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ABSTRACT: Methyleugenol (ME) is a natural constituent isolated from many plant
essential oils having multiple biological effects including anticonvulsant and anesthetic
activities, although the underlying mechanisms remain unclear. Here, we identify ME as a
novel agonist of ionotropic γ-aminobutyric acid (GABA) receptors. At lower concentrations
(∼30 μM), ME significantly sensitized GABA-induced, but not glutamate- or glycine-
induced, currents in cultured hippocampal neurons, indicative of a preferentially modulatory
role of this compound for A type GABA receptors (GABAARs). In addition, ME at higher concentrations (≥100 μM) induced a
concentration-dependent, Cl−-permeable current in hippocampal neurons, which was inhibited by a GABAAR channel blocker,
picrotoxin, and a competitive GABAAR antagonist, bicuculline, but not a specific glycine receptor inhibitor, strychnine. Moreover,
ME activated a similar current mediated by recombinant α1-β2-γ2 or α5-β2-γ2 GABAARs in human embryonic kidney (HEK)
cells. Consequently, ME produced a strong inhibition of synaptically driven neuronal excitation in hippocampal neurons.
Together, these results suggest that ME represents a novel agonist of GABAARs, shedding additional light on future development
of new therapeutics targeting GABAARs. The present study also adds GABAAR activation to the list of molecular targets of ME
that probably account for its biological activities.
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Methyleugenol (1,2-dimethoxy-4-prop-2-en-1-ylbenzene,
ME; Figure 1A) is a type of phenylpropanoid compound

isolated from various essential oils of plants1−3 such asMyristica
f ragrans, Ocimum basilicum, Pimenta of f icinalis, Cinnamomum
oliveri, Thapsia villosa, Doryphora sassaf ras, and Croton
nepetaefolius. ME possesses a substantial place in daily life and
biomedical applications. Because of its flavoring nature, ME is
widely used as a supplemental agent in food and a fragrance in
products such as cosmetics, soaps, and shampoos.4 In addition,
ME has been used as an olfactory stimulant to attract insects5 and
kill them by combination with insecticides. Moreover, many
biological actions of ME in mammals have been proposed,
including anesthetic,6,7 antianaphylaxis,8 antidepressive,9 anti-
convulsant,10,11 antinociceptive,12 neuroprotective,13 and vaso-
dilatory3,14 effects, although underlying mechanisms remain
elusive. In consideration of the growing interest in the
pharmacological activities of ME targeting the central nervous
system,6,7,9−13 probing its molecular targets, such as membrane
receptors or ion channels in the brain, represents a promising
way to further characterize additional pharmacological activities
and therapeutic uses of this traditional agent.
Type A γ-aminobutyric acid receptors (GABAARs) are

pentameric proteins that form Cl− permeable ion channels and

are widely distributed in the central nervous system.15 GABAARs
confer primary inhibitory control of neural activity physiologi-
cally and pathophysiologically.16−19 To date, as many as 19
GABAAR subunits have been identified,20−22 which associate
into functional heteromeric receptors with various physiological
and pharmacological properties. The main subunit combination
is α1β2γ2, at a ratio of 2:2:1, which constitutes up to 43% of the
GABAARs in the adult brain.22 Based on the key roles of
GABAARs, this type of receptor is no doubt an important
molecular target for the treatment of numerous neurological
disorders.17,18,23−27 Up to now, progress has been made in the
development of GABAAR-targeted drugs28 for preclinical and
clinical use, including benzodiazepines, barbiturates, steroids,
and anesthetics. These GABAAR modulators have made a
significant contribution in the treatment of a variety of
neurological diseases or disorders17,18,23−27 including insomnia,
epilepsy, anxiety, and depression. Given the complexity of
GABAAR physiology20 and the increasing need for improved
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treatment of neuropsychiatric diseases, continued efforts are
required to discover or develop novel GABAAR modulators
including agonists29−31 and antagonists.32

In the present study, we electrophysiologically identified ME
as a novel agonist of GABAARs. Using cell culture and
electrophysiological recordings, we characterized the effects of
ME on neurotransmitter-gated ion channels and found that ME
preferentially sensitized GABAAR activation at lower concen-
trations (∼30 μM) in cultured hippocampal neurons. ME (∼30
μM) alone induced negligible currents, but it significantly
potentiated lower concentrations (∼3 μM) of GABA-induced
currents. Strikingly, at higher concentrations (≥100 μM), ME
directly activated endogenous and recombinant GABAARs.
Considering the neuropharmacological effects of ME, these
findings raise a potential involvement of GABAAR activation that
probably accounts for its biological activities.

