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Abstract
The effects of aconitine (ACO), a highly toxic alkaloid, on ion currents in differentiated NG108-15 neuronal cells were investigated in this
study. ACO (0.3e30 mM) suppressed the amplitude of delayed rectifier Kþ current (IK(DR)) in a concentration-dependent manner with an IC50

value of 3.1 mM. The presence of ACO enhanced the rate and extent of IK(DR) inactivation, although it had no effect on the initial activation phase
of IK(DR). It could shift the inactivation curve of IK(DR) to a hyperpolarized potential with no change in the slope factor. Cumulative inactivation
for IK(DR) was also enhanced by ACO. Orphenadrine (30 mM) or methyllycaconitine (30 mM) slightly suppressed IK(DR) without modifying cur-
rent decay. ACO (10 mM) had an inhibitory effect on voltage-dependent Naþ current (INa). Under current-clamp recordings, ACO increased the
firing and widening of action potentials in these cells. With the aid of the minimal binding scheme, the ACO actions on IK(DR) was quantitatively
provided with a dissociation constant of 0.6 mM. A modeled cell was designed to duplicate its inhibitory effect on spontaneous pacemaking.
ACO also blocked IK(DR) in neuroblastoma SH-SY5Y cells. Taken together, the experimental data and simulations show that ACO can block
delayed rectifier Kþ channels of neurons in a concentration- and state-dependent manner. Changes in action potentials induced by ACO in
neurons in vivo can be explained mainly by its blocking actions on IK(DR) and INa.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Aconitine (ACO) is a highly toxic diterpenoid alkaloid
occurring in plants of the Aconitum genus. ACO and its struc-
turally related analogs are recognized for their phytomedical
effects on the heart, central nervous system, and skeletal
muscle (Ameri, 1998). The effects on Naþ channels have
thus been demonstrated to underlie toxicological or antinoci-
ceptive effects of this compound (Friese et al., 1997; Xu
et al., 2006). It was thought that ACO binds with high affinity
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to the open state of voltage-gated Na channels, thus causing
a persistent activation of Naþ channels by blocking their
inactivation (Ameri, 1998; Wang and Wang, 2003; Fu et al.,
2006). It has also been demonstrated that the increased ampli-
tude of persistent Naþ currents by ACO underlies the prolon-
gation of action potentials (Ameri, 1998; Wright, 2001; Amran
et al., 2004). Methyllycaconitine, its structurally-related ana-
log, was reported to be effective in antagonizing a7-nicotinic
receptors (Hardick et al., 1995; Ameri, 1998). However, little
information is available regarding the actions of ACO-related
alkaloids on voltage-gated Kþ channels, although ACO was
able to affect the repolarization phase of action potentials.

NG108-15 cells have been used as a neuron model in neu-
rophysiology and pharmacology research (Brown and Higa-
shida, 1988; Meves et al., 1999). It is a hybrid cell line
e-induced block of delayed rectifier Kþ current in differentiated NG108-15
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derived from the fusion of two separate cell lines, mouse
neuroblastoma (N18TG-2, a subclone of mouse C1300 neuro-
blastoma cells) and rat glioma (C6BV-1, a subclone of rat C6
glioma) (Brown and Higashida, 1988). This cell line was
reported to express Kv3.1a mRNA and to exhibit the activity
of delayed rectifier Kþ (KDR) channels (Brown and Higashida,
1988; Yokoyama et al., 1989; Wu et al., 2001; Lo et al., 2003).
In addition, the expression levels of Nav1.7 were elevated in
NG108-15 cells when neuronal differentiation was induced
by pretreatment with a cyclic AMP analogue (Kawaguchi
et al., 2007).

A characteristic feature of delayed rectification for Kþ

channels (i.e., KDR channels) is that brief depolarization acti-
vates the channel, but sustained depolarization can produce
a slow inactivation (Baukrowitz and Yellen, 1995; Rasmusson
et al., 1998; Fernandez et al., 2003). Inactivation is a basic
conformational change intrinsic to most of the Kþ channels
that controls repolarization. Inactivation has been observed
for many cloned Kþ channels of the Kv superfamily, and is
generally termed ‘‘C-type inactivation’’, to be distinguished
from ‘‘N-type’’ inactivation by the ‘‘ball-and-chain’’ mecha-
nism (Baukrowitz and Yellen, 1995; Rasmusson et al.,
1998). KDR channels with slow inactivation have been reported
to affect the fluctuation in resting membrane potential
(Marom, 1998). Moreover, the role of KDR channels, particu-
larly members of the Kv3 superfamily present in time-coding
neurons is to stabilize the resting membrane potential and
effectively reduce the broadening of high-frequency action
potentials (Hernandez-Pineda et al., 1999; Rudy and McBain,
2001; Lien and Jonas, 2003; Tateno and Robinson, 2007). A
similar type of inactivation has been characterized in Kv3.1
channels (Marom et al., 1993; Klemic et al., 2001).

Therefore, the objective of this study is to determine
whether ACO, a highly potent neurotoxin, has any effects on
ion currents and membrane potential in differentiated
NG108-15 neuronal cells. Of note, we found that in these cells,
in addition to inhibition of voltage-gated Naþ current (INa),
ACO could produce inhibitory effects on delayed rectifier Kþ

current (IK(DR)) in a concentration- and state-dependent
fashion. Current inactivation of IK(DR) in the presence of
ACO was also quantitatively characterized. Similar effects
were also observed in neuroblastoma SH-SY5Y cells. The
major action of ACO on IK(DR) is thought to be through an
open-channel mechanism. Simulation studies can also dupli-
cate experimental results.
2. Materials and methods
2.1. Cell preparation and differentiation
The clonal strain NG108-15 cell line, formed by Sendai virus-induced fu-

