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Abstract

Rationale Eugenol (EUG, 4-allyl-2-methoxyphenol), the
main component of essential oil extracted from cloves, has
various uses in medicine because of its potential to modulate
neuronal excitability. However, its effects on the ionic
mechanisms remains incompletely understood.

Objectives We aimed to investigate EUG’s effects on neu-
ronal ionic currents and excitability, especially on voltage-
gated ion currents, and to verify the effects on a
hyperexcitability-temporal lobe seizure model.

Methods With the aid of patch-clamp technology, we first
investigated the effects of EUG on ionic currents in NG108-
15 neuronal cells differentiated with cyclic AMP. We then
used modified Pinsky—Rinzel simulation modeling to eval-
uate its effects on spontaneous action potentials (APs).
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Finally, we investigated its effects on pilocarpine-induced
seizures in rats.

Results EUG depressed the transient and late compo-
nents of Iy, in the neurons. It not only increased the
degree of Iy, inactivation, but specifically suppressed
the non-inactivating Iy, (Inawp)- Its inhibition of Inaor
was reversed by tefluthrin. In addition, EUG diminished
L-type Ca®" current and delayed rectifier K* current only
at higher concentrations. EUG’s effects on APs frequency
reduction was verified by the simulation modeling. In
pilocarpine-induced seizures, the EUG-treated rats showed
no shorter seizure latency but a lower seizure severity
and mortality than the control rats. The EUG’s effect on
seizure severity was occluded by the Iyui antagonist
riluzole.

Conclusion The synergistic blocking effects of Iy, and
Inanry contributes to the main mechanism through which
EUG affects the firing of neuronal APs and modulate
neuronal hyperexcitability such as pilocarpine-induced
temporal lobe seizures.

Keywords Eugenol - Na' current - Ca®" current - K" current -
Action potential - Neuron

Introduction

Eugenol (EUG, 4-allyl-2-methoxyphenol), an aromatic mol-
ecule found in plants including clove, bay leaves and all-
spice, has been used in medicine to relieve pain arising from
a variety of sources, such as pulpal inflammation and dentin
hypersensitivity (Bender 2000; Koseoglu et al. 2006). In the
central nervous system, EUG is neuroprotective against
excitotoxicity, cerebral ischemia, and the toxic effects of
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amyloid-f3 peptides (Won et al. 1998; Irie and Keung 2003).
It has been reported to protect animals against generalized
seizure models induced by maximal electroshock or penty-
lenetetrazole (Dallmeier et al. 1983; Pourgholami et al.
1999; Freire et al. 2000).

For EUG-induced local analgesia, it might inhibit tran-
sient voltage-gated Na" currents (Iy,) in rat dental primary
afferent neurons (Park et al. 2009) and rat dorsal root gan-
glion neurons (Cho et al. 2008). Additionally, EUG could
suppress epileptiform field potentials and spreading depres-
sion in hippocampus and neocortex in vitro (Miiller et al.
2006). Although inhibiting transient /y, suppresses impulse
generation and propagation in some neurons, why EUG
could attenuate a complex epileptic network activity is still
not completely understood. Whether EUG has the protective
effects against hyperexcitability disorders such as partial
epilepsy remains unknown.

The non-inactivating Na* currents (INaenp) might be a
potential target for EUG. Inanp, Which is important in
regulating the firing properties of neuronal action potentials
(AP), is responsible for the generation of network epilepti-
form activity (Segal and Douglas 1997; Stafstrom 2007).
Recent studies demonstrated that pilocarpine-induced epi-
leptic seizures, a standard animal model of temporal lobe
seizures, induce a significant increase in JInani Which is
important in intrinsic bursting behaviors in the epileptic
network, contributing to epileptogenesis (Chen et al.
2011). Whether EUG has important effects on Iyary and
how does EUG synergistically affect /n, and Ixaor) remain
to be investigated.

We recently characterized an Iy, in NG108-15 cells (a
somatic cell hybrid; mouse neuroblastoma and rat gliomas
cells) differentiated with an analogue of cyclic adenosine
monophosphate (Huang et al. 2008; Wu et al. 2009a). This
neuronal cell line has been widely used as a neuron model in
electrophysiology and pharmacology researches (Meves et al.
1999; Wu et al. 2001; Tsai et al. 2006). In these cells after
differentiation, Nay1.7, as a voltage-gated sodium channel
with a critical role in the generation and conduction of actional
potentials, showed significantly higher expression levels
(Kawaguchi et al. 2007).

In addition to Iy, previous studies demonstrated the ability
of EUG to bind to vanilloid receptors and, in turn, to activate
non-selective cation channels (Ohkubo and Kitamura 1997;
Yang et al. 2003). EUG inhibited voltage-gated Ca®" (Ca,)
current through Cay2.3 channels in the ES2 cell line (Chung et
al. 2008), which is thought to be direct and independent of its
binding to vanilloid receptors or (3-adrenergic receptors (Wu
et al. 2000; Yang et al. 2003). The important regulators of
neuronal excitability include the L-type Ca®" current (car)
which allow large calcium influx, activating downstream
pathway involving synaptic plasticity in hippocampus and
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cortex (Benarroch 2010; Earl and Tietz 2011), and the
delayed-rectifier K" currents (Ix(pry) Which play a major role
in the control of resting membrane potential and spike fre-
quency adaptation (Coetzee et al. 1999; He et al. 2010; Huang
et al. 2011). Whether EUG has effects on these channels is
unknown.