■ RESULTS AND DISCUSSION

Facilitation of GABA Response in Hippocampal
Neurons by ME. Previous studies have suggested that ME
possesses inhibitory effects on the activity of the central nervous
system, including anesthetic,10,11 anticonvulsant,6,7 and anti-
nociceptive12 effects. To examine whether ME (Figure 1A)
exerts its central action by enhancing GABAergic inhibition,
GABA-induced currents (1 μM) in the absence and presence of
ME (30 μM) were electrophysiologically measured in cultured
hippocampal neurons. ME (30 μM) alone induced negligible
currents in hippocampal neurons (Figure 1B). However,
simultaneous application of ME (30 μM) dramatically enhanced
GABA-induced currents (Figure 1B). TheME-facilitated current
was fully inhibited by the GABAAR antagonist bicuculline (BMI,
10 μM; Figure 1B), suggesting that activation of GABAARs is
sufficient to underlie the enhanced current by ME. The present
observation ofME facilitation of GABA response in hippocampal

Figure 1. Methyleugenol (ME) facilitation of GABA response in cultured hippocampal neurons. (A) Chemical structure of ME. (B) Representative
traces showing the currents evoked by GABA (1 μM) alone, ME (30 μM) alone (gray), GABA (1 μM) plusME (30 μM) (black), or GABA (1 μM) plus
ME (30 μM) in the presence of BMI (10 μM) as indicated. (C, D) Representative traces (C) and pooled data (D) showing the currents evoked by
GABA (0.3 μM) in the absence or presence of ME with various concentrations (n = 4−6; *P < 0.05, **P < 0.01, and ***P < 0.01, compared with IGABA,
paired Student’s t test). (E, F) Representative traces (E) and pooled data (F) showing the effects of ME (30 μM) on the current induced by various
concentrations of GABA (n = 4−5; *P < 0.05 and **P < 0.01, compared with IGABA, paired Student’s t test).
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neurons raised a potential participation of GABAAR activation to
mediate its pharmacological effects.
Next, we further characterized the effects of ME on the GABA

response by measuring currents over a wide range of
concentrations of ME and GABA. When various concentrations
of ME were applied together with GABA (0.3 μM), the GABA-
induced currents were potentiated in a concentration-dependent
manner (Figure 1C,D). Likewise, the effect of ME (30 μM) on
currents induced by a wide range of GABA concentrations from
0.1 to 1000 μM were measured in hippocampal neurons. As
shown in Figure 1E,F, ME selectively increased peak current
amplitudes at GABA concentrations of ≤3 μM. The prominent
modulation by ME at lower concentrations of GABA (0.1−3
μM) and the resistance of GABA response at higher
concentrations (≥10 μM) of ME were reminiscent of the fact
that synaptic and extrasynaptic concentrations of GABA differ
widely and probably activate different types of GABAARs. While
the concentration of GABA in the synaptic cleft can reach the
millimolar range,33,34 the ambient level of GABA in the cerebral

spinal fluid35 is estimated to vary between 0.8 and 2.9 μM, which
is sufficient to induce tonic inhibition by activating slowly
desensitizing extrasynaptic high-affinity GABAARs.

36 ME
enhanced GABA responses in hippocampal neurons, which
potentially regulate neuronal excitability in the central nervous
system.

