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Magnolol, a polyphenolic compound isolated from Houpu, a Chinese herb from the bark of Magnolia officina-
lis, has been reported to have in vitro and in vivo neuroprotective effects. In spite of these reported beneficial
effects, studies on the direct impact of magnolol on neuronal ion channels have been scarce. Whether mag-
nolol affects voltage-gated Na™ channels (VGSC) and voltage-gated K* (Kv) channels is unknown. Using the
whole-cell voltage-clamp method, we studied the effects of magnolol on voltage-gated ion channels in neu-
ronal NG108-15 cells. Magnolol inhibited VGSC channels with mild state-dependence (ICsq of 15 and 30 pM,
at holding potentials of —70 and — 100 mV, respectively). No frequency-dependence was observed in mag-
Voltage-gated Na* channel nolol block. Magnolol caused a left-shift of 18 mV in the steady-state inactivation curve but did not affect the
Voltage-gated K* channel voltage-dependence of activation. Magnolol inhibited Kv channels with an ICso of 21 pM, and it caused a 20-
Block mV left-shift in the steady-state inactivation curve without affecting the voltage-dependence of activation. In
NG108-15 cell conclusion, magnolol is an inhibitor of both VGSC and Kv channels and these inhibitory effects may in part
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contribute to some of the reported neuroprotective effects of magnolol.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Magnolol, a polyphenolic compound isolated from Houpu, a tradi-
tional Chinese herb from the bark of Magnolia officinalis, has been
reported to have multiple pharmacological actions. Magnolol has
anti-inflammatory effects, possibly via inhibitory actions against nu-
clear factor-<B (Mainardi et al., 2009). The antioxidative properties
of magnolol have been proposed for treating dermatological disorders
(Shen et al., 2010). Magnolol has been demonstrated to have antican-
cer effects in thyroid carcinoma cells (Huang et al., 2007), urinary
bladder cancer cells (Lee et al., 2008) and glioblastoma cells (Chen
et al., 2009). Protective effects of magnolol on the vasculature have
been reported. For instance, a vasorelaxant action by magnolol in
rat aorta has been reported; such an effect may be attributed to
endothelial-derived relaxing factor release and magnolol blockade
of voltage-gated Ca?™ channels in smooth muscle cells (Teng et al.,
1990). In rats, magnolol has also been shown to offer protection
against cerebral ischemic injury (Chang et al., 2003).

There have been reports of the beneficial effects of magnolol on
neurons in vitro and the nervous system in vivo. Magnolol has been
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shown to have anxiolytic and anti-depressant effects in rodent
models (Maruyama et al., 1998; Xu et al., 2008). Magnolol could pro-
tect mice from learning and memory impairment and neuronal loss
due to aging (Matsui et al., 2005, 2009). Magnolol was shown to re-
duce inflammatory pain in mice, suggesting it is potentially an anal-
gesic agent (Lin et al, 2007, 2009). Magnolol has also been
demonstrated to have anti-convulsant effect via interacting with the
GABA-benzodiazepine receptors (Chen et al.,, 2011) and the NMDA
receptors (Lin et al., 2005). In vitro studies have shown that magnolol
protects rat cortical neurons from chemical hypoxia induced by cya-
nide (Lee et al., 1998). In addition, magnolol could protect cerebellar
granule cells from injury caused by glucose deprivation, hydrogen
peroxide and excitotoxicity (Lin et al., 2006).

In spite of the reported beneficial effects of magnolol on neural tis-
sues, studies on the direct impact of magnolol on neuronal ion chan-
nels have been scarce. In one study using fura-2 as fluorescent dye, it
was shown that magnolol inhibits Ca?* influx triggered by depolari-
zation or glutamate in rat cerebellar granule cells (Lin et al., 2005).
Voltage-gated Na™ channels (VGSC) and voltage-gated K+ (Kv)
channels are directly involved in neuronal excitability (Hille, 2001).
Whether magnolol affects VGSC and Kv channels is unknown. In the
present study, we demonstrated that magnolol inhibited both VGSC
and Kv channels in neuronal NG108-15 cells. NG108-15 cells were
formed by fusion of mouse N18TG2 neuroblastoma cells with rat
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C6-BU-1 glioma cells (Hamprecht et al., 1985). Magnolol also altered
the gating of VGSC and Kv channels. These inhibitory effects may in
part contribute to some of the reported neuroprotective effects of
magnolol.