We therefore aimed to determine whether EUG has spe-
cific effect on ionic currents (/na, INaN)> Lca,r> and Ix(pry),
firing behaviors in neurons and pilocarpine-induced tempo-
ral lobe seizures.

Materials and methods
Cell preparations

The mouse neuroblastomaxrat glioma hybrid cell line
(NG108-15) was obtained from the European Collection of
Cell Cultures (ECACC-88112302; Wiltshire, UK). Cells
were grown in monolayer cultures at a density of 10%/ml
in plastic disks containing Dulbecco's modified Eagle's me-
dium supplemented with 100 uM hypoxanthine, 1 UM am-
inopterin, 16 uM thymidine, and 5% fetal bovine serum, in
a humidified environment of 5% CO,/95% air at 37°C. To
induce neuronal differentiation, the culture medium was
replaced with a medium containing 1 mM dibutyryl cAMP,
and the cells were maintained in an incubator for another 1—
7 days (Lin et al. 2008; Chen et al. 2009). To observe neurite
growth, a Nikon Eclipse Ti-E inverted microscope (Li Trading
Co., Taipei, Taiwan) equipped with a 5-megapixel cooled
digital camera was used. The digital camera was connected
to a personal computer controlled by NIS-Elements
BR3.0 software (Nikon, Kanagawa, Japan). The number
of neurites and varicosities was increased when cells were
pre-incubated with 1 mM dibutyryl cAMP. Cell viability
was evaluated using a WST-1 assay (Roche-Diagnostics,
Indianapolis, IN) and an ELISA reader (Dynatech, Chantilly,
VA, USA).

Electrophysiological measurements

Cells were dissociated with 1% trypsin/EDTA solution, and
an aliquot of cell suspension was transferred to a recording
chamber affixed to the stage of a DM-IL inverted micro-
scope (Leica, Wetzlar, Germany). Cells were bathed at room
temperature (20-25°C) in normal Tyrode's solution contain-
ing 1.8 mM CaCl,. The electrodes were pulled from Kmax-
51 capillaries (Kimble Glass, Vineland, NJ) in a PP-830
puller (Narishige, Tokyo), and these, which had a resistance
of 3—5 MS2 when filled with different intracellular solutions,
were subsequently mounted on and controlled by a WR-98
hydraulic micromanipulator (Narishige, Tokyo, Japan). The
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whole-cell configuration of a patch-clamp technique was
carried out using an RK-400 amplifier (Bio-Logic, Claix,
France) or an Axopatch-200B amplifier (Molecular Devi-
ces, Sunnyvale, CA, USA; Lin et al. 2004; Huang et al.
2010). EUG was dissolved in DMSO (less than 0.01%) and
made immediately prior to experiments. Tested drugs
were applied by perfusion or added to the bath to
obtain the final concentrations indicated. Vehicle control
experiments were done and no definite effects on sodi-
um currents were observed, supported by a previous
study (Ohkubo and Kitamura 1997).

The signals were displayed on an HM-507 oscillo-
scope (Hameg, East Meadow, NY, USA) and a liquid
crystal projector (AV600; Delta, Taipei, Taiwan). The
data were stored online in a TravelMate-6253 laptop
computer (Acer, Taipei, Taiwan) at 10 kHz through a
Digidata-1322A interface (Molecular Devices). The lat-
ter device was equipped with an Adaptec SlimSCSI card
(Milpitas, CA, USA) via a PCMCIA slot, and controlled
by pCLAMP 9.2 (Molecular Devices). Current signals
were low-pass filtered at 1 or 3 KHz. The signals were
analyzed using pCLAMP 9.2 (Molecular Devices) or
Origin 7.5 (OriginLab, Northampton, MA, USA). The
pCLAMP-generated voltage-step protocols were used to
examine the current—voltage (/-V) relationships for ion
currents (e.g. Ina and Ixpr))-

Simulation modeling

Spontaneous discharge of NG108-15 neurons was simulated
with the aid of the Pinsky-Rinzel model (Pinsky and Rinzel
1994) and modified by Huang et al (Huang et al. 2008).
Some of default parameters used in this study were modified
and shown in Table 1.

Table 1 Default parameters used for the modeling of NG108-15
neurons in this study

Symbol  Description Value
Cn Membrane capacitance 3 uF
&Na Na" current conductance 18 nS
&Na(ni) Non-inactivating Na* current conductance 0.5 nS
ZK(DR) Delayed rectifier K' current conductance 24 nS
2Ca Ca®" current conductance I nS
gknp) After-hyperpolarization K current conductance 2.5 nS
gkay  Ca’'-activated K* current conductance 20 nS
gxrry  ATP-sensitive K* current conductance 0.3 nS
VNa Na" reversal potential +60 mV
Vea Ca*" reversal potential +80 mV
Vk K" reversal potential =75 mV

The Inaenr) used in this study had no inactivation and was
determined as follows:

Ing (v1y = &Navt) X (V= Va),
&Na (NI) = &Na(NI)max X MNa (NI)»

dmyy, W) _ MooNa (NI) — MNa (NI)

dt TmNa(NI) ’
_ 1
MoeNa WD) = T exp(—(V — 27)/7)
1
TmNa (NI) =

Om(Na) T Bm(Na)

where m.nanr) Tepresents the steady state of activation vari-
able of Ixanr)- The parameter value of mq,nanr) Was originally
taken from the paper of Wu et al. (2009a). a,,nay and 3,,na)
are the forward and backward rate constants of activation
variable (m) for Iy,, respectively.