Activation of GABAARs in Hippocampal Neurons by
ME. As shown in Figure 2A, ME alone at higher concentrations
(≥100 μM) induced large inward currents (IME) in hippocampal
neurons. Quantification of the ME-induced currents yielded an
EC50 of 367 ± 58 μM (Figure 2B). ME-activated currents in
hippocampal neurons were inhibited by the GABAAR antagonist
BMI (10 μM) or the channel blocker picrotoxin (PTX, 100 μM)
but not a specific glycine receptor inhibitor strychnine (STR, 1
μM) (Figure 2C,D) nor the N-methyl-D-aspartate (NMDA) or
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) type glutamate receptor antagonists D(−)-2-amino-5-
phosphonopentanoic acid (D-APV, 20 μM) or 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX, 10 μM) (Figure 2E,F),

Figure 2. ME-activated currents (IME) in cultured hippocampal neurons. (A) Representative traces showing the inward currents induced by various
concentrations of ME in cultured hippocampal neurons. (B) Concentration−response relationship of IME. All currents were normalized to the peak
current evoked by ME (1 mM). Data points represented means ± SEM of four or five neurons. (C, D) Representative traces (C) and summary (D) of
the normalized data of IME evoked by ME (1 mM) alone or in the presence of 10 μMBMI (n = 4), 100 μM PTX (n = 4), or 1 μM STR (n = 4). Dashed
line in part D indicates the control values of ME-induced currents without antagonist treatment. ***P < 0.001 and NS = no significant difference,
compared with IME, paired Student’s t test. (E, F) Representative traces (E) and summary (F) of the normalized data of IME evoked byME (1mM) alone
or in the presence of 20 μMD-APV (n = 4) or 10 μMCNQX (n = 5). Dashed line in part F indicates the control values of ME-induced currents without
antagonist treatment. NS = no significant difference, compared with IME, paired Student’s t test.
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Figure 3. Ion selectivity of ME-activated currents (IME) in cultured hippocampal neurons. (A) Representative current traces showing IME evoked byME
(1 mM) at various holding potentials (VH) with [Cl−]i of 156 mM (upper traces) and 20 mM (lower traces). (B) Representative current−voltage
relationship of IME with [Cl−]i at 156 and 20 mM, respectively. The reversal potential (Erev) of IME moved toward hyperpolarizing direction upon
lowering of [Cl−]i. (C) Summary results (n = 4 for each group) exemplified as in part B.

Figure 4. Activation of the recombinant GABAARs by ME. (A) Representative current traces induced by various concentrations of ME as shown in
HEK-293T cells that expressed α1, β2, and γ2 GABAAR subunits. (B) Statistical data showing the relative current normalized to IME evoked by ME (1
mM), n = 5. (C) Representative current traces induced by various concentrations of ME as shown in HEK-293T cells that expressed α5, β2, and γ2
GABAAR subunits. (D) Statistical data showing the relative current normalized to IME evoked by ME (1 mM), n = 5.
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respectively, suggesting that ME-induced currents occurred
through the specific activation of GABAARs.
To confirm further whether ME-induced currents were

mediated by the permeation of Cl− ions, the reversal potentials
(Erev) of ME currents at two different intracellular Cl−

concentrations ([Cl−]i = 156 or 20 mM, respectively) were
calculated based on the measurement of currents under different
membrane potentials (from −70 to +50 mV at 20 mV steps). As
shown in Figure 3, the Erev shifted from −2.5 ± 1.7 (n = 4) to
−35.6 ± 3.5 mV (n = 4) when the Cl− concentration in the pipet
solution was changed from 156 to 24 mM. This change in Erev
was consistent with the theoretical value for Cl− calculated using
the Nernst equation. Collectively, these findings demonstrated
that ME-induced currents in hippocampal neurons were
mediated by Cl− flux through GABAAR channels.
Activation of Recombinant GABAARs by ME. To

characterize more definitively the molecular identity of GABAAR
activation byME in hippocampal neurons, the effects ofMEwere
examined on recombinant GABAARs expressed in human
embryonic kidney (HEK)-293T cells. As stated previously,22

the α1β2γ2 composition is the most common form of GABAARs
in the adult brain including the hippocampus. In addition, both
α5 and δ GABAAR subunits are required to mediate tonic
inhibition in hippocampal neurons. More specifically, whereas
CA1 pyramidal cells predominantly express α5 subunits, dentate
gyrus granule cells primarily express δ subunits.37−39 Mechanis-