sion of the mouse neuroblastoma clone N18TG-2 and the rat glioma clone Cg

BV-1, was originally obtained from the European Collection of Cell Cultures

(ECACC-88112302; Wiltshire, UK). NG108-15 cells were kept in monolayer

cultures at a density of 106/ml in plastic disks containing Dulbecco’s modified

Eagle’s medium (DMEM; Life Technologies, Gaithersburg, MD, USA) sup-

plemented with 100 mM hypoxanthine, 1 mM aminopterin, 16 mM thymidine,

and 5% (w/v) fetal bovine serum (FBS) as the culture medium, in a humidified
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incubator equilibrated with 90% O2/10% CO2 at 37 �C (Wu et al., 2001). The

experiments were generally performed after 5 days of subcultivation (60e80%

confluence). To induce neuronal differentiation, culture medium was replaced

with medium containing 1 mM dibutyryl cyclic-AMP and cells were cultured

in the incubator for 1e7 days. NG108-15 cells proliferated well in the culture

medium; however, they stopped proliferating and showed the growth of neu-

rites in response to dibutyryl cyclic-AMP (Tojima et al., 2003). The numbers

of neurites and varicosities were found to be significantly increased in NG108-

15 cells treated with 1 mM dibutyryl cyclic AMP.

Human neuroblastoma SH-SY5Y cells were obtained from American Type

Culture Collection ([CRL-2266]; Manassas, VA, USA). Cells were maintained

in DMEM supplemented with 10% FBS, penicillin (200 U/ml), and streptomycin

(100 mg/ml) in an incubator at 37 �C, containing 5% CO2. To induce

differentiation, SH-SY5Y cells were treated with all-trans retinoic acid

(10 mM) and 2% fetal calf serum for 5e7 days before the experiments were made.
2.2. Electrophysiological measurements
Cells used for electrophysiological experiments were dissociated and an

aliquot of cell suspension was transferred to a recording chamber mounted

on the stage of an inverted DM-IL microscope (Leica Microsystems, Wetzlar,

Germany). Cells were bathed at room temperature (20e25 �C) in normal

Tyrode’s solution containing 1.8 mM CaCl2. Patch pipettes were pulled from

Kimax-51 glass capillaries (1.5e1.8 mm o.d., Kimble; Vineland, NJ, USA)

using a two-stage electrode puller (PP-830, Narishige, Tokyo, Japan) and

the tips fire-polished with a microforge (MF-83; Narishige). Pipettes used

had a resistance of 3e5 MU when immersed in normal Tyrode’s solution.

Ion currents were measured with glass pipettes in the whole-cell configuration

of the patch-clamp technique, using an RK-400 (Biologic, Claix, France) or an

Axopatch 200B patch-clamp amplifier (Molecular Devices, Sunnyvale, CA,

USA) (Wu et al., 2001).
2.3. Data recording and analyses
The signals were displayed on an analog/digital oscilloscope (HM-507; Ha-

meg, East Meadow, NY, USA) and on a Dell 2407WFP-HC LCD monitor

(Round Rock, TX, USA). The data were stored online in a Slimnote VX3

computer (Lemel, Taipei, Taiwan) at 10 kHz through a Digidata-1322A inter-

face (Molecular Devices). This device was controlled by pCLAMP 9.0 software

(Molecular Devices). Currents were low-pass filtered at 1 or 3 kHz. Ion currents

recorded during whole-cell experiments were digitally stored and analyzed sub-

sequently by use of pCLAMP 9.0 (Molecular Devices), Origin 7.5 software

(OriginLab, Northampton, MA, USA), SigmaPlot 7.0 software (SPSS, Apex,

NC, USA), or custom-made macros in Microsoft Excel (Redmont, WA,

USA). The pCLAMP-generated voltage-step protocols were generally used to

measure the current-voltage (IeV) relations for ion currents (e.g., INa or

IK(DR)). Action potential duration was measured at 50% of repolarization.

The concentration-response data for inhibition of IK(DR) were fitted to the

Hill equation:

Percentage inhibition¼ Emax þ ½C�n

½C�nþICn
50

;

where [C] represents the concentration of ACO; and IC50 and n are the con-

centration required for a 50% inhibition and Hill coefficient, respectively;

and Emax is ACO-induced maximal inhibition of IK(DR). Microsoft Solver in

Excel was generally used to fit data by a least-squares algorithm.

Values were provided as means � SEM with sample sizes (n) indicating

the number of cells from which the data were obtained. The paired or unpaired

Student’s t-test and one-way analysis of variance with the least-significance-

difference method for multiple comparisons were used for the statistical eval-

uation of differences among means. Statistical significance was determined at

a P value of <0.05.
2.4. Drugs and solutions
ACO (aconitine or acetylbenzoylaconine, C34H47NO11), dibutyryl cyclic

AMP, orphenadrine citrate, tetraethylammonium chloride, tetrodotoxin,
e-induced block of delayed rectifier Kþ current in differentiated NG108-15
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all-trans retinoic acid and tetrodotoxin were purchased from Sigma Chemicals

(St. Louis, MO, USA). The purity of ACO was over 99%. Methyllycaconitine

was obtained from Tocris (Bristol, UK), 5-hydroxydecanoate sodium was from

Biomol (Plymouth Meeting, PA, USA), and iberiotoxin was from Alomone

Labs (Jerusalem, Israel). a-Bungarotoxin was kindly provided by Dr. Long-

Seng Chang, Institute of Biomedical Sciences, National Sun Yat-sen Univer-

sity, Kaohisung City, Taiwan. Tissue culture media and trypsin/EDTA were

obtained from American Type Culture Collection. L-glutamine, penicillin-

streptomycin and fungizone were obtained from Life Technologies. All other

chemicals were commercially available and of reagent grade.