2. Materials and methods
2.1. Chemicals and cell culture

Magnolol and lidocaine were purchased from Sigma-Aldrich (St.
Louis, MO), and were dissolved in DMSO at a stock concentration of
100 mM. NG108-15 cells were grown at 37 °C in 5% CO, in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal bo-
vine serum (Invitrogen, Carlsbad, CA) and penicillin-streptomycin
(100 units/mL, 100 pg/mL) (Invitrogen).

2.2. Electrophysiology

Voltage-clamp experiments were performed as we previously de-
scribed (Chou et al., 2009; Leung et al., 2010a, 2010b). NG108-15 cells
were voltage-clamped in the whole-cell mode. Glass capillary tubes
(OD 1.5 mm, ID 1.10 mm, Sutter Instrument, Novato, CA) were pre-
pared with a micropipette puller (P-87, Sutter Instrument), and
then polished by a microforge (Narishige Instruments, Inc., Sarasota,
FL). The extracellular solution contained (mM): 140 NaCl, 4 KCl, 1
MgCl,, 2 CaCl,, 10 HEPES (pH 7.4 adjusted with NaOH). When Kv cur-
rents were measured, the pipette solution was composed of (mM):
140 KCI, 1 MgCl,, 1 EGTA, 10 HEPES, and 5 MgATP (pH 7.25 adjusted
with KOH). When Na™ currents were measured, the pipette solution
had (mM): 120 CsCl; 20 TEA-CI; 8 NaCl; 1 MgCl,; 1 EGTA; 10 HEPES
and 5 MgATP (pH 7.25 adjusted with CsOH), and a Ca®*-free extra-
cellular solution with 20 uM EGTA supplementation was used. The re-
sistance of the pipettes was from 3 to 6 MQ. The currents were
recorded with an EPC-10 amplifier with Pulse 8.60 acquisition soft-
ware and analyzed by Pulsefit 8.60 software (HEKA Electronik, Lam-
brecht, Germany). The data filtering and sampling frequencies were
set at 2 and 10 kHz, respectively. After a whole-cell configuration
was established, the holding potential was set at —70 mV; the cell
was then subject to increasing depolarization (—70 to +70 mV
with 10-mV increments) to obtain current-voltage relation curves,
or to repetitive depolarizing pulses (— 10 mV, 10-s intervals for Na™
current measurement; +30 mV, 10-s intervals for K™ current mea-
surement) to record inhibitory effects by magnolol. All experiments
were done at room temperature (~24 °C).

To obtain the activation curves, Na™ currents were stimulated
with increasing depolarization, and conductance (G) was calculated
as:

G=1I/V—Vr

where Vr = (RT/zF)1n(Nay/Na;)

Vis the applied voltage, Vr is the reversal potential of Na™, I is the
current, R is the universal gas constant, T is the temperature, z is the
ion valency (+1 in this case) and F is the Faraday constant. Na, and
Na; are, respectively, bath and pipette Na* concentrations. The Boltz-
mann equation was used to fit the data for voltage-dependence of ac-
tivation:

G/Gmax = 1/{1 + exp[(Vl/z—V)/kH

where Gmax is the maximum conductance, Vi, is the half-maximal
activation potential, and k the slope factor.

To construct the steady-state inactivation curve for Na™ currents,
a dual-pulse protocol was used: a test pulse step of —10 mV was pre-
ceded by a pre-pulse of 2 s of different potentials. For the steady-state
inactivation curve for K* currents, the test pulse was set at +70 mV

and the duration of pre-pulses was 10 s. In both cases, the test pulse
currents (I) are normalized to the largest test pulse current (Imax)
and plotted against the pre-pulse voltages. The Boltzmann equation
was used to fit the data for steady-state inactivation:

I/Imax = 1/{1 + exp{(V—vl/z)/k]}

where V;, is the half-maximal inactivation potential, and k the slope
factor.

To obtain voltage-dependence of activation of Kv currents, voltage
steps delivered in 10 mV increments from a holding potential of
—70 mV were followed by a —40 mV step to trigger tail currents.
Tail currents are normalized with the maximum tail current and
then plotted against the voltage steps. Data are fit by the Boltzmann
equation: I/Imax =1/{1+exp[(V1,,—V)/k]}, where V;,, is the half-
maximal activation potential and k the slope factor.

Concentration-inhibition curves are fitted by the Hill equation:

Idrug/lcontrol = 1/{1 + ([drUg]/[CSO)n}

where Igyg is the maximum current in the presence of magnolol, I-
control 18 the maximum current in the absence of magnolol, [drug] is
the bath concentration of magnolol, ICsq is the concentration of
drug which produces 50% inhibition of currents, and n is the Hill
coefficient.