tically, the effects of ME on HEK-293T cells expressing α1-β2-γ2
(Figure 4A,B) or α5-β2-γ2 (Figure 4C,D) GABAAR subunits
were investigated to reveal the potential contribution of phasic
over tonic GABAARs. As shown in Figure 4, ME induced
significant inward currents (IME) in HEK-293T cells that
expressed α1-β2-γ2 or α5-β2-γ2 GABAAR subunits with an
EC50 of 290 ± 28 and 198 ± 7.0 μM, respectively. These results
were comparable with observations in hippocampal neurons
(Figure 2A,B), suggesting that activation of α1β2γ2- or α5β2γ2-
GABAARs by ME mediated at least part of the effects of ME in
hippocampal neurons described previously.

Negligible Effects of ME on Ionic Glutamate or Glycine
Receptors in Hippocampal Neurons. The finding of direct
activation of GABAARs (Figure 2) together with the significant
facilitation of GABA responses (Figure 1) prompted us to
investigate the membrane receptor/ion channel selectivity
affected by ME in hippocampal neurons. The effects of ME at
a concentration of 30 μM,which sensitized GABAARs (Figure 1),
on the channel activity of excitatory transmitter (i.e., glutamate)
receptors was examined in hippocampal neurons. Glutamate
(plus glycine)-induced currents were recorded under Mg2+-free
conditions; therefore, these are probably the result of collective
activation of AMPA, NMDA, and kainate receptors. As shown in
Figure 5A,C, there were no significant differences in the
amplitudes of the peak currents evoked by glutamate (300
μM) plus glycine (1 μM) in the absence or presence of ME (30

Figure 5. Effects of ME on ionic glutamate or glycine receptors in hippocampal neurons. (A, B) Representative traces showing ionic currents elicited by
glutamate (300 μM, plus 1 μMglycine to activate NMDA subtype glutamate receptors), or glycine (100 μM) as indicated. Note: The currents mediated
by ionic glutamate receptors were evoked under theMg2+-free external solution to relieve theMg2+ blockade in the NMDA subtype glutamate receptors.
(C) Bar graph summary showing the relative current amplitudes in the presence of 30 μMME normalized to that induced by the agonist alone; n = 5 for
each group; NS, no significant difference.

Figure 6. Effects of ME on intrinsic membrane excitability in hippocampal neurons. (A) Representative traces showing voltage responses in
hippocampal neurons to 500 ms current injection of +70 and +150 pA in the absence (Ctrl, upper panel) and presence of 30 μM ME (lower panel).
CNQX (10 μM), D-APV (20 μM), BMI (10 μM), and STR (1 μM) were added to the bath to block synaptic transmission. (B) Firing frequency at
different levels of currents injected in the absence (Ctrl) or presence of ME (30 μM); n = 13−15 for each group.
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μM) (97.9% ± 4.2% of the Ctrl current, n = 4, P > 0.05),
suggestive of a negligible involvement of glutamate receptors in
the ME effects. Analogously, the effects of ME (30 μM) on
glycine receptors, another type of ionic inhibitory receptor in the
central nervous system, were also examined. As shown in Figure
5B,C, there was no significant effect of ME (30 μM) on glycine
(100 μM)-induced currents (99.8% ± 1.3% of the Ctrl current, n
= 5, P > 0.05). The negligible impacts of ME on the activation of
ionic glutamate or glycine receptors were in agreement with the
resistance of ME-activated currents to inhibitors of glutamate
(i.e., D-APV and CNQX) or glycine receptors (i.e., STR) in
hippocampal neurons described previously (Figure 2C−F).
Hence, neither ionic glutamate nor glycine receptors were
involved in ME effects in neurons.
Negligible Effects of ME on Intrinsic Membrane

Excitability in Hippocampal Neurons. To determine
whether ME affects intrinsic membrane excitability, the impact
of ME on the evoked spike rates of hippocampal neurons was
examined in the presence of a cocktail of transmitter receptor
antagonists, including CNQX (10 μM), D-APV (20 μM), BMI
(10 μM), or STR (1 μM) for the selective inhibition of AMPA,
NMDA, GABAA, and glycine receptors, respectively. As shown in
Figure 6, ME (30 μM) had no significant effects on the firing
rates induced by step-depolarization current injections. Collec-
tively, these negative results strengthened the notion that
selective enhancement of GABAAR activity but not involvement

of ionic glutamate or glycine receptors nor intrinsic membrane
excitability dominates ME actions in neurons.

