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BACKGROUND: Anandamide is an endocannabinoid that regulates multiple physiological func-
tions by pharmacological actions, in @ manner similar to marijuana. Recently, much attention
has been paid to the analgesic effect of endocannabinoids in terms of identifying new pharma-
cotherapies for refractory pain management, but the mechanisms of the analgesic effects of
anandamide are still obscure. Voltage-gated sodium channels are believed to play important
roles in inflammatory and neuropathic pain. We investigated the effects of anandamide on 4
neuronal sodium channel o subunits, Na, 1.2, Na,1.6, Na,1.7, and Na,1.8, to explore the mecha-
nisms underlying the antinociceptive effects of anandamide.

METHODS: We studied the effects of anandamide on Na,1.2, Na, 1.6, Na, 1.7, and Na,1.8 a sub-
units with (3, subunits by using whole-cell, 2-electrode, voltage-clamp techniques in Xenopus oocytes.
RESULTS: Anandamide inhibited sodium currents of all subunits at a holding potential causing
half-maximal current (V,,,) in a concentration-dependent manner. The half-maximal inhibitory
concentration values for Na, 1.2, Na,1.6, Na,1.7, and Na,1.8 were 17, 12, 27, and 40 pmol/L,
respectively, indicating an inhibitory effect on Na,1.6, which showed the highest potency.
Anandamide raised the depolarizing shift of the activation curve as well as the hyperpolar-
izing shift of the inactivation curve in all a subunits, suggesting that sodium current inhibition
was due to decreased activation and increased inactivation. Moreover, anandamide showed a
use-dependent block in Na,1.2, Na,1.6, and Na,1.7 but not Na,1.8.

CONCLUSION: Anandamide inhibited the function of a subunits in neuronal sodium channels
Na,1.2,Na,1.6, Na,1.7, and Na,1.8. These results help clarify the mechanisms of the analgesic

effects of anandamide. (Anesth Analg 2014;118:554-62)

and traditional medicine for thousands of years, and
since the 2 cannabinoid receptors CB;'?* and CB,’
were identified, the endocannabinoid signaling system has
been a focus of medical research and has been considered a
potential therapeutic target.* Endocannabinoids mimic the
pharmacological actions of the psychoactive principle agent
in marijuana, A’-tetrahydrocannabinol, and regulate multi-
ple physiological functions, such as analgesia, regulation of
food intake, immunomodulation, inflammation, addictive
behavior, epilepsy, and others.
Anandamide, the ethanolamide of arachidonic acid, was
the first endocannabinoid isolated from the brain®; it acts as
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a partial agonist on CB, receptors, with a lesser effect on CB,
receptors.” Several groups have shown an analgesic effect of
exogenous anandamide through the CB, receptor in acute,®
10 persistent inflammatory,"''* and neuropathic pain mod-
els.!*15 CB, receptors are distributed throughout the pain
pathways of the central nervous system (CNS), including
the periaqueductal gray, amygdala, and spinal trigeminal
tract,!%1” and the peripheral nervous system including the
dorsal root ganglion (DRG),'® suggesting an analgesic effect
of anandamide via CB,; receptors. However, anandamide
may also act on other ion channels consisting of pain sig-
naling pathways, including voltage-gated Ca** channels,
TASK1 channels, 5-HT; receptor, rectifying K* channels, and
N-methyl-p-aspartate receptors'®?; thus, the mechanisms
of the analgesic effects of anandamide remain unclear.
Voltage-gated sodium channels play an essential role
in action potential initiation and propagation in excitable
nerve and muscle cells. Nine distinct pore-forming a sub-
units (Na,1.1-Na,1.9), which are associated with auxiliary §
subunits, have been identified,®?® and each has a different
pattern of development and localization as well as distinct
physiological and pathophysiological roles. Sodium chan-
nel o subunits expressed in DRG (Na,1.7, Na,1.8, Na,1.9)
are believed to play crucial roles in inflammatory and neuro-
pathic pain and are considered potential targets of these con-
ditions.?”-% Previous studies have shown that anandamide
inhibits sodium channel function in the brain through the
inhibition of veratridine-dependent depolarization of syn-
aptosomes® and suppresses tetrodotoxin-sensitive (TTX-S)
and tetrodotoxin-resistant (TTX-R) sodium currents in rat
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DRG neurons.* These results suggest that sodium channels
are potential targets for anandamide. However, the pre-
cise mechanisms of anandamide on each a subunit are still
unknown. It is of great importance to clarify these mecha-
nisms because each a subunit has a difference of 20% to 50%
in amino acid sequence in the transmembrane and extra-
cellular domains and therefore has different physiological
functions. Here, we explored the effects of anandamide on
several sodium channel a subunits, including Na, 1.2, that is
expressed primarily in the CNS; Na, 1.6 that is expressed in
the CNS and DRG neurons; and Na,1.7 and Na,1.8 that are
expressed in DRG neurons.

METHODS

This study was approved by the Animal Research Committee
of the University of Occupational and Environmental
Health.

Materials

Adult female Xenopus laevis frogs were obtained from
Kyudo Co., Ltd. (Saga, Japan). Anandamide was purchased
from Sigma-Aldrich (St. Louis, MO). Rat Na,1.2 a subunit
cDNA was a gift from Dr. W. A. Catterall (University of
Washington, Seattle, WA). Rat Na,1.6 o subunit cDNA was
a gift from Dr. A. L. Goldin (University of California, Irvine,
CA). Rat Na,1.7 a subunit cDNA was a gift from G. Mandel
(Oregon Health and Science University, Portland, OR). Rat
Na,1.8 a subunit cDNA was a gift from Dr. A. N. Akopian
(University of Texas Health Science Center, San Antonio,
TX), and human f; subunit cDNA was a gift from Dr. A. L.
George (Vanderbilt University, Nashville, TN).

cRNA Preparation and Oocyte Injection

After linearization of cDNA with Clal (Na,1.2 a subunit),
Notl (Na,1.6, 1.7 a subunit), Xbal (Na,1.8 a subunit), and
EcoRI (B, subunit), cRNAs were transcribed by using
SP6 (1.8 a, B; subunit) or T7 (Na,1.2, 1.6 1.7 a subunit)
RNA polymerase from the mMESSAGE mMACHINE kit
(Ambion, Austin, TX). Preparation of X. laevis oocytes and
cRNA microinjection were performed as described previ-
ously.® Briefly, stage IV to VI oocytes were manually iso-
lated from a removed portion of ovary. Next, oocytes were
treated with collagenase (0.5 mg/mL) for 10 minutes and
placed in modified Barth’s solution (88 mmol/L NaCl, 1
mmol/L KCl, 2.4 mmol/L NaHCO;, 10 mmol/L HEPES,
0.82 mmol/L MgSO,, 0.33 mmol/L Ca(NO;),, and 091
mmol/L CaCl,, adjusted to pH 7.5), supplemented with
10,000 U penicillin, 50 mg gentamicin, 90 mg theophylline,
and 220 mg sodium pyruvate per liter (incubation medium).
Na, a subunit cRNAs were coinjected with 3; subunit cRNA
at a ratio of 1:10 (total volume was 20-40 ng/50 nL) into
Xenopus oocytes (all a subunits were coinjected with the £3,
subunit). Injected oocytes were incubated at 19°C in incuba-
tion medium, and 2 to 6 days after injection, the cells were
used for electrophysiological recordings.

Electrophysiological Recordings

All electrical recordings were performed at room tem-
perature (23°C). Oocytes were placed in a 100 pL record-
ing chamber and perfused at 2 mL/min with Frog Ringer’s
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solution containing 115 mmol/L NaCl, 2.5 mmol /L KCl, 10
mmol/L HEPES, 1.8 mmol/L CaCl,, pH 7.2, by using a per-
istaltic pump (World Precision Instruments Inc., Sarasota,
FL). Recording electrodes were prepared with borosilicate
glass by using a puller (PP-830, Narishige group com-
pany, Tokyo, Japan), and microelectrodes were filled with
3 mol KC1/0.5% low-melting-point agarose with resistances
between 0.3 and 0.5 MQ. The whole-cell voltage clamp was
achieved through these 2 electrodes by using a Warner
Instruments model OC-725C (Warner, Hamden, CT).
Currents were recorded and analyzed by using pCLAMP
7.0 software (Axon Instruments, Foster City, CA), and the
amplitude of expressed sodium currents was typically 2
to 15 pA. Transients and leak currents were subtracted by
using the P/N procedure. Anandamide stocks were pre-
pared in dimethylsulphoxide (DMSO) and diluted in Frog
Ringer’s solution to a final DMSO concentration not exceed-
ing 0.05%. Anandamide was then perfused for 5 to 10 min-
utes to reach equilibrium.

The voltage dependence of activation was determined
by using 50-millisecond depolarizing pulses from a hold-
ing potential causing maximal current, V., (90 mV for
Na,1.2 and Na,1.6 or =100 mV for Na,1.7 and Na,1.8), and
from a holding potential causing half-maximal current, V,,
(from approximately -40 mV to —70 mV) to 50 mV in 10 mV
increments. Normalized activation curves were fitted to the
Boltzmann equation: G/G,,,, = 1/(1 + exp(V;, - V)/k), where
G is the voltage-dependent sodium conductance, G, is the
maximal sodium conductance, G/G,,., is the normalized frac-
tional conductance, V;, is the potential at which activation is
half maximal, and k is the slope factor. The G value for each
oocyte was calculated by using the formula G = I/(Vt - Vr),
where I is the peak sodium current, Vt is the test potential
and Vr is the reversal potential. The Vr for each oocyte was
estimated by extrapolating the linear ascending segment of
the current voltage relationship (I-V) curve to the voltage
axis. To measure steady-state inactivation, currents were
elicited by a 50-millisecond test pulse to 20 mV for Na,1.2
and Na,1.6 or =10 mV for Na,1.7 or +10 mV for Na,1.8 after
200 milliseconds (500 milliseconds for only Na,1.8) pre-
pulses ranging from —140 mV to 0 mV in 10 mV increments
from a holding potential of V. Steady-state inactivation
curves were fitted to the Boltzmann equation: I/I,,,, = 1/
(1 + exp(Vy, - V)/k), where I, is the maximal sodium cur-
rent, I/, is the normalized current, V;, is the voltage of half-
maximal inactivation, and k is the slope factor. To investigate
a use-dependent sodium channel block of anandamide, cur-
rents were elicited at 10 Hz by a 20-millisecond depolarizing
pulse of 20 mV for Na,1.2 and Na,1.6 or =10 mV for Na,1.7
or +10 mV for Na,1.8 from a V,,, holding potential in both
the absence and presence of 30 pmol/L anandamide. Peak
currents were measured and normalized to the first pulse
and plotted against the pulse number. Data were fitted to
the monoexponential equation Iy, = exp(-t,.n) + C, where
n is pulse number, C is the plateau I, and T, is the time
constant of use-dependent decay.