The composition of normal Tyrode’s solution was 136.5 mM NaCl,

5.4 mM KCl, 1.8 mM CaCl2, 0.53 mM MgCl2, 5.5 mM D-glucose, and

5.5 mM HEPES-NaOH buffer, pH 7.4. To record Kþ currents or membrane

potential, the patch pipette was filled with a solution consisting of 140 mM

KCl, 1 mM MgCl2, 3 mM Na2ATP, 0.1 mM Na2GTP, 0.1 mM EGTA, and

5 mM HEPES-KOH buffer, pH 7.2. To measure Naþ current, Kþ ions inside

the pipette solution were replaced with equimolar Csþ ions, and the pH was

adjusted to 7.2 with CsOH.
2.5. Computer simulation
To mimic the effects of ACO on spontaneous action potentials in differen-

tiated NG108-15 neuronal cells, a cell model, originally described in gonado-

tropin-releasing hormone-secreting neurons (Van Goor et al., 2000), was

modified and simulated. The basic model primarily consists of a Naþ current,

L- and T-type Ca2þ currents, and a delayed rectifier Kþ current, and an M-type

current. In addition, erg (ether-à-go-go-related-gene) Kþ current was incorpo-

rated to this model, given that it was functionally present in these cells (Meves

et al., 1999; Lo et al., 2003). Simulations were performed using the stochastic

Euler algorithm as implemented in the program xpp with the aid of the X-

Win32 version of XPPAUT on a Hewlett Packard (HP xw9300) Workstation

(Palo Alto, CA) (Ermentrout, 2002; Wu and Chang, 2006). Expressions and

parameters for ion currents, equilibrium functions, and parameter values are

modified in this study. In the present simulations, the conductance values

and reversal potentials, together with other parameters, used to solve the set

of differential equations, are listed in Table 1. The integration algorithm is

Cvode with a tolerance of 10�4 and a minimum time step of 10�4 s.

To model ACO-induced block of IK(DR) in these cells, a kinetic scheme

similar to that described by Marom and Abbott (1994) was used in our study.

Based on this formula, an inactivation variable h2 was incorporated into sim-

ulated IK(DR) and the macroscopic current was expressed as

IKðDRÞ ¼ GK � nðVÞ4�h1ðVÞ � h2� ðV �VKÞ:
Here, GK is the maximal conductance of IK(DR), and VK the Kþ reversal

potential. However, as ACO-induced block is a state-dependent rather than

voltage-dependent process, the form of the equation describing the inactivation

variables was modified as follows:

dh2

dt
¼ k1 � ð1� h2Þ � k�1 � n4 � h2;
Table 1

Default parameter values used for the modeling of differentiated NG108-15

neuronal cells

Symbol Description Value

Cm Membrane capacitance 14.0 nF

gNa Naþ current conductance 60 nS

gCa,L L-type Ca2þ current conductance 1.1 nS

gCa,T T-type Ca2þ current conductance 0.9 nS

gK(DR) Delayed rectifier Kþ current conductance 20 nS

gM M-type Kþ current conductance 4.0 nS

gK(erg) erg-like Kþ current conductancea 50 nS

VNa Naþ reversal potential 60 mV

VCa Ca2þ reversal potential 100 mV

VK Kþ reversal potential �75 mV

a erg: ether-à-go-go-related-gene.
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where k1 and k�1 are voltage-independent rate constants for block and unblock

by ACO. The equations used in the simulation for IK(DR) in differentiated

NG108-15 cells, originally from the model of Van Goor et al. (2000), were:

nN ¼
1

1þ expð� ð25þ VÞ=15Þ;

tn ¼ 1þ 15

expðð30þVÞ=15Þ þ expð� ð30þVÞ=15Þ;

ah1N ¼ 0:3þ 0:7

1:0þ expð� ð35þVÞ=10Þ;

th1 ¼ 1000:

Source files used in this study can be available at http://senselab.med.yale.edu/

senselab/modeldb.

3. Results
3.1. Effect of ACO on delayed rectifier Kþ current
(IK(DR)) in differentiated NG108-15 cells
The whole-cell configuration of the patch-clamp technique
was used to evaluate the effect of ACO on ion currents in
NG108-15 cells preincubated with dibutyryl cyclic AMP
(1 mM). To record Kþ outward currents, cells were bathed in
Ca2þ-free Tyrode’s solution containing tetrodotoxin (1 mM)
and CdCl2 (0.5 mM). When the cell was held at�50 mV, depo-
larizing voltage pulses from �50 to þ50 mV in 20-mV incre-
ments were applied with a duration of 1 s a family of large
Kþ outward currents with little inactivation was elicited
(Fig. 1). These outward currents have been previously identified
as IK(DR) (Yokoyama et al., 1989; Wu et al., 2001; Tsai et al.,
2006). When cells were exposed to ACO (10 mM), the ampli-
tude of IK(DR) measured at the end of the voltage pulses was re-
duced at the potentials ranging from 0 toþ50 mV. For example,
when depolarizing pulses from �50 to þ30 mV were applied,
ACO (10 mM) significantly decreased current amplitude at the
end of the voltage pulses from 998 � 193 to 282 � 58 pA
(n ¼ 8, P < 0.05). After washout, the amplitude of IK(DR) at
þ30 mV was partially returned to 852 � 95 pA (n ¼ 6).

A dramatic change in the time course of IK(DR) was de-
tected during the exposure to ACO (Fig. 1). After application
of 10 mM ACO, outward currents activated to a maximum, and
subsequently decayed over time, although no significant
change was seen in the early activation kinetics of these cur-
rents (i.e., dI/dt). In addition, the peak amplitudes of IK(DR)

were almost unaffected in the presence of 1 mM ACO. Aver-
aged IeV relations for the amplitude of initial and steady-state
components of IK(DR) in the absence and presence of ACO
(10 mM) are shown in Fig. 1B. These results indicate that
ACO can suppress the amplitude of IK(DR) in a time-dependent
fashion in differentiated NG108-15 cells.