Simulations were undertaken in C++ programming lan-
guage or within the simulation package XPPAUT on a
Hewlett Packard Workstation (HPxw9300; Palo Alto, CA).
Source files used in this study can be available from http://
www.math.pitt.edu/~bard/XPP/XPP.html. Several different
integration algorithms (e.g. backward Euler and Cvode)
and time steps were used to check accuracy and stability.

Pilocarpine-induced epileptic seizures

All experiments were conducted in accordance with the
specifications of the ethical committee of National Cheng
Kung University. Procedures for animal experimentation
were reviewed and approved by the Institutional Animal
Care and Use Committee. The procedures used were as
humane as possible. Adult Sprague—Dawley (SD) male rats
weighing 175-200 g were purchased from National Cheng
Kung University, being housed under a 12 h light-dark
cycle with food and water ad libitum. They were divided
into five groups: one (control group) with normal saline
injection (i.p.); three (EUG, eugenolol and eugenodilol
group) were given 100 mg/kg of each drug (i.p.) 30 min
before the seizure induction (Sayyah et al. 2002). For eval-
uation of the EUG's in vivo effect on the Inay, the Inaear
antagonist, riluzole was injected (8 mg/kg, i.p.) 30 min
before the injection of EUG (RLZ+EUG group). For seizure
induction, they were all given a lithium chloride (Sigma—
Aldrich Co., St Louis, MO) injection (3 meq/kg, i.p.) 18—
20 h before a subcutaneous (s.c.) pilocarpine injection
(60 mg/kg; Sigma-Aldrich) to induce SE, and, to reduce
the peripheral consequences of pilocarpine, methylscopol-
amine injection (25 mg/kg, s.c.; Sigma-Aldrich) 30 min
before the pilocarpine injection (Huang et al. 2009; Duarte
et al. 2010). The stages of seizure were determined based on
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the standard criteria (Racine et al. 1973; Pitkanen et al.
2006; Cifelli and Grace 2011). Typically, within 5 min of
the pilocarpine injection, the rats developed piloerection and
other signs of cholinergic stimulation. Over the following 15
to 20 min, they exhibited mouth and facial movements, head
bobbing and nodding, scratching, masticatory automatisms,
and exploratory behavior (stages 1-2). Episodes of head and
bilateral forelimb myoclonic movements (stage 3) started at
around 20 to 25 min and progressed to status epilepticus
(stages 4-5) with rearing and falling at about 50 min after
the pilocarpine injection. All these seizure experiments were
done by two independent observers who were blind to the
experimental design.

For all the rats, the time intervals to the onset of seizure
behaviors, the seizure severity and mortality were compared
among the control, the EUG, the RLZ+EUG group, the
eugenolol and the eugenodilol group, and. The seizure-
related mortality was calculated during the first 24 h after
status epilepticus.

Data analyses

To calculate percentage inhibition of EUG on Iy, the cur-
rent amplitudes during the application of EUG were com-
pared with those measured after a subsequent application of
1 uM tetrodotoxin (TTX). The concentration-dependent
relations of EUG on the inhibition of /y, measured at the
beginning and end of depolarizing pulses from —80 to
—10 mV were fitted to the Hill equation. That is, Percentage
inhibition = (Epax X [drug]”)/(ICs¢" + [drug]"), where [drug]
represents the EUG concentration; ICsq and » are the half-
maximal inhibitory concentration and the Hill coefficient,
respectively; and E,,x is the EUG-induced maximal inhi-
bition of Iy, (i.e. TTX-sensitive current).

The inhibitory effects of EUG on Iy, can be explained by
a state-dependent blocker that binds to the open state of the
channel according to a minimal kinetic scheme (Wu et al.
2009b):

a ki
Cz=02=0:B,

B ko
where « and 3 are the voltage-dependent rate constants for
the opening and closing of the Nay, channel; k., and k_; are
those for blocking and unblocking by EUG (i.e. the on- and
off-rate constants for EUG) and [B] is the blocker (i.e. EUG)
concentration. C, O and OB are the closed, open and open-
blocked states, respectively.

The blocking and unblocking rate constants, k. and k_,
were determined from the slow component of inactivation
time constants (Tinacys)) for Ina evoked by the depolarizing
pulses. Blocking and unblocking rate constants were estimated
using the relation: 1/7,=k;;x[B]+k_;, where k. and &,
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respectively, result from the slope and the y-axis inter-
cept at [B]=0 of the linear regression interpolating the
reciprocal time constants (i.e. 1/7,) versus different EUG
concentrations.

