim of the present study was to
examine whether GBE affects human
HCN2 (hHCN2) and hHCN4-mediated
currents heterologously expressed in
Xenopus oocytes. The ability of GBE to
modulate Ir in the oocytes injected with
the HCN gene may contribute to anti-
arrhythmic therapy.

Materials and methods

Study approval

Theanimals used in the study were treated
in accordance with the National Insti-
tutes of Health Guide for the Care and
Use of Laboratory Animals, and all the
experimental methods were approved by
the Animal Research Committee of the
First Clinic College of Wuhan University
(Wuhan, China).

In vitro transcription and
functional expression in Xenopus
oocytes

Wild-type hHCN2 and hHCN4 comple-
mentary DNA (cDNA) inserted into the
pcDNA3 vector were kindly provided by
Professor Ludwig and Professor Stieber
(Friedrich-Alexander-Universitit Erlan-
gen-Nirnberg, Erlangen, Germany).
cRNAs that were used for injection into
oocytes were prepared with the T7 kit
(Ambion, Austin, TX, USA) following
linearization of the expression constructs
with Xbal (Takara, Kyoto, Japan). RNA
quality was checked by gel electrophore-
sis and its concentration was quantified
by ultraviolet spectroscopy (UV-2201;
Shimadzu Corp., Kyoto, Japan).

Voltage clamp of Xenopus oocytes

Xenopus frogs were anesthetized by cool-
ing on crushed ice for 30-40 min. Ovar-
ian lobes were digested with 1mg/ml
type IA collagenase in Ca?*-free ND96
solution for 30min to remove follicle
cells. Stage IV and V Xenopus oocytes
were injected with 30nl (1pg/pl) of
hHCN?2 and hHCN4 cRNAs per oocyte
using a Nanoject micro-dispenser and
cultured in ND96 solution supplemented
with 100 U/ml penicillin, 100 U/ml strep-
tomycin, and 2.5mM pyruvate at 17°C
for 2-3 days before being used in voltage
clamp experiments. Recordings were
performed 2-12 days after injection.
A standard two-microelectrode voltage-
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Fig. 2 A Concentration-dependent blockage of Gingko biloba extract (GBE) on hHCN2 and hHCN4 currents in Xenopus
oocytes. a The percentage inhibition of the hHHCN2 and hHCN4 currents, induced by GBE (0.01-1 mg/ml), at the test potentials
of =110 mV investigated. b Original current tracing of the lrchannel was superimposed prior to (control) and subsequent to
superfusion of GBE (0.01-1 mg/ml). c The concentration-response curves were plotted based on data from b and fitted by the
Hill equation, and ICso values were calculated. d Time course of the effects of GBE on It Pacemaker cells were perfused with
Tyrode solution for 5 min before application of 0.3 mg/ml and again with Tyrode solution (washout). The normalized currents

were plotted during the recording course

clamp technique was used to record
currents at 21-23 °C.

Drugs and reagents

Collagenase type I, zatebradine, CsCl,
4-aminopyridine and HEPES were pur-
chased from Sigma-Aldrich (St. Louis,
MO, USA). Bovine serum albumin and
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pronase E were obtained from Roche
(Basel, Switzerland). The GBE was pro-
vided by Wuhan Jianmin Pharmaceutics
Co. (Wuhan, China), and was dissolved
in dimethyl sulfoxide (DMSO) stock so-
lution. The DMSO final concentration in
the bathing solution was 0.5%. In order
to maintain a constant concentration of
ions and drugs, the perfusion rate was

strictly controlled using the perfusion de-
vice BPS-4 (ALA Scientific Instruments,
Inc., Westbury, NY, USA) and a constant-
flow pump.
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Data acquisition and statistical
analysis