Data Analysis

All values are presented as the mean + SEM (1 = 5-8). The n
values refer to the number of oocytes examined. Each exper-
iment was performed with oocytes from at least 2 frogs.
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Control sodium current recorded in absence of anandamide
was assigned a value of 100%. Data were statistically eval-
uated by paired ¢ test by using GraphPad Prism software
(GraphPad Software, Inc., San Diego, CA). Hill slope and
half-maximal inhibitory concentration values were also cal-
culated by using this software.

RESULTS

Effects of Anandamide on Peak Na+ Inward
Currents

Currents were elicited by using a 50-millisecond depolar-
izing pulse to —20 mV for Na,1.2 and Na,1.6 or -10 mV for
Na,1.7 or +10 mV for Na,1.8 applied every 10 seconds from
Viax OF V4, holding potential in both the absence and pres-
ence of 10 pmol/L anandamide (Fig. 1); anandamide was
applied for 10 minutes. Anandamide inhibited the peak
Iy, induced by all o subunits more potently at V,,, than
V nax- Anandamide reduced the peak Iy, induced by Na,1.2,
Na,1.6, Na,1.7, and Na,1.8 by 46 + 4, 49 + 3, 37 + 2, and
27 =2 at V,,, respectively,and 7 £ 2,6 + 1,9 + 1, and 21 +
5% at V ,,,, respectively (Fig. 2). Inhibition of anandamide at
V,,, was statistically significant in all o subunits, but those
at V.., were not statistically significant except for the sup-
pression in Na,1.8 by paired ¢ test. Because suppression at
V,,, was potent, we examined the concentration-response
relation for anandamide inhibition of the peak Iy, induced
by Na,1.2, Na,1.6, Na,1.7, and Na,1.8 at V, , holding poten-
tial (Fig. 3). The peak current amplitude in the presence
of anandamide was normalized to that in the control, and
the effects of anandamide were expressed as percentages
of the control. Nonlinear regression analyses of the dose-
response curves yielded half-maximal inhibitory concen-
tration values and Hill slopes of 17 + 3 umol/L and 0.74 +
0.04 for Na,1.2, 12 + 1 pmol/L and 0.79 + 0.08 for Na,1.6,
27 + 3 umol/L and 0.52 + 0.06 for Na,1.7, 40 + 14 pumol/L
and 0.71 + 0.10 for Na, 1.8, respectively (Fig. 3).

Effects of Anandamide on Sodium Current
Activation

We examined the effects of anandamide on 4 a subunits of
sodium current activation. Voltage dependence of activa-
tion was determined by using 50-millisecond depolarizing

Figure 1. Inhibitory effects of anan-
damide on peak sodium inward currents
in Xenopus oocytes expressing Na,1.2,
Na, 1.6, Na,1.7, and Na,1.8 o subunits
with 3, subunits at 2 holding potentials.

Holding
potential = " M

Representative traces are shown. Sodium ---- Control
currents were evoked by 50-millisecond Anandamide
depolarizing pulses to —20 mV for Na,1.2 10 pmol/L

and Na,1.6 or —10 mV for Na,1.7 or +10 -20
mV for Na,1.8 from V., holding potential -90 mv

(upper panel) or V,,, holding potential
(lower panel) in both the absence and
presence of 10 umol/L anandamide;

. ! : Holding
anandamide was applied for 10 minutes.
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pulses from a holding potential of V,, to 50 mV in 10 mV
increments or from a holding potential of V,,, to 50 mV in
10 mV increments for Na,1.2, Na,1.6, Na,1.7, and Na,1.8.
Activation curves were derived from the I-V curves (see
Methods); anandamide (30 pmol/L) was applied for 5
minutes. The peak Iy, was reduced by anandamide at
Viax and V; , holding potentials with all subunits (Fig. 4).
Anandamide shifted the midpoint of steady-state activation
(V1) in a depolarizing direction at both holding potentials
for all subunits (Fig. 5). These shifts were small (1.9-3.8 mV)
but statistically significant (Table 1).

Effects of Anandamide on Sodium Current
Inactivation

The effect of anandamide on steady-state inactivation was
also investigated. Currents were elicited by a 50-millisecond
test pulse to —20 mV for Na,1.2 and Na,1.6 or =10 mV for
Na,1.7 or +10 mV for Na,1.8 after 200 millis econds(500
milliseconds for only Na,1.8) prepulses ranging from —-140
mV to 0 mV in 10 mV increments from a holding poten-
tial of V. Steady-state inactivation curves were fitted
to the Boltzmann equation (see Methods); anandamide
(30 umol/L) was applied for 5 minutes. Anandamide sig-
nificantly shifted the midpoint of steady-state inactivation
(V) in the hyperpolarizing direction by 5.2, 5.0, 4.1, and
6.3 mV in Na,1.2, Na,1.6, Na,1.7, and Na,1.8, respectively
(Fig. 6, Table 1).

Use-Dependent Block of Sodium Currents by
Anandamide

We investigated the use-dependent block of sodium cur-
rents by anandamide. Currents were elicited at 10 Hz by a
20-millisecond depolarizing pulse of 20 mV for Na,1.2 and
Na,1.6 or =10 mV for Na,1.7 or +10 mV for Na,1.8 from a
V,,, holding potential in both the absence and presence of
30 pmol/L anandamide. Peak currents were measured and
normalized to the first pulse and plotted against the pulse
number (Fig. 7, A-D). Data were fitted by the monoexpo-
nential equation (see Methods); anandamide was applied
for 5 minutes. Anandamide significantly reduced the pla-
teau Iy, amplitude of Na,1.2, Na,1.6, and Na,1.7 from 0.74
+ 0.02 to 0.66 = 0.03, 0.88 + 0.01 to 0.66 = 0.02, and 0.73 +
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Figure 2. Inhibitory effects of anandamide on peak sodium inward
currents in Xenopus oocytes expressing Na,1.2, Na,1.6, Na,1.7, and
Na,1.8 a subunits with 3, subunits at 2 holding potentials. Percent
inhibition of sodium current of anandamide was calculated. Open
columns represent the effect at V,,,, holding potential, and closed
columns indicate the effect at V,,, holding potential. Anandamide
inhibited the peak Iy, induced by Na,1.2, Na,1.6, Na,1.7, and Na,1.8
by 46 £ 4,49 + 3, 37 + 2, and 27 £ 2 at V,,, respectively, and 7
+2,6+1,9+1,and 21 + 5% atV,,,, respectively. Data are repre-
sented as the mean = SEM (n = 5-7). **P < 0.01, compared with
the control (based on paired t test).
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Figure 3. Concentration-response curves for anandamide suppres-
sion of sodium currents elicited by 50-millisecond depolarizing
pulses to —20 mV for Na,1.2 and Na,1.6 or =10 mV for Na,1.7 or
+10 mV for Na, 1.8 from V,,, holding potential. The peak current
amplitude in the presence of anandamide was normalized to that
in the control, and the effects of anandamide are expressed as per-
centages of the control. Half-maximal inhibitory concentration val-
ues and Hill slopes were 17 £ 3 pmol/L and 0.74 + 0.04 for Na,1.2,
12 £ 1 pmol/L and 0.79 + 0.08 for Na,1.6, 27 £ 3 pmol/L and 0.52
+ 0.06 for Na, 1.7, and 40 + 14 pmol/L and 0.71 + 0.10 for Na,1.8,
respectively. Data are represented as the mean = SEM (n = 5-8).
Data were fit to the Hill slope equation to give the half-maximal
inhibitory concentration values and Hill slopes. Half-maximal inhibi-
tory concentration values and Hill slopes were calculated by using
GraphPad Prism.

0.03 to 0.57 + 0.04, respectively (Fig. 7E), demonstrating a
use-dependent block, whereas anandamide did not reduce
the plateau Iy, amplitude of Na,1.8 (from 0.86 + 0.03 to
0.84 + 0.04).

DISCUSSION

In the present study, we demonstrated that anandamide
suppresses the Na,1.2, Na,1.6, Na,1.7, and Na,1.8 o sub-
units in a concentration-dependent manner. half-maximal
inhibitory concentration values ranged from 12 pmol/L
(Na,1.6) to 40 umol/L (Na,1.8). Wiley et al.** have reported
that IV administration of anandamide produce a dose-
dependent antinociceptive effect in the tail-flick test with
mice, and the 50% effective dose (EDs,) of that was 15
mg/kg. They also have shown that the plasma concentra-
tion of anandamide was 4.96 ng/mL (14.3 umol/L) when
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10 mg/kg of anandamide was administered, suggesting
that half-maximal inhibitory concentration values used in
the present study are pharmacologically relevant and are
close to the plasma concentration exhibiting an antinoci-
ceptive effect by anandamide. We also demonstrated that
anandamide has more potent inhibitory effects on sodium
currents at V,,, holding potential (inactivated state) than
at V,,, holding potential (resting state) in a manner similar
to that of local anesthetics on sodium channels. Therefore,
the analgesic effects of anandamide may be mediated
through sodium channel blockade. The present results are
partially consistent with previous reports that anandamide
suppresses TTX-S veratridine-dependent depolarization
of synaptosomes, the binding of batrachotoxin to sodium
channels, and TTX-S sustained repetitive firing in cortical
neurons® and inhibits TTX-S and TTX-R sodium currents
in a concentration-dependent manner in rat DRG neurons.*
However, their precise mechanisms of anandamide on sev-
eral sodium channel o subunits have not yet been investi-
gated. Considering that Na, 1.6 was distributed in both CNS
and DRG neurons, and that Na,1.8 was distributed in DRG
neurons, our results are consistent with a previous study
showing that anandamide inhibited sodium currents with
half-maximal inhibitory concentration values of 5.4 pmol/L
for the TTX-S current and 38 pmol/L for the TTX-R cur-
rent in DRG neurons,® suggesting that TTX-S and TTX-R
currents in DRG neurons may represent Na,1.6 and Na,1.8
currents, respectively. Because Na,1.6 is expressed in both
the brain and DRG, and anandamide suppressed Na,1.6
function most potently among the 4 a subunits, the effect of
anandamide on Na, 1.6 may be the most important.