The percentage inhibition of IK(DR) by ACO was also mea-
sured at test potentials between 0 and þ50 mV. As shown in
Fig. 1C, we found no significant difference in the percentage
inhibition of ACO (10 mM) on IK(DR) across the voltages
examined. For example, at a test potential of 0 mV, current
was inhibited by 18 � 6% (n ¼ 6), while at þ30 mV, inhibi-
tion was 22 � 7% (n ¼ 6). Thus, these results suggest that
e-induced block of delayed rectifier Kþ current in differentiated NG108-15
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Fig. 1. Inhibitory effect of ACO on IK(DR) in differentiated NG108-15 cells. Cells were bathed in Ca2þ-free Tyrode’s solution containing tetrodotoxin (1 mM) and

CdCl2 (0.5 mM). (A) Superimposed current traces in the absence and presence of ACO (1 mM). The cell was depolarized from �50 mV to various potentials rang-

ing from �50 to þ50 mV in 20-mV increments. Current traces shown on the upper part are control, and those on the lower part were obtained 2 min after addition

of ACO (10 mM). (B) Averaged IeV relations for initial (Ba) and steady-state (Bb) components of IK(DR) in the absence (filled symbols) and presence (open sym-

bols) of 10 mM ACO. Mean � SEM (n ¼ 6e11). (C) Bar graph showing little or no voltage-dependence for ACO-induced block of IK(DR). The percentage inhi-

bition of IK(DR) by ACO (1 mM) was shown over the voltage range of 0 to þ50 mV (mean � SEM, n ¼ 5e10). (D) Concentration-response curve for ACO-induced

inhibition of IK(DR). The amplitude of IK(DR) during the exposure to ACO was compared with the control value, i.e., in the absence of ACO (mean � SEM, n ¼ 4e9

for each point). The smooth line represents the best fit to a Hill function. The values for IC50, maximally inhibited percentage of IK(DR) and the Hill coefficient were

3.1 mM, 100% and 1.1, respectively.
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block by ACO of IK(DR) in NG108-15 cells shows little or no
voltage-dependence, although a time-dependent block can be
clearly observed.

Fig. 1D shows the relationship between the concentration
of ACO and the percentage inhibition of IK(DR). In these exper-
iments, each cell was depolarized from �50 to þ50 mV with
a duration of 1 s. Current amplitudes were measured at the end
of depolarizing pulses. ACO (0.3e100 mM) suppressed the
steady-state component of IK(DR) in a concentration-dependent
manner. With the use of a non-linear least-squares fit of the
data, the half-maximal concentration (i.e., IC50) required for
the inhibitory effect of ACO on IK(DR) was calculated to be
3.1 mM, and at a concentration of 100 mM, it almost com-
pletely suppressed the steady-state component of IK(DR).
Thus, it is apparent that ACO can exert a significant action
on the inhibition of IK(DR) in differentiated NG108-15 cells.
3.2. IK(DR) recovery from block in the presence of ACO
Fig. 2. Time course of the recovery of IK(DR) in the presence of 3 mM ACO.

Cells, bathed in Ca2þ-free Tyrode’s solution, were depolarized from �50 to

þ50 mV with a duration of 1 s and different interpulse durations were applied.

The time course as indicated in smooth line was well fitted to a single expo-

nential with a time constant of 2.56 s. Each point represents mean � SEM

(n ¼ 4e7).
Recovery from block was further determined using a dou-
ble-pulse protocol consisting of a first (conditioning) depola-
rizing pulse sufficiently long to allow block to reach
a steady-state. During the exposure to ACO (3 mM), the mem-
brane potential was then stepped to þ50 mV from �50 mV for
a variable time, after which a second depolarizing pulse (test
pulse) was applied at the same potential as the conditioning
pulse (Fig. 2). The ratios of the peak current amplitudes of
IK(DR) evoked in response to the test and the conditioning pulse
were then taken as a measure of recovery from block, and
Please cite this article in press as: Lin, M.-W. et al., Characterization of aconitin
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plotted versus interpulse interval. Recovery was generally
complete, and its time course described by a single exponen-
tial with a time constant of 2.56 � 0.17 s (n ¼ 5). When cells
were exposed to 10 mM ACO, no change in the mean time
constant (2.63 � 0.31 s) for recovery from inactivation was
seen. Thus, recovery of IK(DR) was not affected by ACO.
3.3. Effect of ACO on steady-state inactivation of IK(DR)
The effect of ACO on the steady-state inactivation of IK(DR)

in NG108-15 cells was also evaluated and the experimental
e-induced block of delayed rectifier Kþ current in differentiated NG108-15
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data are shown in Fig. 3. In this series of experiments, cells
were bathed in Ca2þ-free, Tyrode’s solution and the steady-
state inactivation parameters of IK(DR) were obtained in the
absence and presence of ACO (10 mM) under the aid of
another double-pulse protocol (Fig. 3). In Fig. 3B, the normal-
ized amplitude of IK(DR) (i.e., I/Imax) was constructed against
the conditioning potential and the curves were fitted by
a Boltzmann function using least-squares method:

I ¼ Imax

1þ exp½ðV � aÞ=b�;

where Imax is the maximal activated IK(DR), V is the membrane
potential in mV, a is the membrane potential for half-maximal
inactivation, and b is the slope factor of the inactivation curve.
In the absence of ACO, a ¼ � 15.1 � 1.2 mV and
b ¼ 4.5 � 0.2 mV (n ¼ 5), whereas in the presence of ACO
(10 mM), a ¼ � 37.2 � 1.6 mV, b ¼ 4.6 � 0.3 mV (n ¼ 5).
ACO (10 mM) could thus shift the midpoint of the inactivation
curve toward hyperpolarizing voltage by approximately
22 mV, although no change in the slope factor (i.e., b) was
detected in the presence of ACO. Thus, there was voltage-
dependence of the steady-state inactivation curve of IK(DR) in
the presence of ACO.
3.4. ACO-induced increase in cumulative inhibition of
IK(DR) inactivation
IK(DR) inactivation accumulated during repetitive short
pulses as described previously (Marom et al., 1993). In other
words, inactivation obtained during a train of short pulses
became drastically faster than that in response to a single
maintained pulse of the same duration. Thus, in the next series
of experiments, we sought to determine whether ACO affects
Fig. 3. Effect of ACO on steady-state inactivation of IK(DR) in differentiated NG1

presence (b) of 10 mM ACO. The conditioning voltage pulses with a duration of 1

increments were applied from a holding potential of �50 mV. Following each cond

to elicit IK(DR). Upper part indicates the voltage protocol used. Insets indicate expan