For acute seizure study, the latency to the first seizure
was analyzed by non-repeated measures analysis of vari-
ance. The percentage of severe seizures and mortality
among the three groups were analyzed and compared by
Yates' correction for continuity test. For in vitro study, all
values were given as means+SEM with sample sizes (n)
indicating the number of cells examined. The paired or
unpaired Student's test and one-way ANOVA were used
for the statistical evaluation of difference among means.
Statistical analyses were performed using SPSS 14.0 (SPSS
Inc., Chicago, IL, USA). A difference with a p value<0.05
was considered statistically significant.

Drugs and solutions

EUG, tefluthrin, riluzole, tetrandrine, tetracthylammonium
chloride (TEA) were obtained from Sigma—Aldrich (St.
Louis, MO, USA), and tetrodotoxin (TTX) was from Alo-
mone Labs (Jerusalem, Israel), and dibutyryl cAMP and
tetrandrine were from Biomol (Plymouth Meeting, PA,
USA). Salmeterol was from Tocris (Bristol, UK). Eugenolol
and Eugenodilol were gifts from Dr. Jwu-Lai Yeh, Depart-
ment of Pharmacology, Kaohsiung Medical University,
Kaohsiung City, Taiwan (Chen et al. 1997; Huang et al.
1999; Wu et al. 2000). EUG, salmeterol and tefluthrin were
dissolved in dimethylsulfoxide to make a stock solution and
kept at —20°C. Eugenolol and eugenodilol were solubilized
in 10% absolute alcohol and then diluted with distilled
water.

The composition of normal Tyrode's solution was as
follows (in mM): NaCl 136.5, KCI 5.4, CaCl, 1.8, MgCl,
0.53, glucose 5.5, and HEPES-NaOH buffer 5.5 (pH 7.4).
To record membrane potential or Ixpr), the patch pipette
was filled with a solution (in mM): KCI1 140, MgCl, 1,
Na,ATP 3, Na,GTP 0.1, EGTA 0.1, and HEPES-KOH
buffer 5 (pH 7.2). To measure Iy, or Ic, 1, K" ions inside
the pipette solution were replaced with equimolar Cs" ions,
and the pH was adjusted to 7.2 with CsOH.

Results

Inhibitory effect of EUG on Iy, in differentiated NG108-15
neuronal cells

In the initial set of experiments, a whole-cell configuration
was used to investigate the effect of EUG on macroscopic
ion currents in NG108-15 cells. The cells were bathed in
Ca*'-free Tyrode's solution containing 10 mM of TEA and
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patch pipettes were loaded with a Cs”-containing solution.
When the depolarizing pulses from —80 mV to different
membrane potentials were applied to evoke Iy,, applying
EUG diminished the peak amplitude of Iy,, together with a
progressive increase in current decay (Fig. 1a). For example,
when cells were depolarized from —80 to —10 mV, cell
exposure to EUG (10 uM) caused a significant reduction
in the peak amplitude of Iy, from 5145+855 to 2985+654
pA (n=8). The time constants in the slow component of
current inactivation (i.€. Tinacys)) Was significantly decreased
to 4.8+0.1 ms from a control value of 10.2+0.2 ms (n=7).

Similarly, the deactivation rate of Iy, was progressively
increased in the presence of EUG. However, no discernible
change in the overall /-V relationship of /y, can be demon-
strated in the presence of 10 uM EUG (Fig. 1b).

It is also notable that the magnitude of EUG-mediated
inhibition of /y, measured at the beginning and end of the
depolarizing pulses was found to be different. EUG
concentration-dependently suppressed the transient and late
components of Iy,. The relationships between the EUG
concentration and the percentage inhibition for transient
and late components of Iy, are illustrated in Fig. lc. The
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Fig. 1 Inhibitory effects of EUG on Iy, in differentiated NG108-15
neuronal cells. In these experiments, each pipette was loaded with a
Cs*-containing solution, and cells were bathed in Ca**-free Tyrode's
solution containing 10 mM TEA. a Concentration-dependent inhibi-
tion of Iy, by EUG in an NG108-15 cell. Original current traces were
obtained in the control (a) and during exposure to 1 uM (b) and 10 pM
(c) EUG. The lower part in a indicates an expanded record from the
upper part (dashed box), and inset shown in the upper part of a is the
voltage protocol used. b Averaged /-V relationships of the transient Iy,
obtained in control (black circle) and during the exposure to EUG
(white circle). Each cell was depolarized from —80 mV to different
membrane potentials with duration of 50 ms at a rate of 0.1 Hz. Each
point represents the mean+SEM (n=6-9). ¢ Concentration-response

relationships for EUG-induced inhibition of Iy, (i.e. TTX-sensitive
current) measured at the beginning (white circle ) and end (black circle)
of depolarizing pulses (mean+SEM, n=7-11 for each point). Smooth
lines represent the best fits to the Hill equation as described in Meth-
ods. In d, time-dependent block of Iy, inactivation caused by EUG in
differentiated NG108-15 neuronal cells was evaluated. The reciprocal
of time constant of the rate of block (1/7,) obtained by exponential fits
of the slow component of Iy, inactivation (Tinacy(s)) Was plotted against
the EUG concentration. Data points were well fitted by a linear regres-
sion, indicating that EUG-induced blocking occurs with a molecularity
of 1. Blocking (k) and unblocking (k_) rate constants, given by the
slope and the y-axis intercept of the interpolated line, were
0.037 ms ' uM " and 0.10 ms ™", respectively
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half-maximal concentrations (ICsg) required for the inhibi-
tory effects of EUG on transient and late components of Iy,
were 8.9 and 1.6 puM, respectively.