2.3. Statistical analysis

Data are presented as mean 4 S.E.M. The unpaired or paired Stu-
dent t test was used where appropriate to compare two groups.
ANOVA was used to compare multiple groups, followed by the
Tukey's HSD post-hoc test. A value of P<0.05 was considered to rep-
resent a significant difference.

3. Results

At a holding potential of —70 mV, addition of 30 uM magnolol
strongly inhibited the Na™ currents (tonic block) (Fig. 1A). Fig. 1B il-
lustrates the concentration-dependent inhibition curve with an ICsg
of 15 uM at a holding potential of —70 mV (solid circle). Note that
at the latter holding potential, the Na* channels were partially inac-
tivated (Fig. 3A). We also examined the concentration-dependent in-
hibition by magnolol at a holding potential of — 100 mV, at which the
Na*t channels were not inactivated (fully available; Fig. 3A). At
—100 mV holding potential, ICso was 30 uM (Fig. 1B open circle).
Therefore, magnolol was more potent when the Na™ channels were
partially inactivated.

We then examined if the magnolol inhibition was reversible. The
inhibition by magnolol (30 M) could be slowly and partially re-
versed by washout (Fig. 2). There was a 51+ 19% recovery after
washout (n=4). The reason for the slow washout of magnolol is un-
known. The same washout rate (25 ml/min) was used in our other
studies to rapidly reverse drug inhibition of Na™ and K* currents
(Chou et al., 2009; Leung et al., 2010a).

Even when the extracellular bath solution contained 2 mM Ca?™,
voltage-gated Ca®™ currents in NG108-15 cells were barely detect-
able using the voltage-clamp method, while a very weak Ca?* signal
could be stimulated by 70 mM KCI using microfluorimetric imaging
and fura-2 as dye (Leung et al., 2011). This suggests that voltage-
gated Ca®" channel expression in NG108-15 cells is very low, and
channel activity runs down quickly once the whole-cell configuration
is formed.

The effects of magnolol on Na™ channel gating were next exam-
ined. In the presence of 30 uM magnolol, the steady-state inactivation
curve left-shifted 18 mV (V;,=-—59.4429mV and —78 +5.6 mV
in the absence and presence of magnolol, respectively; P<0.05)
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Fig. 1. Voltage-gated Na™ current in NG108-15 cell was inhibited concentration-
dependently by magnolol. (A) Representative traces of sodium currents triggered
by —10 mV depolarization at a holding potential of —70 mV in the absence and
presence of 30 UM magnolol. (B) Concentration-response curves of Na™ current in-
hibition by magnolol at two holding potentials (—70 and — 100 mV). Results repre-
sent mean -+ S.E.M. from 3 t0 7 cells of each group.
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Fig. 2. Block of voltage-gated Na™ currents in NG108-15 cells by magnolol was partially
reversed upon washout. (A) Currents were triggered by — 10 mV stimulations every
10 s during which 30 uM magnolol was added and then washed out (solution perfusion
rate was 25 ml/min). The typical traces shown are currents before and after magnolol
addition, and after washout of magnolol. (B) The peak currents are plotted against
time. Similar results were obtained in 3 more experiments.

(Fig. 3A). Voltage-dependence of activation of Na*t channels was not
significantly affected by 30 uM magnolol (Fig. 3B).

Lidocaine blocks Na* channels with frequency-dependence, in
such a manner that the cumulative block augments with stimulation
frequency (Hille, 2001; Leung et al., 2010b). We examined if magno-
lol inhibited Na™ currents with frequency-dependence. As shown in
Fig. 4, current magnitude in the control was not significantly influ-
enced by repeated stimulation (0.3-1.3 Hz; Fig. 4A-C). In the pres-
ence of 30 uM lidocaine, while inhibition did not enhance with
consecutive stimulation at 0.3 Hz, increasing the stimulation rate to
0.6 and 1.3 Hz enhanced the cumulative block in a frequency-
dependent fashion (Fig. 4A-C). However, the degree of inhibition by
magnolol was not affected upon repeated stimulation at all the fre-
quencies tested. Hence, the block by magnolol did not show
frequency-dependence.