IK(DR) in the absence (C) and presence (B) of 10 mM ACO. Mean � SEM (n ¼
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the change in the time course of IK(DR) inactivation in differ-
entiated NG108-15 cells. Under control conditions, a single
20-s depolarizing step to þ80 mV from �90 mV produced
a decline with a time constant of 6.6 � 0.2 s (n ¼ 7). However,
the time constant for 20-s repetitive pulses to þ80 mV, each of
which lasted 40 ms with 20-ms intervals at �40 mV between
the depolarizing pulses, was significantly reduced to
2.4 � 0.1 s (n ¼ 6, P < 0.05). The results indicates a progres-
sive increase in the decline of IK(DR) in response to rapid
depolarizing stimuli as reported previously (Marom et al.,
1993). During the exposure to 1 mM ACO, the value of time
constant obtained during this train of short repetitive pulses
was further decreased to 1.1 � 0.1 s (n ¼ 6, P < 0.05). A rep-
resentative example of cumulative inhibition of IK(DR) inacti-
vation with or without application of ACO is illustrated in
Fig. 4.
3.5. Kinetic studies of ACO-induced block of IK(DR)
Because in the presence of ACO, IK(DR) exhibited a pro-
nounced peak followed by an exponential decay to a steady-
state level, it is thus important to determine the kinetics of
ACO-induced block of IK(DR). The concentration-dependence
of IK(DR) decay by ACO is illustrated in Fig. 5. Although the
initial activation phase of IK(DR) was unchanged during the
exposure to ACO, its effects on IK(DR) were found to be a con-
centration-dependent increase in the rate of current decay
accompanied by a decrease in the residual, steady-state current.
In other words, increasing the concentration of ACO not only
reduced the peak current, but also enhanced the apparent inac-
tivation. Therefore, the inhibitory effect of ACO on IK(DR) in
NG108-15 cells can be explained by state-dependent block
where it binds to the open state of the channel according to
the minimal kinetic scheme:
08-15 cells. (A) Superimposed current traces obtained in the absence (a) and

0 s to various membrane potentials ranging from �50 to þ70 mV in 20-mV

itioning pulse, a test pulse to þ100 mV with a duration of 500 ms was applied

ded time scale of current traces (dashed boxes). (B) Steady-state inactivation of

4e7).

e-induced block of delayed rectifier Kþ current in differentiated NG108-15
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Fig. 4. Excessive accumulative inactivation of IK(DR) during repetitive stimuli in absence and presence of ACO recorded from differentiated NG108-15 cells. Cur-

rents were obtained during repetitive depolarizations to þ80 mV, with return to �40 mV. The depolarizing pulses used to elicit outward currents lasted 40 ms.

Current traces were obtained during a 20-s maintained depolarization pulse from �90 to þ80 mV in the control (A) and during the exposure to 1 mM ACO

(B). The upper part indicates the voltage protocol used. Dashed smooth curves in (A) and (B) indicated by arrowheads show the single-exponential fits with

time constants of 2.4, and 1.1 s, respectively. Notably, in addition to the inhibition of IK(DR) amplitude, ACO increases the rate of excessive accumulative inac-

tivation of IK(DR) evoked by repetitive stimuli.
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C %
a

b
O %

kþ1

k�1

O$B;

where a and b are the voltage-dependent rate constants for the
opening and closing of the KDR channel, kþ1 and k�1, those for
block and unblock by ACO, and [B] is the blocker (i.e., ACO)
concentration. C, O and O $ B are the closed, open, and open-
blocked states, respectively.

Block and unblock rate constants, kþ1 and k�1, were deter-
mined from the time constants of current decay evoked by the
depolarizing pulses (Fig. 5). Block and unblock rate constants
could be estimated using the relation

1

tb

¼ kþ1� ½B� þ k�1:

In particular, kþ1 and k�1, respectively, result from the
slope and from the y-axis intercept at [B] ¼ 0 of the linear
regression interpolating the reciprocal time constants (i.e., 1/
tb) versus different ACO concentrations. As predicted by a first
order blocking scheme, the relationship between 1/tb and [B]
was linear with a correlation coefficient of 0.95 (Fig. 5B), and
the block and unblock rate constants obtained from 6 to 11 dif-
ferent cells were calculated to be 0.00111 ms�1 mM�1 and
0.00132 ms�1, respectively. Based on these rate constants,
a value of 1.2 mM for the dissociation constant (KD ¼ k�1/
kþ1) could be derived. Notably, this value was noted to agree
with the IC50 value determined from the concentration-
response curve (Fig. 1D). However, the rate constant of the
inverse reaction (i.e., unblock rate constant), k�1, showed little
dependence on [B]; k�1 was 0.00133 � 0.002 ms�1 (n ¼ 5) at
1 mM and 0.00135 � 0.003 ms�1 (n ¼ 5) at 3 mM.
Please cite this article in press as: Lin, M.-W. et al., Characterization of aconitin
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To quantitatively analyze the effects of ACO on IK(DR) in
NG108-15 cells, a mathematical model originally designed
by Marom and Abbott (1994) was further implemented. As
shown in Section 2, an inactivation model that is a voltage-
independent but state-dependent process was incorporated to
the kinetic scheme. A quantitative description of the IK(DR)

in the absence and presence of different concentrations of
ACO was then provided. Based on the rate constants deter-
mined from the fitting (Fig. 5B), simulated IK(DR) in the pres-
ence of different ACO concentrations were also obtained.
Fig. 5C illustrates the results of simulated IK(DR) evoked in
response to a test potential to þ50 mV from �50 mV with
a duration of 300 ms in the absence and in the presence of dif-
ferent ACO concentrations (1, 3, and 10 mM). The smooth
lines indicate convincing fits to the experimental results
when numerical parameters were appropriately chosen. These
simulation profiles thus duplicate the experimental data and
supports the notion that a concentration-dependent increase
by ACO in the rate of inactivation can account for its reduction
of IK(DR) in differentiated NG108-15 cells.
3.6. Inhibitory effect of ACO on voltage-dependent Naþ

current (INa) in differentiated NG108-15 cells
ACO has been recognized to exert effects on INa (Ameri,
1998; Wright, 2001; Wang and Wang, 2003). Moreover, there
was an increase in the expression levels of Nav1.7 in NG108-
15 cells when neuronal differentiation was induced by pretreat-
ment with a cyclic AMP analogue (Kawaguchi et al., 2007).
The effect of ACO on INa was further investigated in this study.
The experiments were conducted with a Csþ-containing pipette
e-induced block of delayed rectifier Kþ current in differentiated NG108-15
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Fig. 5. Evaluation of the kinetics of ACO-induced block (A and B) and simulations of IK(DR) in the presence of different concentrations of ACO (C). In (A), typical