The effects of anandamide on channel gating, including
activation and inactivation, demonstrated common charac-
teristics among the 4 a subunits we studied. Anandamide
shifted themidpoint of steady-stateactivation (V;,) inadepo-
larizing direction at both V, , and V,,, holding potentials for
all o subunits, and the shifts were significant, although the
shifts were small (approximately 4 mV). Anandamide also
significantly shifted the midpoint of steady-state inactiva-
tion (V) in the hyperpolarizing direction (approximately
7 mV) for all a subunits. These results suggest that both
inhibition of activation and the enhancement of inactivation
are common mechanisms of sodium current inhibition by
anandamide for Na,1.2, Na,1.6, Na,1.7, and Na,1.8. A com-
bination of effects on both activation and inactivation might
produce sufficient effects to suppress sodium currents
although each effect is small. Inhibition by anandamide at
Viax holding potential for Na,1.2, Na,1.6, and Na,1.7 was
small and not significant, whereas that for Na,1.8 was sig-
nificant (Fig. 1), indicating that resting-channel block is one
of the important mechanisms of anandamide inhibition for
only Na,1.8. Anandamide exhibited use-dependent block
with repetitive stimuli for Na,1.2, Na,1.6, and Na,1.7 but
not Na,1.8. The presence of use-dependent block by anan-
damide suggests the possibility of open-channel block
and the ability to slow the recovery time from blocks that
are seen with amitriptyline.®® Sodium channel blockers
such as local anesthetics, tricyclic antidepressants, and
volatile anesthetics have been shown to shift the voltage
dependence of steady-state inactivation with no effect on
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Figure 4. Effects of anandamide on |-V curves of sodium currents in oocytes expressing Na, 1.2 (A), Na,1.6 (B), Na,1.7 (C), and Na,1.8 (D) a
subunits with 3, subunits. Currents were elicited by using 50-millisecond depolarizing steps between -80 and 60 mV in 10 mV increments
from a V..« holding potential (left panel) and elicited by using 50-millisecond depolarizing steps between —60 and 60 mV in 10 mV increments
from a V,,, holding potential (right panel); anandamide (30 pmol/L) was applied for 5 minutes; upper panel, representative |y, traces from
oocytes expressing Na,1.2, Na,1.6, Na,1.7, and Na,1.8 with 3, subunits in both the absence and presence of 30 umol/L anandamide; lower
panel, effects of anandamide on representative |-V curves elicited from V,,, holding potential (left panel) and V, , holding potential (right panel)
(closed circles, control; open circles, anandamide). Peak currents were normalized to the maximal currents observed from —20 to +10 mV.

Data are represented as the mean + SEM (n = 5-8).

activation and exhibit use-dependent block.*** Our results
show that anandamide shows a negative shift in the voltage
dependence of inactivation and use-dependent block except
for Na, 1.8 that are seen with other sodium channel blockers
yet also shifts the steady-state activation in a depolarizing
direction, suggesting that it may have different binding sites
or allosteric conformational mechanisms for these sodium
channel antagonists. Moreover, a resting-channel block, not
an open-channel block, for Na,1.8 may be a key for explor-
ing the mechanism of sodium channel inhibition by anan-
damide in detail.

Several groups have evaluated antinociception by exog-
enous anandamide via CB; receptors.®'® Indeed, a recent
review has shown that activation of both CB, and CB, recep-
tors reduces nociceptive processing in acute and chronic
animal models of pain.** Alternatively, other investigators
have suggested that anandamide produces antinocicep-
tion through a CB;-independent mechanism. For example,
anandamide antinociception is not blocked by pretreat-
ment with the selective CB; antagonist SR141716A.#! Rapid
metabolism of anandamide to arachidonic acid has been
shown to be one of the reasons for the failure of SR141716A
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to antagonize the effects of anandamide; in experiments, the
ability of SR141716A to reverse anandamide antinocicep-
tion was improved (but not completely) when anandamide
metabolism to arachidonic acid was inhibited with coadmin-
istration of an amidase inhibitor, phenylmethylsulfonyl flu-
oride.* That study also demonstrated that cyclooxygenase
did not alter the effects of anandamide, whereas it blocked
the effects of arachidonic acid, suggesting a pain-inhibitory
effect of anandamide by noncannabinoid mechanisms.
Another recent study suggested that anandamide induced
antinociception by stimulating endogenous norepinephrine
release that activated peripheral adrenoceptors inducing
antinociception, although whether the effect was caused
through cannabinoid receptors remains unknown.*

This study indicates that sodium channel inhibition by
anandamide is independent of signaling through cannabinoid
receptors, because in recombinant experiments such as our
present examination, the effects on channels or receptors can
be excluded except for that expressed in membranes. Previous
reports also indicate a direct effect of anandamide on sodium
channels by demonstrating that sodium channel-related
activities by anandamide in the brain may be independent of
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Figure 5. Effects of anandamide on channel activation in oocytes expressing Na,1.2 (A), Na,1.6 (B), Na,1.7 (C), and Na,1.8 (D) a subunits
with 3, subunits from V,,, holding potential (left panels) or V,,, holding potential (right panels). Closed circles represent control; open circles
indicate the effect of anandamide. Data are expressed as the mean £ SEM (n = 5-8). Activation curves were fitted to the Boltzmann equation;

V., is shown in Table 1.

Table 1. Effects of Anandamide on Activation and Inactivation in Oocytes Expressing Na 1.2, Na,1.6,

Na,1.7, and Na,1.8 o Subunits with (3, Subunits

Vi, (mV)
Holding V., Holding V, ,
Control Anandamide Shift Control Anandamide Shift

Activation

Na,1.2 -32.7+£0.3 -30.8 £0.7* +1.9 -23.6 £ 0.6 -20.4 + 0.6%* +3.2

Na,1.6 -32.6 £ 0.3 -30.5+0.7* +2.1 -23.8+£ 0.5 -20.0 £ 0.6%** +3.8

Na,1.7 -23.4+£0.4 —-21.0 £ 0.8* +2.4 -17.3+£0.7 -15.0 £ 0.7* +2.3

Na,1.8 2.2+0.2 4.8 £ 0.8% +2.6 3.3+1.0 8.4+ 1.1% +3.3
Inactivation

Na,1.2 -51.4 £ 0.7 -56.6 £ 0.8%* -5.2

Na,1.6 -53.5+0.8 -58.5 + 1.0** -5.0

Na,1.7 -64.3+£0.7 —-68.4 £ 0.6%* -4.1

Na,1.8 -50.7+1.4 -57.0 £ 1.9* -6.3
*P < 0.05.

**P < 0.01, compared with control (paired t test) (mean £ SEM; n = 5-7).

the presence of AM 251 (a CB, antagonist),* AM 251, AM 630
(a CB, antagonist) and capsazepine (a vanilloid receptor type
1 antagonist) do not interfere with anandamide suppression
of sodium currents in DRG.* Therefore, we believe that the
effects of anandamide on Na,1.2, Na,1.6, Na,1.7, and Na,1.8
o subunits are direct. Taken together, to the best of our knowl-
edge, this is the first direct evidence to demonstrate the inhibi-
tory effects and its mechanisms on neuronal sodium channel
o subunits in recombinant experiment systems.

Several sodium channel a subunits are believed to be
involved in the pathogenesis of inflammatory and neuro-
pathic pain. Mutations in Na, 1.7 have been linked to inher-
ited pain syndromes, including inherited erythromelalgia,
that is characterized by episodes of burning pain, ery-
thema, mild swelling in the hands and feet,* and paroxys-
mal extreme pain disorder (PEPD), which is characterized
by severe rectal, ocular, and mandibular pain.*> Recently,
anandamide has been reported to inhibit resurgent current
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of wild-type Na,1.7 and the PEPD mutants expressed in
transfected human embryonic kidney 293 cells, and this
inhibition was suggested as a therapeutic target for PEPD
patients.* Na, 1.8 has demonstrated its ability to carry most
current underlying the upstroke of the action potential in
nociceptive neurons,” and the use of Na,1.8 knockdown
rats after antisense oligodeoxynucleotide treatment has
demonstrated a role for Na,1.8 in inflammatory pain,*
whereas Na,1.8 expression has been reported to increase
in nerves proximal to injury sites in patients with chronic
neuropathic pain.* In an infraorbital nerve injury model of
rats, the level of Na,1.6 protein was significantly increased
proximal to the lesion site, suggesting a role of Na,1.6 in
neuropathic pain conditions.”® However, these a subunits
highly expressed in normal DRG have been reported to
show diverse expression in DRG of inflammatory and neu-
ropathic pain models. Na,1.7 mRNA and protein increased
in DRG after peripheral inflammation induced by
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Figure 6. Effects of anandamide on inactivation curves in oocytes
expressing Na,1.2 (A), Na,1.6 (B), Na,1.7 (C), and Na,1.8 (D) o sub-
units with f3; subunits. Currents were elicited by a 50-millisecond
test pulse to —20 mV for Na,1.2 and Na,1.6 or -10 mV for Na,1.7 or
+10 mV for Na,1.8 after 200-millisecond (500-millisecond for only
Na,1.8) prepulses ranging from —140 mV to O mV in 10 mV incre-
ments from a holding potential of V,,,; anandamide (30 pumol/L)
was applied for 5 minutes; right panel, representative I, traces in
both the absence and presence of anandamide; left panel, effects
of anandamide on inactivation curves (closed circles, control; open
circles, anandamide). Steady-state inactivation curves were fitted to
the Boltzmann equation, and the V;, , values are shown in Table 1.
Data are expressed as the mean + SEM (n = 6-8).

carrageenan,’>? whereas Na,1.7 protein decreased in the
injured DRG after spared nerve injury in animals.>®* Na,1.8
mRNA and protein increased in DRG neurons of rodents
after injection of carrageenan into a hindpaw,?*% and yet
peripheral nerve injury down-regulates Na,1.8 mRNA and
protein expression in the injured DRG.?35¢ Based on this
evidence, suppression of sensory neuron sodium channel
function by anandamide may be an important mechanism
independent of the cannabinoid receptor. Because of the
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Figure 7. Use-dependent block of sodium channel on Na/1.2,
Na,1.6, Na,1.7, and Na,1.8 a subunits with 3, subunits of anan-
damide. Currents were elicited at 10 Hz by a 20-millisecond depolar-
izing pulse of —20 mV for Na,1.2 and Na,1.6, or =10 mV for Na,1.7,
or +10 mV for Na,1.8 from a V,,, holding potential in both the
absence and presence of 30 pmol/L anandamide; anandamide was
applied for 5 minutes. Peak currents were measured and normalized
to the first pulse and plotted against the pulse number (A, Na,1.2;
B, Na,1.6; C, Na,1.7; D, Na,1.8). Closed circles represent control;
open circles indicate the effect of anandamide. Data were fitted to
the monoexponential equation, and values for fractional block of the
plateau of normalized I, are shown in (E). Data are expressed as
the mean £ SEM (n = 5-6). *P < 0.05 and **P < 0.01, compared
with the control (paired t test).

limitations of our experiments, further investigation is war-
ranted to extrapolate our findings into clinical practice.