All the data were stored on the com-
puter hard disk and analyzed off-line
using Clampfit 10.0 (Axon Instruments,
San Jose, CA, USA) and Origin 8.0 soft-
ware (Origin Laboratory, Northampton,
MA, USA). The amplitude of HCN-me-
diated currents was defined as the time-
dependent component (Isp) at the end
of hyperpolarizing pulses or the peak tail
current (L) at the beginning of depo-
larizing pulses. To construct I-V associ-
ations, the currents were normalized to
their own maximum current measured
prior to drug treatment and subsequently
plotted as a function of the test potential
(V). Voltage dependent on HCN current
activation was determined by the analysis
of L. measured at depolarizing poten-
tials. All the tail current amplitudes from
an individual oocyte were normalized to
their own Iy, plotted as a function of Vt,
and fitted again with a Boltzmann func-
tion: 1/ Imax=1/ [1+ exp(Vt- Vi) / k]
to determine the values of the half-point
(V12) and the slope (k). The time con-
stants for the HCN current activation or
deactivation (activation or deactivation)
at different Vt were determined using
the standard exponential curve fitting.
Activating or deactivating currents were
fitted to a single exponential function:
I(t)= Ae -t / T+ C. The concentration—
effect curves were fitted using the Hill
equation in the form, f=1/ [1+ (ICso /
D)n], where f was the increase in HCN
currents, expressed as percentage change
compared with the control values, ICso
was the concentration of GBE for half-
maximum inhibitory, D was the con-
centration of GBE, and n was the Hill
coefficient. Data are presented as the
mean + standard deviation. Students ¢
test was used for statistical analysis of
the paired observations, and an analy-
sis of variance was performed to test the
difference among the groups; p<0.05 was
considered to indicate a statistically sig-
nificant difference.
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Abstract

Background. In the present study, the
electropharmacological activity of traditional
Chinese medicine, Ginkgo biloba extract
(GBE), on human hyperpolarization-activated
nucleotide-gated (HCN) channels and the
underlying “funny” currents was investigated.
Methods. Standard two-electrode voltage-
clamp recordings were employed to examine
the properties of cloned HCN subunit
currents expressed in Xenopus oocytes under

Results. We found that GBE irreversibly
inhibited the HCN2 and HCN4 channel
currents in a concentration-dependent
fashion and that the HCN4 current was

controlled conditions and GBE administration.
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more sensitive to GBE compared with HCN2.
In addition, GBE inhibition of the current
amplitudes of HCN2 and HCN4 currents was
accompanied by a decrease in the activation
and deactivation kinetics.

Conclusion. The results of this study contri-
bute toward illustrating the antiarrhythmic
mechanism of GBE, which might be useful for
the treatment of arrhythmia.

Keywords

Ginkgo biloba extract - Xenopus oocyte -
Voltage-clamp - HCN channels - Medicine,
Chinese traditional
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Zusammenfassung

Hintergrund. In der vorliegenden Studie
wurde die elektropharmakologische Aktivitat
einer Form traditioneller chinesischer
Medizin, des Ginkgo-biloba-Extrakts (GBE),
auf humane hyperpolarisationsaktivierte
nukleotidgesteuerte (HCN-)Kanéle und die
zugrunde liegenden Strome, ,funny currents’,
untersucht.

Methoden. Standardisierte Aufnahmen

mit 2-Elektroden-Spannungsklemmen
wurden verwendet, um die Eigenschaften
der Strome geklonter HCN-Untereinheiten zu
untersuchen, die in Xenopus-Oozyten unter
kontrollierten Bedingungen und Anwendung
von GBE exprimiert wurden.

Ergebnisse. Die Autoren stellten fest, dass
GBE die HCN2- und HCN4-Kanalstrome

Wirkung von Ginkgo-biloba-Extrakt auf HCN-Gen-codierte

konzentrationsabhdngig irreversibel hemmte
und dass der HCN4-Strom empfindlicher auf
GBE reagierte als HCN2. Dariiber hinaus trat
als Begleiterscheinung der GBE-Inhibition bei
den Stromamplituden der HCN2- und HCN4-
Strome eine Verminderung der Aktivierungs-
und Deaktivierungskinetik auf.
Schlussfolgerung. Die Ergebnisse der vorlie-
genden Studie tragen zur Veranschaulichung
der antiarrhythmischen Mechanismen des
GBE bei, welcher sich moglicherweise fiir die
Behandlung von Arrhythmien eignet.

