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a b s t r a c t

Outward delayed rectifier potassium channel and outward transient potassium channel have multiple
important roles in maintaining the excitability of hippocampal neurons. The present study investigated
the effects of two bufadienolides, Resibufogenin (RBG) and Cinobufagin (CBG), on the outward delayed
rectifier potassium current (IK) and outward transient potassium current (IA) in rat hippocampal neurons.
RBG and CBG have similar structures and both were isolated from the venom gland of toad skin. RBG
inhibited both IK and IA, whereas CBG inhibited IK without noticeable effect on IA. Moreover, at 1 lM con-
centration both RBG and CBG could alter some channel kinetics and gating properties of IK, such as
steady-state activation and inactivation curves, open probability and time constants. These findings sug-
gested that IK is probably a target of bufadienolides, which may explain the mechanisms of bufadieno-
lides’ pathological effects on central nervous system.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Resibufogenin (RBG, C24H32O4) and Cinobufagin (CBG,
C26H34O6) are two bufanolide steroid compounds isolated from
the secretion (known as Chansu, which has been used as a tradi-
tional Chinese medicine) of the Asiatic toad Bufo gargarizansa Can-
tor or Bufo melanostictus Schneider. RBG, CBG and other bufanolide
steroid compounds, collectively known as bufadienolides, have
similar chemical structures to digitoxigenin (Fig. 1) and possess
both pharmacological and toxicological effects as shown by
in vitro and in vivo studies such as cardiotoxic, cardiotonic, anes-
thesia, and anti-tumor effects (Xie et al., 2000; Krylov, 2002). The
effects of Chansu formulations on the electrophysiological charac-
teristics of membrane, especially that of mammalian myocardial
muscle cells have been investigated, and some researchers have
demonstrated that RBG exerts its pharmacological and toxicologi-

cal effects on cardiac cells through regulating potassium rectifier
current (Xie et al., 2000), membrane depolarization (Xie et al.,
2001) and Na+–K+ ATPase activity (Bick et al., 2002). All the evi-
dences from electrophysiological experiments have revealed that
ion channels might be a target of RBG in cardiac cells. In addition,
a large number of ion channels in the membranes of neurons are
targets for many kinds of toxins and drugs, and many neuronal
protections and damages of central nervous system (CNS) are
caused by improving or disrupting the functions of ion channels
(Calavresi et al., 1995; Taylor and Meldrum, 1995; Deng et al.,
2005, 2008; Liu et al., 2009). Meanwhile, most of the bufadieno-
lides also have some pharmacological effects on the CNS, similar
to respiratory stimulation, vasopressor action and anesthesia (Xie
et al., 2001). All of these imply that ion channels may be one of
the main targets of bufadienolides in the nervous system. How-
ever, whether the pharmacological effects of RBG and CBG are con-
nected to the ion channels remain controversial, and no
information on the effect of RBG or CBG on the ion channels of neu-
rons has been reported.

Voltage-gated potassium (kV) channels are recognized as
important determinants that maintain neuronal excitability and
function (Alshuaib and Mathew, 2002) via regulating resting mem-
brane potential (RP), interspike membrane potential, and spike fre-
quency (Rudy, 1988; Pongs, 1999). The kV currents recorded in rat
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hippocampal pyramidal neurons are classified into four compo-
nents, based on their specific voltage dependence of inactivation,
and their dependence on calcium influx. The four currents include
three kinds of outward potassium currents (outward delayed recti-
fier current, transient or ‘‘A-type’’ current, Ca2+-dependent current
of low and high conductance) and one inward rectifier potassium
current (Storm, 1990; Vreugdenhil et al., 1995). It is well known
that delayed rectifier potassium current (IK) and transient outward
potassium current (IA) are essential for controlling and modulating
the action potential (AP) in various excitable cells such as atrial
myocytes, sympathetic neurons, and hippocampal neurons (Tes-
sier et al., 1999; Malin and Nerbonne, 2002; Zhang et al., 2004;
Tian et al. 2009), producing a series of physiological and patholog-
ical changes.

In the present study, the influences of RBG and CBG on the IK

and IA of cultured hippocampal neurons were investigated by using
whole-cell and single-channel patch clamp recordings, and the
possible mechanisms by which these two bufadienolides exert
their effects on IK and IA were also explained.