In conclusion, anandamide at pharmacologically relevant
concentrations inhibited sodium currents of Na,1.2, Na,1.6,
Na,1.7, and Na,1.8 a subunits expressed in the Xenopus
oocytes with differences in the effects on sodium channel
gating. These results provide a better understanding of the
mechanisms underlying the analgesic effects of anandamide,
but further studies are needed to clarify the relevance of
sodium channel inhibition by anandamide to analgesia. &%
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Abstract.

Flavonoids are biologically active polyphenolic compounds widely distributed in

plants. Recent research has focused on high dietary intake of flavonoids because of their potential
to reduce the risks of diseases such as cardiovascular diseases, diabetes, and cancers. We report
here the effects of plant flavonoids on catecholamine signaling in cultured bovine adrenal
medullary cells used as a model of central and peripheral sympathetic neurons. Daidzein (0.01 —
1.0 uM), a soy isoflavone, stimulated *C-catecholamine synthesis through plasma membrane
estrogen receptors. Nobiletin (1.0 - 100 xM), a citrus polymethoxy flavone, enhanced “C-
catecholamine synthesis through the phosphorylation of Ser19 and Ser40 of tyrosine hydroxylase,
which was associated with *Ca® influx and catecholamine secretion. Treatment with genistein
(0.01 - 10 uM), another isoflavone, but not daidzein, enhanced [*H]noradrenaline uptake by
SK-N-SH cells, a human noradrenergic neuroblastoma cell line. Daidzein as well as nobiletin
(= 1.0 xM) inhibited catecholamine synthesis and secretion induced by acetylcholine, a physio-
logical secretagogue. The present review shows that plant flavonoids have various pharmaco-
logical potentials on the catecholamine system in adrenal medullary cells, and probably also in

sympathetic neurons.

Keywords: adrenal medulla, catecholamine, flavonoid, membrane estrogen receptor,

tyrosine hydroxylase

Introduction

Flavonoids are a group of plant secondary metabolites
with variable phenolic structures and are found in plants
fruits, vegetables, roots, stems, flowers, wine, tea, and
traditional Chinese herbs (1, 2). More than 5,000 indi-
vidual flavonoids have been identified, which are classi-
fied into at least 10 subgroups according to their chemical
structure (3). In these flavonoids, 6 principal subgroups
(flavones, flavonols, flavanones, flavanols, isoflavones,
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and anthocyanidins) are relatively common in human
diets (Fig. 1) (4). The different flavonoids have diverse
biological functions, including protection against ultra-
violet radiation and phytopathogens, auxin transport,
the coloration of flowers, and visual signals (1, 3).
Furthermore, recent research has focused on high dietary
intake of plant flavonoids because flavonoids may have
potential pharmacological benefits associated with
reduced risks of age and life style-related diseases such
as cardiovascular diseases, diabetes, and cancers (4).
Adrenal medullary cells derived from embryonic
neural crests are functionally homologous to sympathetic
ganglionic neurons. Our previous studies, using cultured
bovine adrenal medullary cells, demonstrated that
acetylcholine (ACh)-induced *Na" influx via nicotinic
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Fig. 1. Chemical structures of the main class of diet flavonoids.

acetylcholine receptor (nAChR)-ion channels increases
#Ca’ influx via voltage-dependent Ca* channels and
that the enhanced Ca®* influx is a prerequisite for the
secretion of catecholamines (5). Furthermore, stimula-
tion of catecholamine synthesis induced by ACh is
associated with the **Ca®" influx and the activation of
tyrosine hydroxylase (6). Tyrosine hydroxylase is acutely
regulated by its phosphorylation at Ser19, Ser31, and
Ser40 via the activation of protein kinases, including
Ca**/calmodulin-dependent protein kinase Il (CaM
kinase II), extracellular signal-regulated protein kinase
(ERK), and cAMP-dependent protein kinase (protein
kinase A), respectively (7). Catecholamine secretion
mediated by stimulation of these ion channels, and the
mechanism underlying the stimulation of catecholamine
synthesis in adrenal medullary cells, are both thought
to be similar to those of noradrenaline in sympathetic
neurons and brain noradrenergic neurons. Thus, adrenal
medullary cells have provided a good model for the
detailed analysis of cardiovascular (6) and analgesic (8)
drugs that act on catecholamine synthesis, secretion,
and reuptake.

In our previous studies, treatment of bovine adrenal
medullary cells with environmental estrogenic pollutants
such as p-nonylphenol and bisphenol A stimulated cate-
cholamine synthesis and tyrosine hydroxylase activity,
probably through plasma membrane estrogen receptors
(9). We further demonstrated the occurrence and func-
tional roles of unique estrogen receptors in the plasma
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membranes isolated from bovine adrenal medullary cells
(10). Daidzein, a flavonoid, stimulated catecholamine
synthesis via the activation of extracellular signal-
regulated protein kinases (ERKs) through the plasma
membrane estrogen receptors (11). In the present review,
we discuss our recent studies of plant flavonoids on
catecholamine synthesis, secretion, and uptake in bovine
adrenal medullary cells.

Regulation of catecholamine synthesis, secretion, and
uptake by soy isoflavones, daidzein, and genistein

Natural estrogens induce a wide array of biological
effects on cell differentiation and proliferation, homeo-
stasis, and the female reproductive system through
classical nuclear estrogen receptors (ERs), including
ER-0 and ER-§ (12). In addition to these established
mechanisms of action, a growing body of evidence
suggests that estrogens have non-genomic actions via the
activation of estrogen receptors in the plasma membrane.
Incubation of the cells with 17B-estradiol (E,) and
daidzein for 20 min resulted in a small (15% —25%)
but significant increase in '*C-catecholamine synthesis
from ["C]tyrosine in a concentration-dependent manner
(Fig. 2A) (10, 11). Significant (P <0.01) increases in
"“C-catecholamine synthesis induced by E, and daidzein
were observed at 0.3 and 10 nM, respectively, and the
maximum effect occurred at approximately 10 — 100 nM
and 100 — 1000 nM, respectively. Tyrosine hydroxylase
was also activated after incubation with E, or membrane-
impermeable Ex-bovine serum albumin at 100 nM and
daidzein as well as daidzein plus ICI182,780, an inhibitor
of nuclear estrogen receptors. These findings suggest
that E» and daidzein each activates tyrosine hydroxylase
activity and then stimulates catecholamine synthesis,
likely via plasma membrane estrogen receptors distinct
from the more extensively investigated classical cyto-
plasmic/nuclear receptors.

We examined the specific binding of [*H]E; to plasma
membranes isolated from bovine adrenal medulla. When
the plasma membranes were incubated with increasing
concentrations (0.25 — 300 nM) of [*H]E,, specific bind-
ing was observed (10). Scatchard analysis revealed
the presence of at least two classes of [°H]E, binding
sites. The specific binding of [*H]E, (5 nM) was most
strongly inhibited by E» and to a lesser extent by daidzein
and other steroid hormones such as testosterone, corti-
costerone, and 17a-estradiol, the natural stereoisomer of
E.. When plasma membranes isolated from the adrenal
medulla were incubated with various concentrations of
daidzein and [*H]E, (5 nM), the specific binding of
[FH]E. was competitively inhibited by daidzein in a
concentration-dependent manner (10 -1000 nM)
(Fig. 2B) (11). These findings suggest that E, and daid-
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Fig. 2. Concentration-response curves of E; and daidzein for “C-catecholamine synthesis from ["*C]tyrosine (A) and concentra-
tion-inhibition curve of daidzein for [*H]E, specific binding (B). A) Cultured cells (4 = 10°dish) were incubated with E, (closed
diamonds) and daidzein (closed squares) at the indicated concentrations for 20 min at 37°C in 1.0 ml KRP buffer containing L-
[U-"C]tyrosine (20 1M, 1 uCi). The "'C-labeled catecholamines formed are shown as the total “C-catecholamines (adrenaline,
noradrenaline, and dopamine). Data are expressed as % of the control. B) Plasma membranes isolated form bovine adrenal medulla
were incubated at 4°C for 30 min with various concentrations of daidzein in the presence of [*H]E; (5 nM, 0.1 #Ci). Non-specific
binding was determined in the presence | M of E; and specific binding was obtained by subtracting non-specific binding
from total binding. Values shown are expressed as the mean + S.E.M. of 4 experiments carried out in duplicate. *P < 0,05 and
#%p < (.01, compared with the control. Data modified from Yanagihara et al. (10) and Liu et al. (1 1).

zein act on the same site of membrane estrogen receptors.

Recently, several types of estrogen receptor have
been reported in plasma membranes, including classical
nuclear estrogen receptors such as ER-a (13) as well as
ER-X, a novel member of the estrogen receptor family
(14), and GPR30, which has high homology with the
G protein—coupled receptor superfamily in breast cancers
(15). To determine whether the membrane estrogen
receptors we observed are identical to, or distinct from,
previously reported plasma membrane estrogen recep-
tors, it will be necessary to precisely identify the plasma
membrane estrogen receptors in future studies.