The effects of magnolol on Kv channels in NG108-15 cells were
then examined. Addition of 100 uM magnolol substantially inhibited
the Kv currents (Fig. 5A). Fig. 5B illustrates the concentration-
dependent inhibition curve with an ICso value of 20.8 pM. Fig. 5C
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Fig. 3. Magnolol caused a left-shift in steady-state inactivation but did not affect
voltage-dependence of activation of Na™ currents in NG108-15 cells. (A) The steady-
state inactivation protocol was performed in cells treated with and without 30 uM
magnolol. A test pulse step of — 10 mV was preceded by a pre-pulse of 2 s of different
potentials. The test pulse currents are then normalized to the largest test pulse current
and plotted against the pre-pulse voltages. The results are fitted by the Boltzmann
equation. Results are mean+S.EMM. from 4 to 7 cells of each group. (B) Voltage-
dependence of activation: Na™ currents were triggered by increasing depolarization
(from a holding potential of —70 mV and then 10 mV increments), and conductance
(G) is calculated as described in Materials and methods. Each conductance in the con-
trol group and the magnolol (30 uM)-treatment group is then normalized with the re-
spective maximum conductance (Gmax) and then plotted against the applied
depolarization voltages. The results are then fitted with the Boltzmann equation. Re-
sults are mean £ S.E.M. from 3 to 4 cells of each group.
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Fig. 4. Magnolol block of Na™ currents in NG108-15 cells displayed no use-dependence.
Cells were stimulated by —10 mV pulses at (A) 0.3 Hz, (B) 0.6 Hz and (C) 1.33 Hz in
the absence or presence of 30 uM magnolol or 30 uM lidocaine. The maximum current
amplitudes of the second to tenth pulses (I) are normalized with the maximum current
amplitudes of the first pulse (Ijnitia) and then plotted against the number of pulse. * in-
dicates significant difference (P<0.05) from the control. Results are mean + S.E.M. from
4 to 7 cells of each group.

shows that inhibition of Kv currents by magnolol (30 uM) was largely
reversible (inhibition was 42+4%, and recovery after washout
reached 96 +7%; n=4). In the presence of 20 uM magnolol, the
steady-state inactivation curve shifts to the left by 20 mV (V.=

—18.94+0.9 mV and —39.34+3.5 mV in the absence and presence of
magnolol, respectively; P<0.05) (Fig. 6A). However, magnolol
(20 uM) did not alter the voltage-dependence of activation (Fig. 6B).
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Fig. 5. Magnolol inhibited voltage-gated K™ currents in NG108-15 cells. (A) Outward
K* currents were triggered by +30 mV pulses every 10s and magnolol (100 uM)
was added to the bath. The traces show the currents obtained before magnolol and
after the inhibitory effect of magnolol has reached a steady-state. (B) Concentration—
response curve of magnolol inhibition. Results are mean + S.E.M. from 3 to 4 cells of
each group. (C) Inhibition of Kv currents by 30 uM magnolol could be reversed by
washout. Currents were triggered by +30 mV stimulations every 10 s during which
30 uM magnolol was added and then washed out (solution perfusion rate was 25 ml/
min). The end-of-pulse currents are plotted against time. Similar results were obtained
in 3 more experiments.
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Fig. 6. Magnolol caused a left-shift in the steady-state inactivation curve of Kv currents
in NG108-15 cells. (A) The steady-state inactivation protocol was performed in cells
treated with and without 20 pM magnolol. A test pulse step of +70 mV was preceded
by a pre-pulse of 10 s of different potentials. The test pulse currents are then normal-
ized to the largest test pulse current and plotted against the pre-pulse voltages. The re-
sults are fitted by the Boltzmann equation. Results are mean =+ S.E.M. from 3 to 4 cells of
each group. (B) Voltage-dependence of activation: voltage steps delivered in 10 mV in-
crements from a holding potential of — 70 mV were followed by a —40 mV step to trig-
ger tail currents. Normalized tail currents are then plotted against the various voltage
steps. The curves are fitted by the Boltzmann equation. Results are mean+ S.E.M.
from 5 cells of each group.

4. Discussion

Although the beneficial effects of magnolol on neuronal tissues
have been well known in in vitro and in vivo studies, very limited in-
formation is available on how magnolol directly affects neuronal ion
channels. A previous study showed, using fluorimetric assay, that
magnolol could inhibit Ca?* influx triggered by glutamate and KCI-
induced depolarization, implicating that magnolol may block gluta-
mate receptor-channels and voltage-gated Ca?™ channels (Lin et al.,
2005). Given that VGSC and Kv channels directly control neuronal ex-
citability, it would be of interest to examine the effects of magnolol on
these channels. The present work showed for the first time that mag-
nolol inhibited both VGSC and Kv channels.