2. Materials and methods

2.1. Cell culture

Primary hippocampal CA1 pyramidal neurons were isolated
from the brain of 24-h neonatal SD rats (Experimental Animal Cen-
ter, Dalian Medical University, China). All experiments were con-
ducted in accordance with the guidelines of the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals, and all efforts were made to minimize the number of ani-
mals used and their suffering.

Briefly, newborn SD rats (n = 20) were decapitated to obtain the
brains. After removing the blood vessels and piamater, the hippo-
campi were quickly separated, cut into 400-lm slices and incu-
bated with 0.125% trypsin in PBS at 37 �C for 30 min, followed by
dispersion via mechanical dissociation in culture medium. The sus-
pension was then placed on 0.01% poly-D-lysine-coated glass slip
inside a 35-mm plate at a density of approximately 2 � 105 cells/
ml. The culture medium consisted of Dulbecco’s modified Eagle’s
medium/nutrient F12 (DMEM/F12) supplemented with 10% (v/v)
heated-inactivated fetal bovine serum, 50 U/ml penicillin, 1.2 g/l
sodium bicarbonate and 2 mmol/L L-glutamine. Cultures were
maintained in a humidified incubator with 95% O2 and 5% CO2 at
37 �C. After 24 h of incubation the medium was replaced with fresh
one and incubated for another 24 h, followed by addition of 10 lM
arabinoside cytosine. Half of the culture medium was removed and

replaced with fresh medium at every 48 h thereafter. All experi-
ments were carried out within the 5th–10th day after plating.

2.2. Electrophysiological recordings

Conventional whole-cell patch-clamp recordings and single-
channel patch-clamp recordings were performed with primary cul-
tured hippocampal neurons under standard configuration (Houzen
and Kanno, 1998). The recording pipettes were prepared from
borosilicate glass using a two-stage puller (PC-10, Narishsige, To-
kyo, Japan) to gain approximately 1–2 lm tip diameter. Patch pip-
ettes had a tip resistance of 5–10 MX when filled with pipette
solution at pH 7.2 containing (in mM): KCl (65), KF (80), KOH (5),
HEPES (10), EGTA (10), and Na2-ATP (2). The neurons were trans-
ferred to a 1.0-ml recording chamber mounted on an inverted
microscope (IX 71, Olympus) and immersed in the standard bath
solution at pH 7.2 containing (in mM): NaCl (150), KCl (5), MgCl2

(1.1), CaCl2 (2.6), HEPES (10), and Glucose (10). Recordings were
performed with an EPC-10 (HEKA, Germany) amplifier driven by
PULSE software.

For the whole-cell recording, the membrane was ruptured with
gentle suction to obtain the whole-cell patch-clamp configuration
after a giga ohm seal (>1 GX) formation. During the recording pro-
cess, leak subtraction was compensated for by using a P/4 protocol.
Capacitance and series resistance were routinely compensated by
60–80% in all experiments. Signals were low-pass filtered at
2 kHz and digitized at 10 kHz. For recording voltage-gated potas-
sium current, tetrodotoxin (TTX, 1 lM) and CdCl2 (0.3 mM), were
added into the bath solution to block voltage-dependent Na+ and
Ca2+ currents, respectively.

For the single-channel patch-clamp, the pipettes were filled
with the pipette solution at pH 7.3 containing (in mM): NaCl
(130), KCl (3), MgCl2 (2), CaCl2 (2), HEPES (10). After a giga ohm
seal (>1 GX) formation, the pipette was raised gently and rapidly
to obtain the inside–out configuration, then the standard bath
solution was replaced with single-channel bath solution at pH
7.3 containing (in mM): KCl (130), MgCl2 (2), EGTA (2), HEPES
(10) and Glucose (10). Signals were low-pass filtered at 2 kHz
and digitized at 20 kHz. All experiments were performed at room
temperature (22–25 �C).

2.3. Reagents

RBG and CBG (Purity P98%, Fig. 1B), purchased from the Na-
tional Institute for Control of Pharmaceutical and Biological Prod-
ucts (Beijing, China), were dissolved in dimethyl sulfoxide
(DMSO) as stock solutions and stored at �20 �C. The stock

Fig. 1. Structures of RBG & CBG.
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