Therefore, it is clear that EUG significantly inhibited
transient and late Iy, in these cells. Moreover, EUG
inhibited the late component of Iy, more than it inhibited
the transient component.

Evaluating EUG's time-dependent inhibition of Iy,
inactivation

EUG not only showed lower Iy, amplitude, but also in-
creased the degree of Iy, inactivation. To confirm EUG-
induced inhibition of /y,, we used a two-exponential process
(fast and slow components) to fit the time courses of current
inactivation with and without EUG treatment. EUG
concentration-dependently reduced Tinacys) (Fig. 1d). How-
ever, no significant changes in the fast component of current
inactivation was noted in EUG-treated cells. Therefore,
increasing EUG concentration not only diminished the peak
amplitude of Iy,, but also increased the inactivation time
course of the current. Based on the first-order blocking
scheme described in Methods, the relationship between 1/7,
and [B] was found to be linear with a correlation coefficient of
0.97 (Fig. 1d). The blocking (i.e. on) and unblocking (i.e. off)
rate constants obtained from six to eight different cells were
calculated to be 0.037 ms™ uM ™" and 0.10 ms™, respectively.
On the basis of these rate constants, the apparent dissociation

constant (Kp=Fk_,/k+;) for the binding of EUG to Nay chan-
nels was thus calculated to be 2.7 uM. Notably, this value is
close to the estimated ICs( value for EUG-mediated inhibition
of late Iy, determined from the concentration-response curve
(Fig. 1c).

Effect of EUG on the Iy, in NG108-15 neuronal cells

The Inanry Was previously demonstrated to be present in
NG108-15 cells at our laboratory (Wu et al. 2009a). In a
separate series of experiments, investigations were further
undertaken to evaluate whether EUG has any effects on the
amplitude of /x,p) in response to long-lasting ramp pulse.
In these experiments, cells were bathed in Ca’’-free
Tyrode's solution containing 10 mM of TEA. When the cell
was held at the level of =50 mV, a long-lasting ramp pulse
from —100 to +50 mV was applied at a rate of 0.05 Hz. Our
results showed that EUG suppressed Inai €licited by long
ramp pulse (Fig. 2a, b). For example, cell exposure to 1 pM
of EUG significantly decreased the peak amplitude of /nao
by 50+£6% from 248+32 to 123+16 pA (n=7). A subse-
quent application of tefluthrin (10 uM) was able to attenuate
EUG-mediated inhibition of Iy, elicited by long ramp
pulse (Fig. 2c) Tefluthrin is a synthetic type-I pyrethroid
known to be an activator of v, (Wu et al. 2009c). Addition-
ally, a further application of salmeterol (10 uM), an agonist
of f3,-adrenergic receptors, was not found to have any
effects on EUG-induced inhibition of Iyaa.
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Fig. 2 Effect of EUG, eugenolol, and eugenodilol on I,y in differ-
entiated NG108-15 cells. Each cell was held at =50 mV and a 1.5-s
long ramp pulse from —100 to +50 mV at a rate of 0.05 Hz was applied.
In a, original current traces in response to ramp pulse were obtained in
the absence (@) and presence of 0.3 uM (b) and 1 uM (¢) EUG. The
inset shown in a indicates the voltage protocol used. In b, the bar
graph shows a summary of data depicting the effect of EUG, tefluthrin,
eugenolol, and eugenodilol. (1): control; (2): 0.3 uM EUG; (3) 1 uM
EUG; (4) 1 uM EUG plus 10 uM tefluthrin; (5) eugenolol (10 uM); (6)
eugenodilol (10 pM). In EUG plus tefluthrin experiments, tefluthrin
(10 uM) was subsequently applied 2 min after addition of EUG
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(1 uM). Each bar indicates the mean+SEM of data from six to nine
cells. Single asterisk: significantly different from control. Double as-
terisk: significantly different from EUG (0.3 uM) alone group. In ¢, the
effect of EUG on tefluthrin-induced change in Iy, inactivation kinetics
in NG108-15 neuronal cells. Cells were bathed in Ca**-free Tyrode's
solution containing 10 mM tetracthylammonium chloride. The record-
ing pipette was filled with a Cs"-containing solution. Inset indicates the
voltage protocol used. Black: control; blue: in the presence of tefluthrin
(10 mM); green: in the presence of tefluthrin plus EUG (1 uM).
Notably, EUG can reverse tefluthrin-induced slowing in the inactiva-
tion time course of Iy,
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Effect of EUG and tetrandrine on /¢, in NG108-15
neuronal cells