Schliisselworter

Ginkgo-biloba-Extrakt - Xenopus-Oocy-
ten - Spannungsklemme - HCN-Kandle -
Chinesische traditionelle Medizin

Results

Electrophysiological properties of
hHCN channels heterologously
expressed in Xenopus oocytes.

For voltage-clamp recording, the hHCN2
current was elicited by hyperpolariza-
tion pulses of 4000ms from a holding
potential of -40 to -140mV in 10-mV
decrements at 0.1Hz and subsequently
clamped back to OmV for 1000ms,
whereas the hHCN4 current by hyper-

polarization pulses of 4000 ms was from
aholding potential of -60 mV to -150 mV
in 10-mV decrements at 0.1 Hz and sub-
sequently clamped back to 10mV for
2000ms (@ Fig.1). Thereafter, selective
and non-selective f-channel blockers,
zatebradine and CsCl, were utilized to
confirm the HCN channel biophysi-
cal properties. The hHCN2 (n=3) and
hHCN4 (n =4) currents were readily and
completely blocked by 5mM CsCl. By
contrast, 10 uM zatebradine markedly in-
hibited the hHCN2 and hHCN4 currents
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Fig. 3 A Effects of Gingko biloba extract (GBE) on voltage dependence of the activation of hHHCN2 and hHCN4 currents. a Nor-
malized activation curves of hRHCN2 current expressed in the oocytes in ND96 solution and the presence of 0.03 or 0.3 mg/ml
GBE. b Normalized activation curves of hHCN4 current expressed in the oocytes in ND96 solution and the presence of 0.03 or
0.3 mg/ml GBE. c Current traces of hHCN2 channel expressed in the Xenopus oocytes were superimposed prior to (control) and
subsequentto superfusion of GBE (0.03 or 0.3 mg/ml). d Current traces hHCN4 channel expressed in the Xenopus oocytes were
superimposed prior to (control) and subsequent to superfusion of GBE (0.03 or 0.3 mg/ml). Tail currents were normalized to
the peak tail currents in the control condition for each oocyte and the data were fitted with the Boltzmann function

by 72.3+14.4 (n=3) and 86.3+9.7%
(n=4), respectively (B Fig. 1).

Concentration-dependent
blockage of hHCN currents by GBE

The results indicated the percentage in-
hibition of the h(HCN2 and hHCN4 cur-
rents induced by GBE (0.01-1mg/ml)
at the test potentials of -110mV in-
vestigated (B Fig. 2a). The association
between the decreased fraction of Ir and
the concentrations of GBE at -120 mV is
clearly shown in @ Fig. 2b, ¢, with ICsq val-
ues of 0.25+0.01 and 0.12+ 0.05 mg/ml,
and Hill coefficients of 0.09+ 0.03 (n=8)
and 0.06+0.02 (n=8), respectively. In
addition, the time course of the effects
of GBE on HCN currents was assessed.
Blockages of currents occurred rapidly
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in the presence of 0.3 mg/ml GBE, but
apparently were not reversed following
washout for 5min. After 15-20-min
washout, the current failed to recover
completely to the control level, but was
recovered to ~55-75% of the control
values (B Fig. 2d).