IK(DR) was elicited by depolarizing pulses toþ50 mV in the presence of ACO in the bath. The time courses of current decay in the presence of 3 and 10 mM ACO with

a duration of 1 s were well fitted by a single exponential with a value of 308 and 82 ms, respectively. The upper part indicates the voltage protocol used. a: 3 mM

ACO; b: 10 mM ACO. In (B), the reciprocal of the time constant of the rate of block, obtained by a single-exponential fit of the decay phase of IK(DR), was plotted

against the ACO concentration. Data points were fitted by a linear regression, indicating that block occurs with a molecularity of 1. Block (kþ1) and unblock (k�1)

rate constants, given by the slope and the y-axis intercept of the interpolated line, were 0.00111 ms�1 mM�1 and 0.00132 ms�1, respectively. Each point represents

mean � SEM (n ¼ 6e9). In (C), the control trace was simulated with the assumption of typical values for IK(DR) in response to the depolarizing pulse from �50 to

þ50 mV. For simulated currents in the presence of ACO, the unblocking rate constant, k�1, was fixed at 0.00132 ms�1 and the blocking rate constant, kþ1 was ex-

pressed as the product of 0.00111 and the concentration of ACO in mM. The values shown at each current trace in (C) indicate the concentration of ACO mimicked.
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solution. Each cell was held at the level of �80 mV and differ-
ent depolarizing pulses (50 ms in duration) were delivered at
a rate of 0.1 Hz. As shown in Fig. 6A, when the cell was depo-
larized from �80 to�20 mV, application of ACO (10 mM) sig-
nificantly decreased the peak amplitude of INa from 2.04 � 0.19
to 1.44 � 0.13 pA (n ¼ 7, P < 0.05). However, no change in
the IeV relationship of INa was detected in the presence of
ACO (Fig. 6B). Thus, the results indicate that in differentiated
NG108-15 cells, ACO produces a depressant action on INa.

The conductance-voltage relationship in the absence and
presence of ACO was also compared and constructed. The
data were fitted to Boltzmann function similar to that used
for the inactivation curve of IK(DR) shown above. The results
showed that although a significance decrease in maximal con-
ductance of INa was found, half-maximal activation was not
changed (Fig. 6C). However, based on the steady-state inacti-
vation of INa, ACO (10 mM) can shift the midpoint of inactiva-
tion curve toward hyperpolarizing voltage by approximately
12 mV with no change in the slope factor (Fig. 6D).
3.7. Effect of ACO on repetitive firing of action potentials
in differentiated NG108-15 cells
In another series of experiments, the effect of ACO on
repetitive firing of action potentials was investigated in these
cells. Cells were bathed in normal Tyrode’s solution contain-
ing 1.8 mM CaCl2, and current-clamp configuration was
Please cite this article in press as: Lin, M.-W. et al., Characterization of aconitin

neuronal cells, Neuropharmacology (2008), doi:10.1016/j.neuropharm.2008.01.00
made with a Kþ-containing pipette solution. A representative
example of ACO-induced effects on spontaneous action poten-
tials in these cells is illustrated in Fig. 7. When cells were ex-
posed to ACO, the repetitive firing of action potentials was
increased, along with increased widening of action potentials.
For example, ACO at a concentration of 3 mM significantly
increased the frequency from 0.37 � 0.03 to 0.53 � 0.04 Hz
(n ¼ 5, P < 0.05). The duration of action potentials was sig-
nificantly prolonged to 345 � 27 ms from a control value of
143 � 18 ms (n ¼ 5, P < 0.05). The ACO-induced changes
in the firing of action potentials observed in these cells could
be primarily explained by its block of IK(DR) and INa.
3.8. Effects of ACO on spontaneous action potentials in
a modeled NG108-15 cell
In order to determine how ACO alters the discharge pattern
of these cells, a simulation model, originally derived from Van
Goor et al. (2000), was implemented (Fig. 8). In this modeled
cell, as the INa conductance was decreased from 60 to 50 nS
and the block of IK(DR) by ACO at a concentration of 3 mM
was simulated, the firing and width of simulated action poten-
tials was readily increased, along with the decrease in spike
amplitude (Fig. 8A). When the INa conductance was further
decreased to 40 nS and the ACO concentration was increased
to 10 mM, the amplitude of action potentials was further re-
duced, together with prolonged action potential duration
e-induced block of delayed rectifier Kþ current in differentiated NG108-15
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Fig. 6. Inhibitory effect of ACO on voltage-gated Naþ current (INa) in differentiated NG108-15 cells. In these experiments, each pipette was loaded with a