Inhibition of Synaptically-Driven Spiking by ME in
Hippocampal Neurons. Finally, to obtain the functional
output of ME facilitation and activation of GABAARs, the acute
effects of ME on synaptically driven excitation in hippocampal
neurons were examined. A cell-attached voltage-clamp config-
uration was used to evaluate neuronal spiking.40,41 Mean
spontaneous firing rates were 1.2 ± 0.2 Hz (n = 6) in cultured
hippocampal neurons 12−16 days in vitro (DIV), which were
fully eliminated by the AMPA receptor antagonist, CNQX (10
μM) (Figure 7A), confirming the synaptically driven nature.
Strikingly, neuronal firing rates were significantly decreased after
application of ME in a dose-dependent manner (IC50 = 17.0 ±
1.8 μM, Figure 7B). Moreover, in a cellular model of
hyperexcitation31,32caused by removal of external Mg2+, ME
still gave rise to a concentration-dependent suppression of
spontaneous spiking rates (IC50 = 49.3 ± 8.1 μM, Figure 7C,D).
Of note, at lower concentrations up to 3 μM, ME was able to
yield a significant reduction of neuronal excitability under normal
or even hyperexcitation conditions (Figure 7B,D). The above
results show that ME exerted more noticeable effects on the
currents induced by lower concentrations of GABA (0.1−3 μM)
and failed to affect the GABA responses at higher concentrations
(≥10 μM) (Figure 1); thus, we speculated that the synergy
between ME and (more likely extrasynaptic) GABA on
GABAARs probably conferred the ME regulation of neuronal

Figure 7. Inhibition of synaptically driven spiking byME in hippocampal neurons. (A) Representative traces of cell-attached recordings of spontaneous
spiking from a single hippocampal neuron bathed in the standard external solution in the presence or absence of ME and CNQX as indicated. (B)
Concentration-dependent inhibition of ME on the spontaneous firing rate under normal external solution, n = 7. (C) Representative traces of
spontaneous spiking from a single hippocampal neuron bathed in the Mg2+-free external solution in the absence or presence of ME. (D) Concentration-
dependent inhibition of ME on neuronal firing rate under Mg2+-free external solution, n = 6.
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firing, a notion that was strengthened by the fact that ME was
capable of activating phasic and tonic types of recombinant
GABAARs as well (Figure 4). Collectively, these results indicated
that ME effectively inhibited neuronal firing probably by
promoting the activation of GABAARs.
In summary, we electrophysiologically demonstrated in the

present study that ME acts as a novel agonist for the GABAARs.
At lower concentrations (∼30 μM), ME significantly sensitized
GABA (∼3 μM)-induced currents in hippocampal neurons
(Figure 1); at higher concentrations (≥100 μM), ME induced a
concentration-dependent activation of endogenous (Figures 2
and 3) and recombinant (Figure 4) GABAARs. By contrast, ME
exerted negligible effects on the activation of ionic glutamate or
glycine receptors (Figure 5). In addition, intrinsic membrane
excitability was not affected by ME (Figure 6). As a result of
enhanced GABAAR activation, ME produced a strong inhibitory
effect on synaptically driven neuronal excitation in hippocampal
neurons (Figure 7). Thus, the present identification of ME as a
GABAAR agonist provided the first mechanistic link between the
natural compound ME and inhibitory GABAARs in the central
nervous system, which adds GABAAR activation to the list of
molecular targets of ME that probably accounts for its central
inhibition activities.
As stated above, ME has been increasingly recognized to