Genistein, another isoflavone, is also a major natural
phytoestrogen found in soybeans. Treatment with genis-
tein, but not daidzein, at 0.01 — 10 M for 20 min stimu-
lated [*H]noradrenaline uptake by SK-N-SH cells, the
human noradrenergic neuroblastoma cell line expressing
noradrenaline transporter (16). Genistein is well-known
to be a broad-spectrum inhibitor of protein tyrosine
kinases, whereas daidzein is a structural analogue of
genistein that lacks activity towards tyrosine kinase and
is often used as a negative control of genistein in this
respect (17). Since tyrophostin 25, an inhibitor of recep-
tor-type protein tyrosine kinases, also enhanced uptake
of [*H]noradrenaline by cells, it seems that genistein
stimulates noradrenaline transporter activity probably
via the inhibition of receptor-type tyrosine kinases but
not by the activation of plasma membrane estrogen
receptors in the cells.
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Stimulatory effects of nobiletin, a citrus flavonoid, on
catecholamine synthesis and secretion

Nobiletin is a major component of polymethoxylated
flavones found in the peels of citrus fruits and is used
in a traditional Chinese herbal medicine. Nobiletin has
attracted great interest by virtue of its broad spectrum
of pharmacological activities, including antitumor,
anti-oxidative, and anti-inflammatory properties (18).
Furthermore, several lines of evidence have shown that
nobiletin has beneficial cardiovascular effects, as well
as neurotrophic and anti-dementia effects (19). In our
previous study, nobiletin (1.0 — 100 zM) induced “*Ca**
influx and catecholamine secretion without *Na* influx
via the activation of voltage-dependent Ca*" channels
or Na'/Ca* exchangers (20). Furthermore, nobiletin
also simulated 'C-catecholamine synthesis from
["“Cltyrosine and tyrosine hydroxylase activity in a
concentration-dependent manner, similar to the case
with “Ca*" influx and catecholamine secretion (21).

The stimulatory effects of nobiletin on catecholamine
synthesis and tyrosine hydroxylase activity were sup-
pressed by H-89 and KN-93, inhibitors of protein
kinase A and CaM kinase II, respectively, which are
considered to phosphorylate tyrosine hydroxylase at
Ser40 and Ser19, respectively. Indeed, nobiletin en-
hanced the phosphorylation of tyrosine hydroxylase at
the same sites. Based on these findings, it is likely that
nobiletin enhances the activity of tyrosine hydroxylase
via the activation of CaM kinase II and protein kinase A,
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which in turn, stimulates catecholamine synthesis in the
cells. A previous report (22) showed that 4'-demethyl-
nobiletin, a major metabolite of nobiletin in the urine of
mice enhances cyclic AMP response element-mediated
transcription by activating a protein kinase A/ERK path-
way in cultured hippocampal neurons of mice. Therefore,
it is interesting to examine the effect of its metabolites
on the catecholamine synthesis.

Inhibitory effects of flavonoids on catecholamine
secretion and synthesis induced by ACh, a natural
secretagogue ;

We previously reported that ACh activates nAChR-ion
channels, and this activation in turn induces Na* influx
and subsequent Ca®* influx and catecholamine secretion.
K" (56 mM), an activator of voltage-dependent Ca**
channels, directly gates voltage-dependent Ca*' channels
to increase Ca®* influx and catecholamine secretion (5).
In the present study, daidzein (1.0 — 100 &M and 100 zM)
and nobiletin (0.1 - 100 xM and 1.0 — 100 M) were
found to inhibit catecholamine secretion induced by ACh
(0.3 mM) and 56 mM K, respectively, although daidzein
by itself did not affect basal catecholamine secretion and
Ca® influx. These results suggest that both flavonoids
attenuate catecholamine secretion induced by ACh and
56 mM K" through the inhibition of nAChR-ion channels
and voltage-dependent Ca®™ channels.

To investigate the mechanism by which flavonoids
inhibit ACh-induced catecholamine secretion, we
examined whether or not the inhibitory effect of nobiletin
on catecholamine secretion is overcome when the
concentration of ACh is increased. However, they did
not overcome the inhibitory effect of nobiletin and
the double-reciprocal plot analysis showed a non-
competitive type of inhibition. A previous review pro-
posed that at high concentrations (> 10 uM), steroid
hormones such as estrogens could be inserted into the
bilayers of cellular membranes and that direct steroid-
membrane interactions alter physicochemical membrane
properties, such as the fluidity and microenvironment
of membrane receptors and/or ion channels, in addition
to specific receptor-mediated effects (23). It is possible
that daidzein and nobiletin at high concentrations may
interact with these ion channels via the alteration of
the membrane properties of adrenal medullary cells.
However, it remains to be clarified whether or not these
flavonoids may exert their effects on catecholamine
secretion merely by nonspecific effects on the membrane
properties.

Pharmacological significance of flavonoids’ effects on
the catecholamine system
The serum concentrations of daidzein have been
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reported to be around 200 — 350 nM in Japanese people
older than 40 years (24). Furthermore, the serum concen-
trations of daidzein in humans consuming 3 meals per
day that contained soy milk or a single soy meal can
reach as high as 4.0 - 5.0 uM (25). Therefore, it seems
that the concentrations used in our studies are relevant
in people’s daily lives because these concentrations
partially overlap with those in the plasma of individuals
who consume soy products.

Nobiletin is rich in the peels of citrus fruits, and the
dried peels are used in a traditional Chinese herbal
medicine. Nogata et al. (26) reported the contents of
nobiletin in various citrus fruits: total tissue, 0.4 — 8.1
(3.93 £0.87) mg/ 100 g; peel tissue, 1.5—18.5 (11.5+
2.2)mg / 100 g; juice vesicle tissue, 0 — 0.9 (0.25 + 0.13)
mg /100 g. When we used 60 kg for the body weight
of aman, 4.5 L of the total volume of human blood, and
0.1 of the nobiletin bioavailability (27), the calculated
plasma concentrations of nobiletin might be 0.02 — (.45
(022£0.05) M, 0.08-1.0 (0.63 £0.22) uM, and
0-0.05 (0.014 +0.01) uM, respectively. Indeed, the
previous report (27) showed that the maximal concentra-
tions of nobiletin in the serum and brain of mice were
0.94 mg/L (2.3 xM) and 9.27 mg/L (23 M) or 3.6 mg/L
(8.9 uM) and 22 mg/L (55 uM) after the p.o. or
Lp. administration of 50 mg/kg nobiletin, respectively.
Based on the previous documents, the concentrations
of nobiletin (0.1 — 10 M) used in our experiment may
be appropriate, but relatively high compared to the
blood concentrations of nobiletin calculated from juice
vesicle tissue.

It is well documented that catecholamines play pivotal
roles in the regulation of normal functions, not only
in central and peripheral noradrenergic neurons as a
neurotransmitter but also in adrenal medulla as an endo-
crine hormone. Flavonoids, including daidzein and
nobiletin, by themselves induce a small but significant
increase in catecholamine synthesis and/or secretion,
suggesting that these flavonoids strengthen or enhance
the sympatho-adrenal system.

On the other hand, several lines of evidence have
shown that prolonged stress-induced over-expression
of catecholamines contributes to the involvement and
augmentation of cardiovascular diseases such as heart
failure, atherosclerosis, coronary heart failure, and
hypertension. Indeed, chronic heart failure is associated
with the activation of the sympathetic nervous system
as manifested by increased circulating catecholamines
and increased regional activity of the sympathetic
nervous system (28). Chronic stress responses can be
associated with disease symptoms such as peptic ulcers
or cardiovascular disorders (29). Recently, Hara et al.
(30) reported that the stress hormone adrenaline stimu-
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Fig. 3. Inhibitory mechanism of flavo-
noids on stress or excitation-induced
excess of catecholamine secretion. Pro-
longed and strong stress or excitation
stimulates the brain cortex, limbic system,
and hypothalamus, which evoke acetyl-
choline release from the splanchnic sym-
pathetic nerves. Released acetylcholine
induces a massive secretion of adrenaline/
noradrenaline from the adrenal medulla,
which may cause various deleterious
symptoms or diseases such as high blood
pressure (hypertension), vasculature pro-
liferation (atherosclerosis), and blood

Brain Adrenal medulla Blood vessel  coagulation (thrombus).
Table 1. Summary of flavonoids’ effects on catecholamine synthesis, secretion, and uptake
) . CA synthesis CA secretion Lo
Flavonoids NA uptake [*H] E; binding
basal ACh basal ACh

Daidzein 1 ! — l — !
Genistein N.D. N.D. N.D. N.D. 1 1
Nobiletin 1 i T l N.D. —

CA, catecholamine; NA, noradrenaline; E;, 17f-estradiol; ACh, ACh-stimulated; N.D., not determined; —, no effect;

1, stimulation; |, inhibition.

lates f.-adrenoceptors, which in turn induces the Gs-
protein—dependent activation of protein kinase A and
the p-arrestin-mediated signaling pathway, and then
suppresses p33 levels and triggers DNA damage. From
these previous and present results, it gives rise to the
possibility that flavonoids suppress the hyperactive
catecholamine system induced by prolonged stress or
emotional excitation which evokes the secretion of
ACh from the splanchnic nerves and stimulates a mas-
sive secretion of catecholamines from the adrenal
medulla (Fig. 3).

Future perspectives

What major pending problems or questions does the
present study reveal? While the in vitro effects of plant
flavonoids have been well clarified using cultured bovine
adrenal medullary cells or SK-N-SH cells, the in vivo
effects are not as clear. Therefore, to confirm the effects
of these flavonoids on the catecholamine system, further
in vivo studies on the effects of the administration of
daidzein, genistein, and nobiletin to animals or humans
will be needed in the near future. Furthermore, the
question arises as to how best to demonstrate the protec-
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tive effects of flavonoids on stress-induced catechol-
amine synthesis and secretion. The protective effects of
flavonoids against stress should be examined using
laboratory animals under various stress conditions.
Analysis with in vivo studies will provide more conclu-
sive information and add to our knowledge about the
pharmacological actions of plant flavonoids on the
catecholamine system.