The inhibitory effect of magnolol on VGSC was accompanied with
a left-shift of the steady-state inactivation curve, indicating that the

availability of VGSC was reduced upon binding with magnolol. How-
ever, the voltage-dependence of activation was not affected, indicat-
ing that magnolol did not affect activation gating. The left-shift in
the steady-state inactivation curve suggests that, in the presence of
magnolol, inactivation of VGSC was intensified. This is consistent
with the state-dependence of magnolol block (Fig. 1B). These data
suggest that magnolol binds to the inactivated state of VGSC with
higher affinity. Kv channel availability was also reduced by magnolol
treatment, as the latter caused a left-shift in the steady-state inactiva-
tion curve (Fig. 6A).

Local anesthetics, such as lidocaine, have been demonstrated to
display two modes of block, namely, tonic block (or closed channel
block) and phasic block (or open channel block) (Hille, 2001). The
former block does not require channel opening, while the latter
block only proceeds when the cytoplasmic activation gate opens to
let the drug gain access to the internal cavity of the VGSC. In this
open channel block, the more frequently the channel opens, the
more the cumulative block. While it can be shown that lidocaine ex-
pectedly displayed this use-dependence or frequency-dependence
of open channel block, magnolol block was not enhanced at all by in-
creasing the frequency of stimulation (Fig. 4). Thus, magnolol block
was not frequency-dependent, implying it is unlikely that magnolol
has to gain access to the internal vestibule in order to block.

Upon washout of magnolol, the recovery of VGSC block was slow
and only partial (Fig. 2) while recovery of Kv channel block was fast
and almost complete (Fig. 5C). The cause for these differences in the
rate and extent of recovery from block between the VGSC and Kv
channels is unknown and remains to be determined.

Block of VGSC by magnolol may in part explain the reported anal-
gesic effect of this drug in mice (Lin et al., 2007, 2009). Na* channel
blockade is believed to be one of the mechanisms leading to the anxi-
olytic effects of drugs such as lamotrigine, carbamazepine and riluzole
(Bourin et al., 2009; Mirza et al., 2005). The anxiolytic property of
magnolol (Maruyama et al., 1998) may be in part attributed to the in-
hibition of Na* currents by this herbal compound.

Since cytosolic K* inhibits an array of pro-apotototic nucleases
and caspases, it has been known that excessive K efflux due to Kv
channel overexpression is a cause for neuronal apoptotic death (Yu,
2003). Subtype members from Kv1 to Kv4 subfamilies have been im-
plicated in apoptosis in a variety of neurons; blockade or inhibition of
expression of Kv channels could prevent or alleviate neuronal apo-
ptosis (for a review see Leung, 2010). The Kv subfamily members
expressed in NG108-15 cells have been identified to be Kv1.2 and
Kv3.1 (Yokoyama et al, 1993). We reported here that magnolol
could strongly inhibit Kv channel currents; this property may also
render this drug a potential neuroprotective agent (Leung, 2010).

Magnolol has been reported to have Ca®" antagonistic effects in
vascular smooth muscle (Teng et al., 1990). Thus, magnolol may
have antihypertensive effects. Other works have also shown that
magnolol blocks voltage-gated Ca®™ entry in smooth muscle cells of
other tissues, such as porcine trachea (Ko et al., 2003), rat uterus
(Lu et al.,, 2003) and guinea pig colon (Bian et al., 2006). Therefore
magnolol may have potential therapeutic applications in asthma,
uterine and intestinal spasm.

It is noted that magnolol has a stimulatory effect on the large-
conductance Ca?"-activated K* channels in smooth muscle cells of
human trachea (Wu et al.,, 2002). Magnolol enhances channel open
probability and also causes a left shift in the activation curve. Large-
conductance Ca®*-activated K™ channels are activated by membrane
depolarization and micromolar range of cytosolic Ca%"; and by pro-
viding K* efflux these channels serve to dampen cellular excitability
(Salkoff et al., 2006). Magnolol, because of its ability to activate large-
conductance Ca®*-activated K channels in trachea, may be a poten-
tial anti-asthmic agent.

Given that magnolol affects multiple receptors and channels such
as GABA receptors (Chen et al,, 2011), NMDA receptors (Lin et al.,
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2005), voltage-gated Ca®™" channels (Ko et al., 2003; Lin et al., 2005;
Lu et al., 2003), large-conductance Ca%"-activated K* channels (Wu
et al., 2002), VGSC and Kv channels (the present work), the pharma-
cological effects of magnolol are considered to lack specificity. There-
fore, the possibility that magnolol acts by directly modifying plasma
membrane structure should not be ruled out.

5. Conclusion

This report showed that magnolol inhibited VGSC and Kv channels
in NG108-15 cells. Magnolol also altered the gatings of these chan-
nels. These properties may in part account for the previously reported
effects of magnolol on neural tissues.
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