Csþ-containing solution, and cells were bathed in normal Tyrode’s solution containing 1.8 mM CaCl2 and 10 mM tetraethylammonium chloride. The cell was

depolarized from �80 mV to various potentials with a duration of 50 ms at a rate of 0.1 Hz. (A) Original current traces obtained in response to the depolarizing

pulses from �80 to �20 mV. (a) control; (b) ACO (10 mM). The upper part in (A) indicates the voltage protocol used. (B) Averaged IeV relationships of INa in

control (C) and during exposure to 10 mM ACO (B). Mean � SEM (n ¼ 6e9). (C) Conductance-voltage relationship of INa in the absence (C) and presence (B)

of 10 mM ACO. (Mean � SEM, n ¼ 5e7). (D) Effect of ACO on steady-state inactivation of INa in differentiated NG108-15 cells. In these experiments, following

each conditioning pulse, a test pulse to �20 mV with a duration of 50 ms was applied to elicit INa. -: control; ,: 10 mM ACO. (Mean � SEM, n ¼ 4e7).
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(Fig. 8C). As a result, consistent with experimental results, the
reduced INa and the increased decay of IK(DR) inactivation,
which mimics the ACO action, can act combine to cause
changes in the firing of simulated action potentials.
3.9. Effect of ACO on IK(DR) in differentiated SH-SY5Y
neuronal cells
Finally, to verify whether the ACO-induced inhibition of
IK(DR) could also be observed in another type of neuronal cells,
we also investigated the effects of this compound on differen-
tiated SH-SY5Y cells. As shown in Fig. 9, ACO (3 mM) signif-
icantly decreased the amplitude of IK(DR) measured at the end
of depolarizing pulses by 54 � 9% (n ¼ 5). Block of IK(DR) by
ACO was not instantaneous, but developed with time after the
channels were opened, thus producing an apparent inactivation
of the current. Consistent with the observations in NG108-15
cells, these data thus indicate that this alkaloid can induce
the block of IK(DR) as well as accelerate current decay in
SH-SY5Y cells.
Please cite this article in press as: Lin, M.-W. et al., Characterization of aconitin
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4. Discussion

This study demonstrated that in differentiated NG108-15
neuronal cells, ACO, which is a toxic alkaloid (Lowe et al.,
2005), induced a time-, concentration-, and state-dependent
decay of IK(DR), without altering activation kinetics of this cur-
rent. These observations, together with the good description of
IK(DR) time course at different ACO concentrations with the
computer simulation of the binding scheme, indicate that
ACO may act as a state-dependent blocker. Block by ACO
of IK(DR) is of importance because it may have characteristics
that make it significant from a pharmacological point of view.

An important feature of the block of IK(DR) by ACO in
NG108-15 cells is that the initial rising phase of the current
(i.e., the activation time course) was unaffected in the presence
of ACO. At the beginning of the voltage pulse, dI/dt will be
proportional to the number of channels available for activa-
tion. Our experimental results showing that dI/dt was
unchanged during cell exposure to ACO, suggest that before
channel activation, there should be the absence of any signif-
icant resting block of KDR channels. Another interesting find-
ing in this study is that ACO tended to accelerate IK(DR)
e-induced block of delayed rectifier Kþ current in differentiated NG108-15
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Fig. 7. Effect of ACO on the firing of action potentials in differentiated NG108-15 cells. Cells were bathed in normal Tyrode’s solution containing 1.8 mM CaCl2.

Patch pipettes were filled with a Kþ-containing solution. Membrane potential was measured under current-clamp configuration. (A) Original potential traces show-

ing the effect of ACO on spontaneous action potentials. Trace a is the control, and traces b were obtained 2 min after application of 10 mM ACO. Inset shown in

each trace represents the expanded record. (B) and (C) Bar graph in (B) and (C) illustrate the summary of the effect of ACO (1 and 3 mM) on the firing frequency

and duration of action potentials, respectively. Each point represents the mean � SEM (n ¼ 4e6). *Significantly different from control (P < 0.05). Action potential

duration was measured at 50% or repolarization.
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inactivation, suggesting that the ACO molecule appears to
reach the blocking site only when the channel is in the open
state. This feature can thus be incorporated in the minimal
binding scheme, i.e., closed 4 open 4 open-blocked (Wu
Fig. 8. Simulation modeling used to mimic ACO effects on repetitive firing of action

electrophysiological properties of gonadotropin-releasing hormone-secreting neuro

under control conditions is illustrated. In (B), when INa conductance was arbitrarily

peak amplitude of action potentials was readily reduced, together with the increase

decreased 40 nS in the continued presence of 10 mM ACO, the spike amplitude was

modeled cell. The inset shown in the rightmost side indicates the expanded record

(dashed box).

Please cite this article in press as: Lin, M.-W. et al., Characterization of aconitin
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et al., 2001). Inherent to this blocking scheme is that open-
blocked channels are not closed unless ACO dissociates
from the binding site, thus providing only one recovery path.
Thus, based on modified Hodgkin and Huxley formalism
potentials in NG108-15 neuronal cells. The model was developed based on the

ns as described in Section 2. In (A), the firing of spontaneous action potentials

decreased from 60 to 50 nS and the ACO concentration was set at 3 mM, the

in the firing and duration of spike discharge. In (C), when INa conductance was

further decreased, together with the increased width of action potentials in this

. Potential traces labeled a, b and c corresponds to those in panel A, B and C

e-induced block of delayed rectifier Kþ current in differentiated NG108-15
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Fig. 9. Effects of ACO on IK(DR) in differentiated SH-SY5Y cells. Cells were

bathed in Ca2þ-free Tyrode’s solution. Whole-cell currents were evoked by

300-ms depolarizing pulses from �50 to þ50 mV. Current traces labeled

a and b indicate those obtained in the absence and presence of 3 mM ACO,

respectively.
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(Marom and Abbott, 1994), a kinetic scheme was also
designed to describe ACO-induced block of IK(IR) in our study.
ACO-induced block was thus interpreted to mean that it pref-
erentially binds to and block an open state of the channel. This
simulation model could duplicate the experimental results and
was verified to be useful for evaluation of ACO-induced block
on IK(DR) in NG108-15 cells. However, notably, ACO is also
likely to be trapped in closed channels, thus leading to a slow-
ing in recovery of IK(DR). Similar hyperpolarizing shift in the
steady-state inactivation curve of IK(DR) shown in this study
may be explained by a ‘‘foot in the door’’ mechanism in which
a slowing in the deactivation of the channels can occur
(Decher et al., 2006).