Effects of GBE on activation and
deactivation kinetics of hHCN2
and hHCN4 channels

The effects of GBE on activation curves of
hHCN2 and hHCN4 currents recorded
in oocytes are shown in BFig.3. The
activation curves were plotted by ampli-
tudes of tail currents at a depolarizing
potential to 0mV (B Fig.3a, b). The rep-
resentative traces of hLHCN2 and hHCN4
currents and the expanded traces of the

outward tail current prior to (control)
and subsequent to 0.03 or 0.3 mg/ml GBE
treatment are illustrated in B Fig. 3¢, d.
Superfusion of GBE (0.03 or 0.3 mg/ml)
reduced normalized I.i at voltages in
the range of -90--140mV, with more
pronounced effects at the more hy-
perpolarized voltages (n=8, p<0.05).
Furthermore, GBE (0.03 or 0.3 mg/ml)
caused a shift of Vi, from -93.6+6.3
to -90.5+4.6mV (n=8, p<0.05) or
-86.7+£5.6mV (n=8, p<0.05), respec-
tively. Similarly, GBE had inhibitory ac-
tions on hHCN4. The average value for
Vi/2 was -118.3+ 7.2 mV under the con-
trol conditions, and -107.4+ 4.9 mV and
-102.1+3.5mV following the addition
of 0.03 and 0.3 mg/ml GBE, respectively
(n=8, p>0.05).
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Fig. 4 A Effects of Gingko biloba extract (GBE) on the activation and deactivation kinetics of hHHCN2 and hHCN4 channels in

Xenopus oocytes. a The time constants for deactivation of hHCN2 currents and subsequent to GBE (0.03 and 0.3 mg/ml) were
plotted by the holding potentials. b The time constants for deactivation of hHHCN4 currents and subsequent to GBE (0.03 and
0.3 mg/ml) were plotted by the holding potentials.c The time constants for deactivation of hHHCN2 currents and subsequent to
GBE (0.03 and 0.3 mg/ml) were plotted by the holding potentials.d The time constants for deactivation of hHCN4 currents and
subsequent to GBE (0.03 and 0.3 mg/ml) were plotted by the holding potentials. tactivation of the HCN currents from -90 mV
to-140 mV and tdeactivation of HCN currents from =70 mV to —20 mV were determined using the standard exponential curve

fitting

Effects of GBE on activation and
deactivation kinetics of hHCN
channels

Adding GBE from -140mV to -90mV
in the testing potential channel in-
creased tactivation significantly, and
when the test potential became more
negative, this change was more evident.
Compared with the control, a lower
(0.03 mg/ml) and a higher concentration
(0.3mg/ml) of GBE did not signifi-
cantly affect the deactivation curves
of the hHCN currents (n=8, P> 0.05;
OFig. 4a, b), which may indicate that
the drug did not have a notable effect.
However, the values of tactivation were
increased markedly by GBE at a Vt
of -110mV from 504.6+39.8 (n=38)
to 588.4+21.7ms (0.03mg/ml, n=3;

p<0.05), and 1176.4+57.3 (0.3 mg/ml,
n=8; p<0.05) and 1330.5+59.8ms
(n=8) to 1973.1+83.6 (0.03mg/ml,
n=8; p<0.05) and 2814.5+107.6ms
(0.3mg/ml, n=8; p<0.05), respectively
(B Fig. 4¢, d).

Discussion

The HCN family of ion channels rep-
resent the molecular substrate for Ir in
cardiomyocytes. HCN2 was abundantly
expressed in the ventricles and HCN4
in the SA node. The Xenopus oocytes
were used as a heterologous expression
system and here we discuss the effects of
GBE on the expression of hHCN2 and
hHCN4 individually. The hHCN2 and
hHCN4 channels expressed in Xenopus
oocytes showed that the electrophysio-