possess diverse therapeutic efficacies including anesthetic,6,7

antidepressive,9 anticonvulsant,10,11 antinociceptive,12 and neu-
roprotection13 effects by acting in the central nervous system,
although the underlying mechanisms remain to be established.
All of these central effects can be accounted for by ME-induced
activation of GABAARs widely distributed in different regions of
the brain. It is well-known that the hippocampus is a pivotal
region for the genesis of epileptic seizure activity;42−47 hence the
finding of ME-induced activation of GABAARs and reduction of
network excitability in the hippocampus constitutes a probable
mechanism of its anticonvulsant properties, although other
possibilities cannot be excluded.
The GABAAR is the primary receptor responsible for

inhibitory control over neural activity and information
processing in the central nervous system, thereby enabling it to
affect various processes such as sensorimotor action, emotion,
cognition, and memory. Based on the present identification of
ME as a GABAAR agonist, we speculate that ME might exert its
effects more widely. As one kind of insect attractant, ME was
found in much earlier studies48−50 to attract male oriental fruit
flies and to cause a compulsive feeding behavior that continues
until flies die from engorgement. Up to now, the neurochemical
basis underlying the characteristic feeding response to ME was
not fully understood. Whether ME activates a GABAAR-
analogous receptor in flies remains an open question awaiting
additional studies in the future. Coincidentally, in mammals, ME
as a flavoring agent is commonly used in food supplementation.4

We anticipate that ME likely promotes feeding behavior in
mammals in part due to the agonistic action on GABAARs in
addition to acting as an olfactory stimulus. The well-established
GABAAR modulator, allopregnanolone, has also been reported
to produce strong orexigenic effects.51−53 On the contrary, long-
term administration of GABAAR ligands such as benzodiazepines
usually produce dependence and associated withdrawal reac-
tions.54 Here identification of ME as a GABAAR agonist thus
raises a caution of substance dependence associated with this
compound due to its wide use during daily exposure or oral
administration.

The present study characterizing ME as a novel agonist of
GABAARs sheds more light on the future development of new
therapeutics associated with GABAergic inhibition. On the one
hand, based on the present observations and previous
studies,6,7,9−13 ME itself can be a potential drug candidate to
treat neuropsychiatric diseases by augmentation of GABAAR
function or through other unidentified mechanisms. On the
other hand, ME probably represents a novel chemical scaffold for
developing GABAAR agonists by generation of additional ME
analogs. To attain this aim, it is undoubtedly a prerequisite to
perform additional structure−activity relationship studies on this
compound as well as on the receptors with which it interacts.55

The present electrophysiological identification of ME as a
GABAAR activator represents a first step in revealing the
molecular mechanisms of ME action in the central nervous
system.

■ METHODS
Animals. Pregnant C57BL/6J mice (15-day-old embryonic) were

obtained from Shanghai Slac Laboratory Animal Company Limited,
Shanghai, China. All efforts were made to minimize animal suffering and
to reduce the number of animals used. All experimental protocols were
approved by the Animal Ethics Committee of Shanghai Jiao Tong
University School of Medicine, China.

Cell Culture. Primary cultures of mouse hippocampal neurons were
prepared according to previously described techniques.56 In brief, 15-
day-old embryonic C57BL/6J mice were isolated by a standard enzyme
treatment protocol. Brains were removed rapidly and placed in ice-cold
Ca2+- andMg2+-free phosphate buffered solution. Tissues were dissected
and incubated with 0.05% trypsin−EDTA for 10 min at 37 °C, followed
by trituration with fire-polished glass pipettes, and plated on poly(D-
lysine)-coated 35mm culture dishes at a density of 1× 106 cells per dish.
Neurons were cultured with Neurobasal medium (Invitrogen)
supplemented with B27 (Invitrogen) and maintained at 37 °C in a
humidified 5% CO2 atmosphere incubator. Cultures were fed twice a
week and used for electrophysiological recording 10−20 days after
plating. Glial growth was suppressed by addition of 5-fluoro-2-
deoxyuridine (20 μg/mL, Sigma-Aldrich) and uridine (20 μg/mL,
Sigma-Aldrich).