Previous work has showed the ability of EUG to de-
crease the amplitude of voltage-gated Ca®" currents in
heart cells, in isolated aortae, and in the E52 cell line
(Sensch et al. 2000; Damiani et al. 2003, 2004; Chung et
al. 2008). We also tested whether EUG has any effects
on Ic,p in differentiated NG108-15 cells. As shown in
Fig. 3, when the cell was depolarized from —50 to 0 mV
with a duration of 300 ms, the peak amplitude of /¢,
was not found to differ significantly between the absence
and presence of 3 uM EUG. However, EUG at a con-
centration of 10 puM significantly diminished /¢, by
about 20%. Neither activation nor inactivation time
course of Ic,; was affected in the presence of 10 uM
EUG. Moreover, tetrandrine (3 puM), a bisbenzyltetrahy-
droisoquinoline alkaloid known to be a blocker of /¢,
(Wu et al. 1998), was effective in reducing the peak
amplitude of /¢, in these cells. Thus, it shows that
EUG at the concentrations less than 3 uM does not
significantly alter the magnitude of /-, . As compared
with Ina OF Inaniys Icar present in NG108-15 cells is
relatively unresponsive to inhibition by EUG.

Inhibitory effect of EUG on Ixpg) in NG108-15 cells

A previous study demonstrated that EUG exerts inhibi-
tory effects on K’ outward currents in heart cells
(Sensch et al. 2000). We next evaluated whether this
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Fig. 3 Effect of EUG and tetrandrine on I, in differentiated NG108-
15 cells. Cells were bathed in normal Tyrode's solution containing
1.8 mM CaCl, and 10 mM TEA. The recording pipette was filled with
a Cs'-containing solution. a Current traces of Ica1 evoked by the
depolarizing pulse from a holding potential of =50 to 0 mV. Trace a
is control, and traces b and ¢ are I, recorded 2 min after application

400

agent has any effects on Ixpgr) in these neuronal cells.
To record Ixpr), cells were bathed in Ca’"-free
Tyrode's solution containing TTX (1 uM) and CdCl,
(0.5 mM). As shown in Fig. 4, when the cell was held
at =50 mV and the depolarizing pulses from —60 to
+30 mV in 10-mV increments were applied, a family
of K" outward-rectifying currents with little or no inac-
tivation was elicited (Wu et al. 2001). Within 2 min of
exposing the cell to EUG (10 uM), the amplitude of Ik (pr)
measured at the end of 300-ms depolarizing pulses was
progressively reduced (Fig. 4). For example, when Ixpg,
was elicited by depolarizing pulses from —50 to +30 mV,
application of 10 uM EUG significantly diminished
the amplitude of Ixpr) by 24+£2% from 1088+98 to
831+85 pA (n=11). When the duration of depolarizing
pulses was prolonged to 1 s, applying 10 uM EUG had
little or no modifications on Igppr) inactivation. Addi-
tionally, applying 3 uM EUG did not significantly di-
minish the amplitude of Ixpr) (data not shown).
Therefore, unlike In,, Ixpr) present in NG108-15 cells
tends to be relatively refractory to inhibition by EUG.

Effects of EUG on spontaneous APs in differentiated
NG108-15 neuronal cells

The effect of EUG on repetitive firing of APs was investi-
gated in these cells. Cells were bathed in normal Tyrode's
solution containing 1.8 mM of CaCl,, and current-clamp
recordings were performed with a K -containing pipette
solution. The typical effect of EUG on spontancous APs in
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200 4

Current amplitude (pA)

O Q »Y
¢ o 0
of 3 and 10 uM EUG, respectively. The inset in a indicates the voltage
protocol used. b Summary of data depicting the effects of EUG and
tetrandrine (Tetr) on the peak amplitude of /¢, 1. Each bar indicates the
mean+SEM of data from 7 to 12 cells. Single asterisk: significantly
different from control
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Fig. 4 Effect of EUG on Ik pr) in differentiated NG108-15 cells. Cells
were bathed in Ca®"-free Tyrode's solution containing 1 pM TTX and
0.5 mM CdCl,. a Superimposed current traces obtained in the absence
(a) and presence (b) of 10 uM EUG. The upper part of a indicates the
voltage protocol examined. Note that neither activation nor inactiva-
tion time course of /xpr) can be altered in the presence of EUG. b IV

these cells is illustrated in Fig. 5a. When cells were exposed
to EUG, the repetitive firing of APs was robustly diminished
(Fig. 5b). For example, EUG (1 uM) significantly reduced
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Fig. 5 Effect of EUG and eugenolol on spontaneous APs in NG108-
15 cells. Cells were bathed in normal Tyrode's solution containing
1.8 mM CaCl,. The experiments were performed under current-
clamp conditions. a Original traces obtained in the control (@) and
during the exposure to 1 pM (b) and 3 uM (c) EUG. b Bar graph
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circle) of 10 uM EUG. Each cell was depolarized from —50 mV to
various potentials ranging from —60 to +30 mV at a rate of 0.1 Hz.
Current amplitudes were measured at the end of depolarizing pulses.
Each point indicates the mean+SEM of data from 9 to 12 cells. Single
asterisk: significantly different from controls

the firing frequency of APs to 1.68+0.08 Hz (n=7) by 26+
3% from a control value of 2.27+0.14 Hz (n=7). The firing
of spontaneous APs was almost returned to the control value
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showing the effect of EUG and eugenolol (10 uM) on firing frequency
of APs. The parentheses shown in each bar are the number of cells
examined. Values are the mean+SEM. Single asterisk: significantly
different from control
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after washout of EUG. However, eugenolol (10 pM) only
slightly decreased the firing frequency by around 14 %.
Therefore, it is clear that EUG can regulate the firing of
neuronal APs. The decrease in the firing frequency of APs
caused by EUG at concentrations less than 10 uM can be
primarily explained by its depressant actions on Iy, and I
in NG108-15 neuronal cells.