Concluding remarks

Flavonoids are major natural products in plants. In the
present review, we have demonstrated that plant flavo-
noids such as daidzein, genistein, and nobiletin exert a
variety of effects on catecholamine signaling, including
catecholamine synthesis, secretion, and uptake in the
adrenal medulla (Table 1). These findings may provide
new insight into the pharmacological potentials of plant
flavonoids on the catecholamine system.
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Abstract. We previously reported the occurrence and function of plasma membrane estrogen
receptors in cultured bovine adrenal medullary cells. Here we report the effects of raloxifene and
tamoxifen, selective estrogen receptor modulators, on plasma membrane estrogen receptors and
catecholamine synthesis and secretion in these cells. Raloxifene caused dual effects on the specific
binding of [*H]17-estradiol to the plasma membranes isolated from bovine adrenal medulla;
that is, it had a stimulatory effect at 1.0 — 10 nM but an inhibitory effect at 1.0 — 10 uM, whereas
tamoxifen (1.0 nM —10 xM) increased binding at all concentrations (except for 100 nM).
Tamoxifen at 100 nM caused a significant increase in basal '*C-catecholamine synthesis from
[“C]tyrosine, whereas tamoxifen and raloxifene at higher concentrations attenuated basal and
acetylcholine-induced '*C-catecholamine synthesis. Raloxifene (0.3, 1.0, and 3 — 100 M) and
tamoxifen (10 — 100 xM) also suppressed catecholamine secretion and **Ca*" and **Na’ influx,
respectively, induced by acetylcholine. Raloxifene (1.0 4M) inhibited Na* current evoked by
acetylcholine in Xenopus oocytes expressing a4/2 neuronal nicotinic acetylcholine receptors.
The present findings suggest that raloxifene and tamoxifen at low concentrations allosterically
modulate plasma membrane estrogen receptors and at high concentrations inhibit acetylcholine-
induced catecholamine synthesis and secretion by inhibiting Na and Ca®" influx in bovine adrenal
medulla.

Keywords: adrenal medulla, catecholamine synthesis and secretion,
plasma membrane estrogen receptor, raloxifene, selective estrogen receptor modulator

Introduction

fene for the prevention of osteoporosis, are clinically
available in Japan (3). Although the precise molecular

Selective estrogen receptor modulators (SERMs) are
compounds that bind to nuclear or classical estrogen
receptors (ERs) and exert either estrogenic or anti-
estrogenic effects depending on the specific organs
(1, 2). At present, at least two SERMs, tamoxifen for
the treatment and prevention of breast cancer and raloxi-

*Corresponding author.  yanagini@med.uoeh-u.ac.jp
Published online in J-STAGE on December 27, 2013
doi; 10.1254/iphs.13155FP

66

434

mechanisms by which SERMs exert their clinical effects
are unknown, their estrogenic or anti-estrogenic actions
at target tissues are mediated through two ERs, ERa, and
ERp (4). In addition to the genomic ER actions, several
lines of evidence have shown that SERMs acutely modu-
late ionic current through neuronal nicotinic acetylcho-
line receptors (nAChRs)-ion channels (5, 6) and also
modulate functions of the cardiovascular systems (3).
Furthermore, estrogens and raloxifene are reported to
inhibit catecholamine secretion from rat and bovine
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Abstract. We previously reported the occurrence and function of plasma membrane estrogen
receptors in cultured bovine adrenal medullary cells. Here we report the effects of raloxifene and
tamoxifen, selective estrogen receptor modulators, on plasma membrane estrogen receptors and
catecholamine synthesis and secretion in these cells. Raloxifene caused dual effects on the specific
binding of [*H]17-estradiol to the plasma membranes isolated from bovine adrenal medulla;
that is, it had a stimulatory effect at 1.0 — 10 nM but an inhibitory effect at 1.0 — 10 uM, whereas
tamoxifen (1.0 nM —10 xM) increased binding at all concentrations (except for 100 nM).
Tamoxifen at 100 nM caused a significant increase in basal '*C-catecholamine synthesis from
[“C]tyrosine, whereas tamoxifen and raloxifene at higher concentrations attenuated basal and
acetylcholine-induced '*C-catecholamine synthesis. Raloxifene (0.3, 1.0, and 3 — 100 M) and
tamoxifen (10 — 100 xM) also suppressed catecholamine secretion and **Ca*" and **Na’ influx,
respectively, induced by acetylcholine. Raloxifene (1.0 4M) inhibited Na* current evoked by
acetylcholine in Xenopus oocytes expressing a4/2 neuronal nicotinic acetylcholine receptors.
The present findings suggest that raloxifene and tamoxifen at low concentrations allosterically
modulate plasma membrane estrogen receptors and at high concentrations inhibit acetylcholine-
induced catecholamine synthesis and secretion by inhibiting Na and Ca®" influx in bovine adrenal
medulla.

Keywords: adrenal medulla, catecholamine synthesis and secretion,
plasma membrane estrogen receptor, raloxifene, selective estrogen receptor modulator

Introduction

fene for the prevention of osteoporosis, are clinically
available in Japan (3). Although the precise molecular

Selective estrogen receptor modulators (SERMs) are
compounds that bind to nuclear or classical estrogen
receptors (ERs) and exert either estrogenic or anti-
estrogenic effects depending on the specific organs
(1, 2). At present, at least two SERMs, tamoxifen for
the treatment and prevention of breast cancer and raloxi-
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ERp (4). In addition to the genomic ER actions, several
lines of evidence have shown that SERMs acutely modu-
late ionic current through neuronal nicotinic acetylcho-
line receptors (nAChRs)-ion channels (5, 6) and also
modulate functions of the cardiovascular systems (3).
Furthermore, estrogens and raloxifene are reported to
inhibit catecholamine secretion from rat and bovine
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adrenal medullary cells (7) and PCI2 cells (8). These
results suggest that SERMs directly affect ion channels
and subsequent cellular functions in a non-genomic
manner.

Adrenal medullary cells are derived from the embry-
onic neural crest and share many physiological and
pharmacological properties with postganglionic sympa-
thetic neurons. Stimulation of AChRs in the cells
increases the synthesis of catecholamines and causes the
secretion of catecholamines into the systemic circulation
(9, 10). In bovine adrenal medullary cells, at least three
distinct types of ionic channels are involved in catechol-
amine secretion (11): nAChR-ion channels, voltage-
dependent Na' channels, and voltage-dependent Ca®*
channels. In these cells, previous studies have shown that
either carbachol (a synthetic derivative of ACh)-induced
Na" influx via nAChR-ion channels or veratridine-
induced Na® influx via voltage-dependent Na' channels
increases Ca™ influx via voltage-dependent Ca®* chan-
nels, a prerequisite for the secretion (7, 11) and synthesis
(10) of catecholamines. In contrast, high K' directly
gates voltage-dependent Ca** channels to increase Ca?*
influx without increasing Na" influx (11).

Previously, we reported the occurrence and pharmaco-
logical characterization of estrogen receptors in the
plasma membrane of bovine adrenal medulla (12).
Furthermore, phytoestrogens such as daidzein (13) and
resveratrol (14) increased catecholamine synthesis
through the plasma membrane estrogen receptors. In the
present study, we examined the effects of two SERMs,
raloxifene and tamoxifen, on [*H]17p-estradiol (174-E,)
binding to the membrane estrogen receptors, as well as
catecholamine synthesis and secretion in cultured bovine
adrenal medullary cells. We found that SERMs allosteri-
cally modulate [*H]174-E- binding to plasma membrane
estrogen receptors and positively or negatively influence
catecholamine synthesis and secretion in the cells.

Materials and Methods

Materials

Oxygenated Krebs-Ringer phosphate (KRP) buffer was
used throughout. Its composition is as follows: 154 mM
NaCl, 5.6 mM KCI, 1.1 mM MgSQ,, 2.2 mM CaCl,,
0.85 mM NaH,PO,, 2.15 mM Na,HPO,, and 10 mM
glucose, adjusted pH to 7.4. Reagents were obtained
from the following sources: Eagle’s minimum essential
medium (MEM) (Nissui Pharmaceutical, Tokyo); calf
serum (Cell Culture Technologies, Ziirich, Switzerland);
collagenase (Nitta Zerachin, Osaka); raloxifene, tamoxifen,
178-E,, ACh, veratridine (Sigma Chemical Co., St. Louis,
MO, USA); [2.4.6,7-H]178-E, (3515 GBg/mmol),
[**Na]CL, [*“Ca]Cl,, and L-[U-"C]tyrosine (Perkin-Elmer,

436

67

Ltd., Boston, MA, USA). Raloxifene and tamoxifen
were dissolved in 100% dimethyl sulfoxide and then
diluted in a reaction medium before use at a final concen-
tration of dimethyl sulfoxide not exceeding 0.5% unless
otherwise specified.

Isolation and primary culture of bovine adrenal medul-
lary cells

Bovine adrenal medullary cells were isolated by col-
lagenase digestion of adrenal medullary slices according
to the previously reported method (15, 16). Cells were
suspended in Eagle’s MEM containing 10% calf serum,
3 uM cytosine arabinoside, and several antibiotics, and
maintained in monolayer culture at a density of 4 x 10¢
cells per dish (35 mm dish; Falcon, Becton Dickinson
Labware, Franklin Lakes, NJ, USA) or 10° cells per well
(24-well plate; Corning Life Science, Lowell, MA, USA)
at 37°C under a humidified atmosphere of 5% CO,
and 95% air. The cells were used for experiments
between 2 and 5 days of culture.

[H]17B-E; binding to plasma membranes isolated from
adrenal medulla

Plasma membranes were isolated from bovine adrenal
medulla as described previously (12, 13). The specific
binding of [*H]178-E; was determined by incubating
plasma membranes (30 ug protein) in Krebs-Ringer
HEPES (KRH) buffer (composition: 125 mM NaCl,
4.8 mM KCl, 2.6 mM CaClz, 1.2 mM MgSO,, 5.6 mM
glucose, and 25 mM HEPES-Tris, pH 7.4) (final volume
of 200 pL) with various concentrations (0.001 — 10 UM)
of raloxifene or tamoxifen and [*H]178-E; (5 nM,
0.1 uCi) at 4°C for 30 min. Then [*H]174-E, bound to the
membranes was separated from free ligand by filtration
through a GF/C glass fiber filter (Whatman, Maidstone,
UK), and the filter was washed 3 times with the ice-cold
binding buffer. Specific binding of [FH]178-E, was
defined as the total binding minus non-specific binding,
which was determined in the presence of 17-E,
(1.0 uM) (12).

MC-catecholamine synthesis from ["'CJtyrosine in the
cells

After preincubation for 10 min, cells were incubated
with 20 M 1-[U-"C]tyrosine (1 xCi) in KRP buffer in
the presence or absence of various concentrations of
raloxifene or tamoxifen and 300 uM ACh at 37°C for
20 min. After removing the incubation medium by
aspiration, cells were harvested in 0.4 M perchloric acid
and centrifuged at 1600 x g for 10 min. “C-Labelled
catechol compounds were separated further by ion
exchange chromatography on Duolite C-25 columns
(H'-type, 0.4 % 7.0 cm) (10) and counted for the radioac-
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and centrifuged at 1600 x g for 10 min. “C-Labelled
catechol compounds were separated further by ion
exchange chromatography on Duolite C-25 columns
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tivity by a Packard Tri-Carb 2900TR liquid scintillation
counter, "C-Catecholamine synthesis was expressed as
the sum of the "C-catecholamines (adrenaline, nor-
adrenaline, and dopamine).