The HEK-293T cells were cultured at 37 °C in a humidified
atmosphere of 5% CO2 and 95% air. The cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 1 mM L-
glutamine, 10% fetal bovine serum, 50 units/mL penicillin, and 50 μg/
mL streptomycin (all from Invitrogen).

Chemicals. All drugs were purchased from Sigma-Aldrich (St. Louis,
MO). In electrophysiological experiments, the final concentration of
dimethyl sulfoxide (DMSO) was lower than 0.1% and was verified as
ineffective alone at the same concentration in control experiment.31

Other drugs were first dissolved in ion-free water and then diluted to the
final concentrations in the standard external solution just before use or
dissolved directly in the standard external solution.

Expression of Recombinant GABAARs. The cDNAs of rat α1, β2,
and γ2 subunits of GABAARs were obtained from Dr. Yu Tian Wang
(University of British Columbia, Vancouver, BC, Canada). The cDNA
of rat α5 GABAAR subunit was kindly provided by Dr. David H. Farb
(Boston University School of Medicine, Boston, Massachusetts, USA).
Transient transfection of HEK293T cells was carried out using HilyMax
liposome transfection reagent (Dojindo Laboratories, Japan). Cotrans-
fection with a green fluorescent protein expression vector, pEGFP-C3,
was used to enable identification of transfected cells for patch clamp
recording by monitoring the fluorescence of green fluorescent protein.
Electrophysiological measurements were performed 24−48 h after
transfection.

Electrophysiological Recording. Whole-cell or cell-attached
recordings were made using an Axon 200B patch-clamp amplifier
(Axon Instruments). Membrane currents were sampled and analyzed
using a Digidata 1440 interface and a personal computer running
Clampex and Clampfit software (Version 10, Axon Instruments). In
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voltage clamp mode, the membrane potential was held at −60 mV for
whole-cell current recording, and the patch potential was held at the
potential that gives a holding current of 0 pA in the cell-attached
recording for evaluation of firing activity.41 In current clamp mode,
action potentials were elicited by applying 500 ms current (ranging from
−10 to +170 pA at 20 pA steps and 5 s intervals).
The standard extracellular solution contained as follows (mM): 150

NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 N-hydroxyethylpiperazine-N-2-
ethanesulfonic acid (HEPES), and 10 glucose, pH 7.4, adjusted with
Tris-base. Except where otherwise indicated, most of the whole-cell
recordings were performed using the patch pipet solution with high Cl−

concentration, which was composed of (mM): 150 CsCl, 2 MgCl2, 1
CaCl2, 10 ethylene glycol tetraacetic acid (EGTA), 2 Mg-ATP, 10
HEPES, pH 7.2, adjusted with Tris-base. The pipet solution with the low
Cl− concentration contained (mM): 130 Cs-gluconate, 20 CsCl, 2
MgCl2, 0.2 EGTA, 2 Mg-ATP, 10 HEPES, and pH was adjusted to 7.2
with gluconic acid. When the current−voltage (I−V) relationships were
constructed under voltage clamp configuration, tetrodotoxin (TTX, 300
nM) and CdCl2 (100 μM) were added to the standard extracellular
solution to exclude the potential activation of voltage-gated ion
channels.
Statistics. Except where otherwise indicated, the data were

presented as means ± SEM. Statistical comparisons were made with
Student’s t test: NS, no significant difference; *P < 0.05, **P < 0.01, and
***P < 0.001 were considered statistically significant differences. The
smooth concentration−response curve of ME response was drawn
according to a modified Michaelis−Menten equation by the method of
least-squares (the Newton−Raphson method) after normalizing to the
ME (1 mM)-induced current: I = Imax × Ch/(Ch + EC50

h), where I is the
normalized value of the current, Imax is the maximal response, C is the
drug concentration, EC50 is the concentration that induces the half-
maximal response, and h is the apparent Hill coefficient. The curve for
the effect of ME on the neuronal firing was fitted to the equation: I = Imax

× (IC50)
h/(Ch + IC50

h), where IC50 represents the concentration of ME
producing a half-maximal inhibitory effect, and the others are the same
as described above.
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