logical properties were consistent with
those reported previously [19-21]. The
results of the present study indicated
that blockage of GBE on the hHCN2
and hHCN4 channels is concentration-
dependent, and that GBE markedly
shifts the activation curve of hHCN2
and hHCN4 currents toward more neg-
ative potentials and slows the kinetics
of activation, but not of deactivation. In
addition, previous studies [17, 22, 23]
have reported that GBE prolonged the
action potential duration, inhibited the
calcium channel currents, and delayed
the outward rectifier potassium channel
currents and inward rectifier potassium
currents in guinea pig ventricular my-
ocytes. In addition, Chen et al. [24]
found that 0.01-0.1% GBE significantly
inhibited the sodium current, L-type
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calcium current, and transient outward
potassium current in a concentration-
dependent manner in rat ventricular
myocytes. In hippocampal neuronal
cells, GBE and its constituents inhib-
ited receptor-gated chloride channels
[25]. Cermak et al. [26] showed that
quercetin (one of the constituents of
GBE) activated basolateral potassium
channels in the colon epithelium. These
noteworthy findings indicated that GBE
may be a potential multi-ion channel
blocker, which could be widely applied
in antiarrhythmic therapy.

Individual HCN subunits have six
transmembrane segments (S1-S6), with
a highly positively charged S4 domain
that is the putative voltage sensor and
the P domain between S5 and S6 acting
as the ion-conducting pore and selectiv-
ity filter [27-30]. Wahl-Schott and Biel
[29] believed that HCN channels were
dually activated by voltage and by cyclic
nucleotides, so that each one of the four
subunits of the tetrameric channel was
independently gated by voltage. When
a voltage sensor switched to the acti-
vated state, the probability for channel
opening increased. The present results
demonstrated that GBE principally af-
fected the activation of the two channels,
which would decrease the probability
of channel opening. This may be one
reason why GBE inhibited the HCN
channel current.

Furthermore, it was revealed that the
response of GBE on hHCN2 and hHCN4
was almost irreversible, and it was pre-
dicted that GBE may be a drug with long-
lasting action, which may exhibit distinct
characteristics by blood perfusion. No-
tably, the results showed distinct effects
of GBE (0.03 and 0.3mg/ml) in a sin-
gle concentration and, therefore, we had
reason to believe that the final concen-
tration of GBE active in the myocardium
in the clinical study by Satoh [23] may
be lower than the concentration used in
the present study. This would also ex-
plain why cardiac arrhythmias are not
observed during GBE therapy.

A previous study regarding the car-
diac-specific and inducible knockout
model of HCN4 and mutations in HCN4
channels indicated that the HCN4 cur-
rent provided a fundamental contribu-
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tion to basal heart rate maintenance and
modulation since its removal leads to
basal bradycardia and a strongly reduced
response to sympathetic stimulation [31].
Blockade of It has the potential to reduce
the heart rate without reducing contrac-
tility. This is particularly important in
patients with heart failure, ischemia, or
both. Ir is up-regulated in atrial and
ventricular myocytes during heart fail-
ure, hypertrophy, and atrial fibrillation
in rats and humans [4, 32-35]. Block-
ing these channels may be useful in
reducing the heart rate without causing
undesirable systemic cardiovascular re-
actions in patients with congestive heart
failure and in patients suffering from
conditions such as inappropriate sinus
tachycardia. Therefore, controlling the
heart via Ir blockers or down-regulation
of Irexpression may be used in numerous
clinical conditions.

Limitations

However, the data in the present study
were obtained from a heterologous ex-
pression system, which could not be di-
rectlyassociated with arrhythmia genesis.
In addition, despite the fact that GBE af-
fected the function of hHCN channels,
further experiments are required to eluci-
date each component acting on the HCN
channels and interacting with each other.

Conclusion

In the present study, we demonstrated
that GBE irreversibly inhibited the HCN2
and HCN4 channel currents in a concen-
tration-dependent fashion and the HCN4
current was more sensitive to GBE than
HCN2. Inaddition, GBEinhibition of the
current amplitudes of HCN2 and HCN4
currents were accompanied by decreas-
ing in the activation and deactivation
kinetics. Therefore, these results may
contribute to illustrate the antiarrhyth-
mic mechanism of GBE, and might be
useful for the treatment of arrhythmia.
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