Catecholamine secretion from cultured bovine adrenal
medullary cells

The secretion of catecholamines was measured as
described previously (15). After preincubation with or
without raloxifene or tamoxifen at 37°C for 10 min,
the cells (10° per well) were incubated with or without
the SERMs in the presence or absence of various secre-
tagogues at 37°C for another 10 min. After the reaction,
the incubation medium was transferred immediately to a
test tube containing perchloric acid (final concentration,
0.4 M). Catecholamines (noradrenaline and adrenaline)
secreted into the medium were adsorbed onto aluminum
hydroxide and estimated by the ethylendiamine conden-
sation method using a fluorescence spectrophotometer
(F-2500; Hitachi, Tokyo) with excitation and emission
wavelengths of 420 and 540 nm, respectively.

“Na' and *Ca’" influx by the celis

The influx of *Na" and “Ca’ was measured as
reported previously (11). After preincubation with or
without raloxifene or tamoxifen at 37°C for 10 min, the
cells (4 % 10° per dish) were incubated with 1.5 uCi of
ZNaCl or 1.5 uCi of *CaCl, at 37°C for 5 min in the
presence or absence of 300 M ACh and various concen-
trations of the SERMs in KRP buffer. After incubation,
the cells were washed 3 times with ice-cold KRP buffer,
solubilized in 10% Triton X-100, and counted for
radioactivity of **Na" and **Ca*" by an Aloka ARC-2005
gamma counter and a Packard Tri-Carb 2900TR liquid
scintillation counter, respectively.

Expression of nAChRs in Xenopus oocytes and electro-
physiological recordings

Isolation and microinjection of Xenopus oocytes was
performed as described previously (17, 18). In brief,
the cDNA encoding the a4 and 42 subunits of rat neuro-
nal nAChR, subcloned into pcDNAI/Neo (Invitogen,
Carlsbad, CA, USA) vector, was kindly provided from
Dr. James W. Patrick (Division of Neuroscience, Baylor
College of Medicine, Houston, TX, USA). Oocytes were
injected with cDNAs (1.5 ng/30 nL) and electrophysio-
logical recordings were performed 2 — 3 days after injec-
tion. Each oocyte was perfused (2 mL/min) with
Ba®*-Ringer’s solution (115 mM NaCl, 2.5 mM KCl,
1.8 mM BaCl,, and 10 mM HEPES, pH 7.4) containing
| #M atropine sulfate, to minimize the effects of second-
ary activated Ca*'-dependant CI™ currents and then im-
paled with 2 glass electrodes (1 — 5 M£2) filled with 3 M
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KCl and clamped at =70 mV using the OC-725C Oocyte
Clamp Amplifier (Harvard Apparatus, Inc., Holliston,
MA, USA). ACh was applied for 30 s to obtain the
maximum (peak) current used as a measure of drug
response. We examined the effect of raloxifene (1 M)
on Na' current induced by ACh at a concentration that
produced 50% of the maximal effect (ECs) of ACh
(1 mM).

Statistical analyses

All experiments were performed in duplicate or tripli-
cate, and each experiment was repeated at least three
times. All values are given as the mean+ S.E.M. The
significance of differences between means was evaluated
using one-way analysis of variance (ANOVA). When a
significant F value was found by ANOVA, Dunnett’s or
Scheffe’s test for multiple comparisons was used to
identify differences among the groups. Values were
considered statistically different when the P-value was
less than 0.05. Statistical analyses were performed using
PRISM for Windows version 5.0] software (Abacus
Concept, Berkeley, CA, USA).

Results

Effects of raloxifene and tamoxifen on [PH]173-E,
binding to plasma membranes

We first examined the effects of raloxifene and
tamoxifen on the specific binding of [*H]178-E; to plas-
ma membranes isolated from bovine adrenal medulla.
When plasma membranes were incubated with these
SERMs at various concentrations, the specific binding
of [*H]17p-E. was significantly increased by raloxifene
and tamoxifen at 1.0 — 10 nM (Fig. 1A) and 1.0 nM —
10 uM (except for 100 nM) (Fig. 1B), respectively, but
inhibited by raloxifene at 1.0 — 10 M (Fig. 1A). These
results suggest that the SERMs interact with plasma
membrane estrogen receptors to positively or negatively
modulate specific [*H]175-E, binding.

Effects of raloxifene and tamoxifen on basal and ACh-
induced ""C-catecholamine synthesis from ["CJtyrosine
in the cells

Bovine adrenal medullary cells were incubated with
20 uM ["“C]tyrosine in KRP buffer in the presence or
absence of various concentrations of SERMs at 37°C
for 20 min. As shown in Fig. 2B, tamoxifen at 100 nM
significantly increased '*C-catecholamine synthesis from
[“Cltyrosine, but raloxifene and tamoxifen at higher
concentrations (0.1 — 1.0 and 1.0 — 10 uM, respectively)
inhibited it (Fig. 2: A and B). Raloxifene (100 nM)
and tamoxifen (100 nM and 1.0 xM) had little effect
on ["C]tyrosine uptake by the cells (data not shown),
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Fig. 1. Effects of raloxifene (A) and tamoxifen (B) on the specific binding of [*H]178-estradiol (178-E2) to plasma membranes
isolated from bovine adrenal medulla. Plasma membranes (30 ug/tube) were incubated with [*H]178-E; (5 nM) and various
concentrations of raloxifene (A) or tamoxifen (B) for 30 min at 4°C. Non-specific binding of [*H]1 74-E; was determined in the
presence of 200-fold excess concentrations of 174-Ez, and specific binding was obtained by subtracting non-specific binding from
total binding, Control specific binding of ['H]178-E2 [150 £ 15 (A) and 208 + 36 (B) finol/mg protein] was assigned a value of
100% and the data are expressed as % of control. Values shown are the mean+ S.E.M. of 4 experiments carried out in duplicate.
*P <0.05,*P<0.01, and ***P < 0,001; compared to each control.

suggesting that the SERMs do not affect tyrosine uptake
by the cells. ACh (300 uM) increased '“C-catecholamine
synthesis, which raloxifene and tamoxifen suppressed
significantly (1.0 xM and 10 — 100 M, respectively) in
a concentration-dependent manner (Fig. 2: C and D).

Effects of pretreatment with raloxifene and tamoxifen on
catecholamine secretion induced by ACh in the cells

Raloxifene (1 M) and tamoxifen (10 #M) did not
significantly affect basal secretion of catecholamines
(control = 2.85% + 0.17%, raloxifene = 3.21% = 0.41%,
tamoxifen = 3.47% + 0.23% ofthe total catecholamines).
Stimulation of nAChR-ion channels by ACh, a physio-
logical secretagogue, caused catecholamine secretion
corresponding to 16.79% + 0.75% of the total catechol-
amines in the cells (Fig. 3A). Pretreatment of cells with
raloxifene (1 uM) (Fig. 3A) and tamoxifen (10 uM)
(Fig. 3B) for 0, 5, 10, 20, and 30 min caused a time-
dependent decrease in catecholamine secretion induced
by ACh for up to 30 min, with a continuously maximal
reduced level occurring at 10 min. Therefore, the effect
of SERMs on catecholamine secretion was evaluated
using cells pretreated with SERMs for 10 min.

We examined the effects of raloxifene (1 M) and
tamoxifen (10 #M) on catecholamine secretion induced
by other secretagogues. Veratridine (100 zM), an activa-
tor of voltage-dependent Na' channels, or 56 mM K,
an activator of voltage-dependent Ca®" channels, caused
catecholamine secretion corresponding to 24.28% +
1.58% and 19.47% + 1.11% of the total catecholamines,
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respectively (Fig. 4A). Raloxifene (1 uM) (Fig. 4A) and
tamoxifen (10 zM) (Fig. 4B) had little effect on catechol-
amine secretion induced by veratridine and high K'.

Concentration—inhibition curves for the effects of
raloxifene or tamoxifen on ACh-induced catecholamine
secretion and “*Na' and *Ca®" influx

Pretreatment of cells with raloxifene (0.3, 1, 10,
and 100 M) or tamoxifen (10, 30, and 100 xM) for
10 min reduced ACh-induced secretion of catechol-
amines to 81.0%, 65.0%, 35.1%, and 33.0% (Fig. 5A)
or to 49.0%, 43.1%, and 25.4% (Fig. 6A), respectively,
of ACh alone in a concentration-dependent manner.
Raloxifene suppressed ACh (300 uM)-induced **Ca®'
influx at 1.0 - 100 M (Fig. 5B) and ACh (300 uM)-
induced **Na” influx at 0.3 — 100 zM (Fig. 5C). Tamoxifen
also inhibited ACh-induced *Ca®" influx (Fig. 6B) and
*Na" influx at 10 — 100 xM (Fig. 6C).

Inhibitory mode of raloxifene or tamoxifen on *Na'
influx induced by ACh

We attempted to determine whether either SERM
competes with ACh for binding sites on the nAChRs.
When the concentration of ACh in the incubation medium
increased, the inhibition of *Na" influx induced by either
SERM was not overcome by increasing concentrations
(10-300 uM) of ACh (Fig. 7: A and B), indicating
that neither SERM competes with ACh for the binding
sites on nAChRs.
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Effects of raloxifene on ACh responses in Xenopus
oocytes expressing nAChRs

The direct effect of raloxifene on ACh responses in
Xenopus oocytes expressing rat a4f2 nAChRs was
examined. As shown in Fig. 8, raloxifene (1.0 xM)
reversibly inhibited ACh-induced Na" currents.