Effects of EUG on repetitive firing of action potentials
in modeled neurons

In order to predict how EUG alters the discharge pattern of
hippocampal neurons, a modified Pinsky and Rinzel simu-
lation modeling was implemented (Huang et al. 2008).
Figure 6 illustrates the time course of repetitive firing of
action potentials and corresponding changes in Iy, and Inar
from a modeled neuron. In the control, the firing frequency
is 2.7 Hz. When the maximal conductances of Iy, and Iy,
o were arbitrarily reduced to 17.1 and 0.3 nS from
control values of 18 and 0.5 nS, respectively, the discharge
rate was declined to 1.8 Hz. This result resembled our
experimental observations showing that application of
EUG (1 uM) reduced the firing frequency by approximately
28% (Fig. 5).
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Fig. 6 Simulation modeling used to mimic EUG effects on the firing
of action potentials (APs, upper, blue color), I, (middle, black color)
and Inanry (lower, red color) in NG108-15 neurons. The model was
based on the model of Huang et al. (2008) in which the non-
inactivating component of Iy, (Inan1)) Was incorporated. The

The effects of EUG on pilocarpine-induced acute seizures

The EUG group showed a similar latency to the first seizure
(stage 1; mean+SEM, 28+2.2 min) with the control group
(25+2.3 min) , the RLZ+EUG group (26+2.6 min), the
eugenolol group (24.5+1.5 min) and the eugenodilol group
(26.9£2.5 min). Nevertheless, in terms of the seizure sever-
ity, the percentage of severe seizures (stages 3, 4 and 5) in
the EUG group was significantly less than that in the other
four groups (EUG, 25% (5/20); control, 70% (14/20); RLZ+
EUG, 55% (11/20); eugenolol, 60% (12/20); eugenodilol,
65% (13/20; p<0.05). For acute status epilepticus-related
mortality, it was significantly lower in the EUG group (15%;
3/20), than it is in the control group (40%; 8/20), the RLZ+
EUG group (30%; 6/20), the Eugenolol (30%; 6/20) and the
eugenodilol (35%; 7/20) (p<0.05; Fig. 7).

Discussion

The major findings of this study are as follows: First, in
differentiated NG108-15 neuronal cells, EUG differentially
inhibited the transient and late components of Iy, in a
concentration-dependent manner. Second, EUG was able
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formulation of Iy, Was described in Methods. To mimic the effect
of EUG (1 uM) on electrical behavior of NG108-15 cells, the Iy,
conductance (gn,) was reduced from 18 to 17.1 nS and the Inani
conductance (gnar) Was reduced from 0.5 to 0.3 nS
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Fig. 7 Pilocarpine-induced acute seizures in the control, EUG, RLZ+
EUG, eugenolol and eugenodilol groups. a Similar latency to the first
seizure (stage 1) in the five groups (p=0.35). b The EUG group had
significantly lower percentage of severe seizures (stage 3-5; *p=

to diminish the amplitude of I,y evoked by long-lasting
ramp pulse, and tefluthrin reversed the EUG-induced inhi-
bition of Iy, Third, at a high concentration, EUG could
reduce the amplitude of /c, 1 and Ixpr). Fourth, EUG could
decrease the firing frequency of spontaneous APs. Fifth,
from simulation modeling, we verified clearly that EUG
can effectively decrease the firing frequency by attenuating
Ina and Inaoan, thereby leading to a reduction of neuronal
excitability. Lastly, EUG ameliorated pilocarpine-induced
seizures in SD rats and the effects could be occluded by
riluzole, an I, anatagonist.

A notable feature of the block of Iy, caused by EUG in
these cells is that the initial rising phase of the current (i.e.
the activation time course) was unaffected. It is thus likely
that before channel activation, there should be the absence
of any significant resting block of Nay channels. Moreover,
no discernible change in the /-V relationship of the transient
Ina was found in the presence of EUG. However, another
important finding in this study is that the inhibitory effects
of EUG on I, are not limited to its inhibition of the peak
amplitude of this current. In other words, increasing the
EUG concentration not only reduced the peak current of
Iy, but also accelerated the apparent inactivation. The EUG
molecule appears to the blocking site only when the channel
is in the open state. This feature can be incorporated in a
minimal binding scheme (i.e. closed < open < open-
blocked (Wu et al. 2009b). Therefore, the EUG-mediated
block of Iy, can be interpreted as suggesting that it prefer-
entially binds to and blocks an open state of the Nay,
channel.