The observed effects of ACO on IK(DR) in NG108-15 cells
clearly did not involve the suppression of Ca2þ-dependent
Kþ channels or ATP-sensitive Kþ channels. All recordings of
IK(DR) presented here were conducted in a Ca2þ-free Tyrode’s
solution containing CdCl2 (0.5 mM). Furthermore, neither
peak amplitudes nor inactivation kinetics of IK(DR) were altered
by iberiotoxin or 5-hydroxydecanoate sodium. However, the
blockade of IK(DR) by ACO can be primarily responsible for
its actions on the broadening of action potentials in these cells,
because it was not found to increase the amplitude of INa.

Previous reports showed the presence of cholinergic recep-
tors in NG108-15 cells (Ling et al., 2005). ACO has been
reported to be an antagonist of a7-selective nicotinic receptors
(Hardick et al., 1995). One may thus expect that ACO-induced
block of ion currents presented herein is associated with its in-
ability to bind to nicotinic receptors. However, either
Please cite this article in press as: Lin, M.-W. et al., Characterization of aconitin

neuronal cells, Neuropharmacology (2008), doi:10.1016/j.neuropharm.2008.01.00
orphenadrine (30 mM), an anticholinergic agents (Pubill
et al., 2001), or methyllycaconitine (30 mM), an antagonist
of a7-nicotinic receptors (Hardick et al., 1995), slightly sup-
pressed the amplitude of IK(DR) with no any changes in current
inactivation in these cells. a-Bungarotoxin (1 mM), a blockers
of a7 nACh receptors (McGehee and Role, 1995), was found
to have no effect on IK(DR). Therefore, our study showed
that inhibitory effects of ACO on IK(DR) in NG108-15 cells
did not appear to be mediated through the blockade of nico-
tinic receptors.

ACO may be an important tool for probing the structure
and function of Kþ channels from the KDR family, because
the pore region of the channel protein to which it binds is of
particular relevance for open-channel blockade. The role of
KDR channel particularly members of the Kv3 superfamily is
to stabilize the resting membrane potential and reduce the
width of high-frequency action potentials in time-coding
neurons (Marom, 1998; Hernandez-Pineda et al., 1999; Rudy
and McBain, 2001; Lien and Jonas, 2003; Tateno and Robin-
son, 2007). The block of KDR channels by ACO, together with
an increase in action potential duration, may be responsible for
its effects on neuronal excitability. ACO-induced block of
IK(DR) will even become very significant when a train of action
potentials occurs, because of the fact that under these condi-
tions, the availability of KDR channels is decreased as a func-
tion of firing frequency (Marom et al., 1993; Rudy and
McBain, 2001; Lien and Jonas, 2003).

Inactivation is a basic conformational change intrinsic to
most of the Kþ channels that controls repolarization. Inactiva-
tion has been observed for many cloned Kþ channels of the Kv

superfamily, and is generally termed ‘‘C-type inactivation’’, to
contrast with ‘‘N-type’’ inactivation by the ‘‘ball-and-chain’’
mechanism (Baukrowitz and Yellen, 1995; Rasmusson et al.,
1998; Fernandez et al., 2003). C-type inactivation, that has
been reported to occur in Kv3 and Kv2 channels (Marom
et al., 1993), was thought to involve a concerted constriction
of the outer part of the channel pore. Moreover, in our study,
because intracellular dialysis with 100 mM ACO did not affect
the rate of IK(DR) inactivation, ACO induced block of IK(DR) in
a time-dependent fashion possibly by acting at a site that is
accessible from the extracellular side of the channel. ACO
could enhance cumulative inhibition of IK(DR) inactivation.
The steady-state inactivation curve of IK(DR) was shifted to
a hyperpolarized potential in the presence of ACO. Therefore,
ACO is likely to interact with the inactivated state of the KDR

channels. As onset of C-type inactivation was accelerated by
ACO, there appears to be an interaction between the binding
of ACO and C-type inactivation in differentiated NG108-15
cells. ACO and its structurally-related alkaloids may be the
harbinger of new and more specifically acting compounds
that use the C-inactivated state as a substrate.

In our study, ACO is a potent blocker of IK(DR) in NG108-
15 or SH-SY5Y neuronal cells. The IC50 value of ACO
required for the inhibition of IK(DR) was 3.4 mM. Because its
effects shown here may occur at a concentration achievable
in humans, the present findings suggest that the KDR channel
may be a target for the action of ACO. It is thus tempting to
e-induced block of delayed rectifier Kþ current in differentiated NG108-15
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speculate that the sensitivity of neurons to this compound
would depend on the level of resting membrane potential,
the firing of action potentials, and the concentration of ACO,
if the ACO action in vivo is the same as those presented
here. Moreover, it remains to be determined whether this
blocking action is related to ACO-induced facilitation of spon-
taneous transmitter release in hypothalamic neurons (Yama-
naka et al., 2002). Effect of ACO on reconstituted pure
Kv3.1 channels also remains to be further investigated.

Our results seem to be distinguishable from previous
reports where they showed the stimulatory effect of ACO on
INa (Ameri, 1998; Wright, 2001; Wang and Wang, 2003).
This discrepancy is currently unknown. However, it could be
due to the different variants of Naþ channels, as Nav1.7 was
found to be a major subfamily of Naþ channels functionally
expressed in differentiated NG108-15 cells (Kawaguchi
et al., 2007). Nonetheless, ACO-induced blockade of IK(DR)

and INa may synergistically affect the functional activity of
neurons. These effects may have pharmacological or toxico-
logical significance (Ameri et al., 1996; Friese et al., 1997;
Yamanaka et al., 2002; Fu et al., 2006).

Our simulation results also imply that both blockade of INa

and IK(DR) caused by ACO may synergistically act to affect the
functional activity of neurons or neuroendocrine cells. Taken
together, in addition to the blockade of INa, our results lead
us to suggest that ACO-mediated action could be partly asso-
ciated with a direct inhibition of KDR channels expressed in
neurons in vivo.
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