Discussion

In the present study, we demonstrated the stimulatory
or inhibitory effects of two SERMSs, raloxifene and
tamoxifen, on specific [*H]178-E, binding to plasma
membrane estrogen receptors as well as catecholamine
synthesis and secretion in bovine adrenal medullary
cells.
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Raloxifene and tamoxifen are allosteric modulators of
plasma membrane estrogen receptors

SERMs are well-known to bind to estrogen-binding
sites of classical nuclear ERs to initiate changes in
formation on the ER, the dissociation of the ER from
heat-shock proteins, and various gene transcriptions (2).
In the present study, raloxifene at 1.0 - 10 nM and
tamoxifen at 1.0 nM — 10 M except for 100 nM rather
enhanced [*H]178-E. binding to plasma membrane
estrogen receptors, whereas raloxifene at higher concen-
trations (1.0 — 10 M) inhibited it. This finding suggests
that raloxifene and tamoxifen are an allosteric modulator
of membrane estrogen receptors and that raloxifene at
higher concentrations interferes with the specific binding
of [PH]174-E: to membrane estrogen receptors. The
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former result is similar to that of our previous data
produced by ICI182,780, a pure antagonist of nuclear
ER, and p-nonylphenol or bisphenol A, environmental

estrogenic pollutants, both of which allosterically en-
hanced specific [*H]174-E. binding to plasma membrane
estrogen receptors (12).

441



H Inagaki et al

(A) (B) (C)

N
(=]
-}

300 1

T

200 -

100

Catecholamine secretion
N

(% of total)
-
o
45Ca?* influx (nmol / 4 x 10° cells)
E-y
*
*
*
o
*
*
22Na* influx (nmol / 4 x 106 cells)

=]
L

o
L

o

~r— —A—T—— Al— T T T
0 0.01011 10100 0 0.1 1 10 100 0 01 1 10 100

RLX (uM) RLX (uM) RLX (uM)

Fig. 5. Effects of various concentrations of raloxifene on ACh-induced catecholamine secretion (A), “Ca?* influx (B), and **Na*
influx (C) in the cells. A) After preincubation of cells with various concentrations of raloxifene (RLX) for 10 min at 37°C, cells
(10°/well) were stimulated with ACh (300 M) in the presence of various concentrations of raloxifene for another 10 min at 37°C.
Catecholamines secreted were measured and expressed as a percentage of total catecholamines (5.01 = 0.37 ug). B and C) After
preincubation with various concentrations of raloxifene for 10 min, cells (4 x 10°/ dish) were incubated in the presence of various
concentrations of raloxifene, 300 4M ACh, 1.5 xCi of “CaCl, (B), or **NaCl (C) for another 5 min at 37°C. *Ca* influx and *Na*
influx were measured, and expressed as nmol / 4 x 10° cells. Data are the mean + S.E.M. of 4 separate experiments carried out in
triplicate. *P < 0.05, ¥*/ < 0.01, and ***P < 0.001; compared to ACh alone.

(A) (B) (C)
25 15 1 —250 1
o 2
3 8

§ 201 e 2, 2001
P 7 x
s | <10 1 ¢ N
g T 15 ® = =150 1 *
= = o [ "
S £ E
© 2 sk sk ._:, ET T bt ok ok
o 107 x Lxx %100
S * 2 5 1 =
§ E =
] Ak +

5 < ~ © 50
o § ﬁz

o 0 ] ol

B — —— —_
0 0.01 0.11 10 100 0 01 1 10 100 0 1 10 100
TAM (uM) TAM (uM) TAM (uM)

Fig. 6. Effects of various concentrations of tamoxifen on ACh-induced catecholamine secretion (A), *Ca®" influx (B), and *Na*
influx (C) in the cells. A) After preincubation of cells with various concentrations of tamoxifen (TAM) for 10 min at 37°C, cells
(10°/well) were stimulated with ACh (300 M) in the presence of various concentrations of tamoxifen for another 10 min at 37°C,
Catecholamines secreted were measured and expressed as a percentage of total catecholamines (5.64 = 0.49 ug). B and C) After
preincubation with various concentrations of tamoxifen for 10 min, the cells (4 x 10°/ dish) were incubated in the presence of
various concentrations of tamoxifen, 300 uM ACh, 1.5 uCi of *CaCl; (B), or *NaCl (C) for another 5 min at 37°C. *Ca®" influx
and *Na" influx were measured, and expressed as nmol /4 x 10° cells. Data are the mean = S.E.M. of 4 separate experiments
carried out in triplicate. *P < 0.05, **P < 0.01, and ***P < (.001; compared to ACh alone.

442



Modulation of Catecholamines by SERMs

(A) (8)
400 - 400 -
2 5
) =
i 8
S 300 S 300-
x N
¥ o
© =
[=]
E 200 £ 2001
= £
E 5
£ =
& 100 - = 100
=z 1]
S g
0 J 0 J

[l

N

10 100 1000

0
ACh (uM)
NRix+Ach 7
|
k
i o |
\ ‘(./;;?""\Ach (control) ol

10s

\ s

ACh (washout)

Fig. 8. Effect of raloxifene on ACh-induced response in nAChRs
expressed in Xenopus oocytes. Representative current tracings ob-
tained from the same Xenopus oocyte expressing rat a4f2 nAChRs
were superimposed, demonstrating an inhibitory effect of raloxifene
(RLX, 1 uM) on the current induced by the ECs, of ACh. Traces
represent the responses of ACh (control), in the presence of RLX
(RLX + ACh), and 15-min washout [ACh (washout): dotted line].
The bar indicates the time of drug applications (ACh alone or RLX
plus ACh), but it should be noted that RLX was pre-applied for 2 min
before the coapplication with ACh.

Modulatory effects of raloxifene and tamoxifen on 'C-
catecholamine synthesis and catecholamine secretion

In bovine adrenal medullary cells, we previously
reported that 174-E. (12), environmental estrogenic
pollutants (19), and phytoestrogens, such as daidzein
(13) and resveratrol (14), stimulate catecholamine syn-
thesis through plasma membrane estrogen receptors. A
previous study reported that activation of membrane
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Fig. 7. Inhibitory mode of raloxifene
(A) and tamoxifen (B) on *Na' influx in-
duced by ACh. After preincubation of
cells with or without raloxifene (1.0 @M)
and tamoxifen (10 M) for 10 min, the
cells were incubated with (closed circle) or
without (open circle) raloxifene (1.0 zM)
(A) and with (closed square) or without
(open square) tamoxifen (10 xM) (B) in
the presence of 1.5 uCi of ?NaCl and ACh
(3-300 uM) for 5 min at 37°C. *Na’
influx was measured and expressed as
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nmol / 4 = 10° cells. Data are the mean +
S.E.M. from 3 separate experiments carried
out in triplicate.
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estrogen receptors increases intracellular Ca*" concentra-
tions and progesterone synthesis in rat hypothalamic
astrocytes (20). In the present study, however, the
stimulatory effect of tamoxifen on '*C-catecholamine
synthesis may not be mediated through the plasma
membrane estrogen receptors because it increased
basal synthesis of '‘C-catecholamines only at 100 nM.
Furthermore, at higher concentrations raloxifene (0.1 —
1.0 uM) and tamoxifen (1.0 - 10 M) inhibited “C-
catecholamine synthesis. There was no relation between
catecholamine synthesis and modulation of [*H]174-E,
binding induced by SERMs. From these present
results, it seems that the interactions of the SERMs with
plasma membrane estrogen receptors are not associated
with catecholamine synthesis in the cells.

Both raloxifene (1.0 M) and tamoxifen (10 — 100 M)
suppressed ACh-induced "“C-catecholamine synthesis
in a concentration-dependent manner. We previously
reported that ACh activates nAChR-ion channels, thereby
inducing Na® influx and then Ca*" influx as well as
catecholamine synthesis (10) and secretion (11). In the
present study, raloxifene and tamoxifen both preferen-
tially inhibited catecholamine secretion mediated through
nAChRs but neither did so through voltage-dependent
Na' channels or voltage-dependent Ca*" channels. The
present results were partially consistent with those of
a previous report (7) that raloxifene at micromolar con-
centrations inhibited catecholamine output elicited by
ACh or high potassium in perfused rat adrenal glands and
cultured bovine adrenal medullary cells. In the present
study, both SERMs suppressed ACh-induced **Ca®
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influx and *Na* influx in a concentration-dependent
manner, similar to their suppression of catecholamine
secretion and synthesis. It is likely that raloxifene
and tamoxifen suppress ACh-induced catecholamine
synthesis and secretion primarily by inhibiting Na" influx
through nAChR-ion channels and subsequent Ca*" influx
through voltage-dependent Ca** channels.

We further investigated the inhibitory mechanisms
underlying the effects of raloxifene and tamoxifen on
nAChR-ion channels. Increased concentrations of ACh
did not overcome the inhibitory effects of the SERMs on
ACh-induced *Na" influx, suggesting that the SERMs
act on the sites differently than they act on ACh binding
sites of nAChR-ion channels. We confirmed that
raloxifene directly and reversibly suppressed ACh-
induced Na“ current in Xenopus oocytes expressing rat
ad/52 nAChR.

Pharmacological significance of the effects of the SERMs
on catecholamine synthesis and secretion

The pharmacokinetic properties of raloxifene and
tamoxifen in postmenopausal women and in women
with breast cancer showed that the maximum plasma
concentrations of raloxifene and tamoxifen were 2 — 3 nM
and 20 — 330 nM, respectively, during clinical treatments
(21, 22). Tamoxifen, however, is reported to accumulate
in tissues, resulting in 100-fold higher concentrations
than in plasma after repeated administration of the drug
during long-term treatment for breast cancer (23). There-
fore, the concentrations of raloxifene and tamoxifen used
in the present study should be high, compared to those
plasma therapeutic concentrations, but they might be
clinically relevant in the tissues.

Several lines of evidence have shown that the SERMs
have both potentially adverse (24) and beneficial effects
on brain functions such as cognition (25, 26) and neuro-
protection (27). Indeed, raloxifene is reported to induce
neurite outgrowth in estrogen receptor—positive PC12
cells (28). In the present study, we demonstrated that
low concentration of tamoxifen (100 nM) stimulates
basal catecholamine synthesis, whereas at high concen-
trations, it inhibits basal and ACh-induced catecholamine
synthesis and secretion. On the basis of the present
results, it would be hypothesized that the SERMs nega-
tively or positively modulate the functions of central
noradrenergic or dopaminergic neurons, depending on
their concentrations, by changing the synthesis and
release of each neurotransmitter. To confirm this possi-
bility, further in vivo studies are required in the near
future.

In summary, we demonstrated that two SERMs,
raloxifene and tamoxifen, allosterically interact with
plasma membrane estrogen receptors, whereas at high
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concentrations each of them inhibits catecholamine
synthesis and secretion induced by ACh in adrenal
medullary cells and probably in peripheral and central
sympathetic neurons.
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