We clearly demonstrated that EUG in the concentration
range of 0.1-1 uM had almost no effect on the transient
component of /,; however, it indeed effectively blocked the
late component of /y,. The ICsq values of EUG required for
the inhibition of the transient and late Iy, tend to be lower
than those for its inhibitory effect on /¢, 1, or Ixpr). There-
fore, the experimental results presented herein indicate that
there is a selective block of late Iy, by EUG. The reduction
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0.041). ¢: The EUG group had lower status epilepticus-related mortal-
ity in the acute period (¥*p=0.02; n =20 in each group) Single asterisk:
significantly different from control, RLZ+ EUG, EUGL and EUGD
group. EUGL eugenolol, EUGD eugenodilol

of AP firing caused by EUG at concentrations less than
10 uM could be primarily explained by its ability to inhibit
the transient and late components of Iy, in NG108-15 neu-
ronal cells, partly because /¢, 1. was relatively not subject to
block by EUG.

EUG and its newly designed compounds (e.g. eugenolol
and eugenodilol) have been previously demonstrated to
exhibit the antagonistic activity of (3-adrenergic receptors
(Chen et al. 1997; Huang et al. 1999; Wu et al. 2000).
However, EUG-induced inhibition of Iy, presented here-
in was found to be attenuated by a further application of
tefluthrin, but not by salmeterol, an agonist of 3,-adrenergic
receptors. This suggests that the inhibition of /x, and Ixar)
caused by EUG is direct and appears to be not necessarily
associated with the binding to (3-adrenergic receptors, al-
though the binding to (3,-adrenergic receptors is reported to
stimulate y-secretase and accelerate (3-amyloid plaque for-
mation in brain (Ni et al. 2006). Additionally, neither euge-
nolol nor eugenodilol at concentrations less than 1 uM
could produce an inhibitory effect on I, or Inar) present
in these cells. It is thus tempting to speculate that a chemical
modification in the 4-hydroxy group of EUG diminishes its
inhibitory effects on Nay channels, although it is able to
enhance the antagonistic activities of (3-adrenergic receptors
(Wu et al. 2000).

EUG has been found to have anticonvulsant effect
(Dallmeier and Carlini 1981; Sayyah et al. 2002). It
also protects neurons from excitotoxic and oxidative
injury (Wie et al. 1997). As enhancement of Iy,
may be a common underlying mechanism in some forms of
epilepsy (Lossin et al. 2002; Segal 2002; Chen et al. 2011), the
inhibitory effect on Iy,ry of EUG, as shown in our study,
potentially supports the role of EUG in treating some epileptic
disorders. Additionally, as an anticonvulsant agent with a
primary effect on sodium channels, it could reduce synaptic
transmission without significantly interfering neuronal synap-
tic plasticity (Ardjmand et al. 2006). Moreover, it is noted that
the 1Csq value required for EUG-induced inhibition of /, in
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this study is about 1 uM. A recent report (Lionnet et al. 2010)
showed that there was a high ratio of brain-to-plasma and
spinal cord-to-plasma, suggesting that EUG can penetrate the
brain well. The anti-epileptic effect of EUG observed in this
study may occur at a concentration achievable in humans.
Therefore, it is anticipated that there would be a link between
antiepileptic activity and its inhibitory action on /y,. Never-
theless, further studies are needed to determine the extent to
which EUG-mediated inhibition of /, contribute to its man-
agement of epileptic attacks.

Riluzole, a neuronal excitability-modulator with neuropro-
tective properties, is a specific antagonist of persistent sodium
current but not fast sodium current in mammalian central
neurons (Urbani and Belluzzi 2000; Mathew et al. 2010).
Our study showed that the EUG's effect on Ixary Was occlud-
ed by pretreated RLZ, compared to EUG alone. This basically
supported the notion that the anticonvulsant effect of EUG, at
least partially, derived from effect on /). We found that the
group EUG+RLZ did not have strong anticonvulsant effect
(though relatively smaller percentage of severe seizures) and
did not have a distinct effect on seizure latency. There exist
some controversies regarding riluzole's effects on neuro-
nal excitability. A report showed that riluzole might
lower the level of pilocarpine in both brain and plasma,
thereby altering its effect on pilocarpine-induced seizure
activity (Zgrajka et al. 2010); nevertheless, one study
reported riluzole's paradoxical effect on worsening neu-
ronal excitability (Pefia and Tapia 2000). Further phar-
macokinetic and mechanistic studies in epileptic animals
regarding riluzole and EUG would be required.

Expression of Nay 1.7 and Nay1.8 has been shown to be
up-regulated in dorsal root ganglion neurons during long-
lasting inflammatory reaction with carrageenan injection
(Black et al. 2004). The inhibition of Nay channels (e.g.
Nay1.7 and Nay1.8) expressed in the sensory nerve termi-
nals in the teeth (Djouhri et al. 2003; Warren et al. 2008)
might be the molecular basis for the actions of EUG in
treating pain. Although the distribution and level of expres-
sion of Nay channels in chronic epileptic circuits (e.g.
Nay 1.7 and Nay1.8) remains to be investigated, the poten-
tial for selective blockade of late Iy, and Inaniy) may have
important clinical implications in treating some neuronal
hyperexcitability disorders.

In conclusion, these results led us to suggest that the
pain-relieving and seizure-ameliorating effect of EUG may
be primarily associated with its propensity to interact with
Nay channels. By synergistic inhibition of Iy, and Iy,m,
EUG can be a potential pharmacological tool used in char-
acterization of the properties of Nay channels and in clinical
medicine such as ameliorating epileptic seizures.
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