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ABSTRACT—The effects of boldine [(S)-2,9-dihydroxyl-1,10-dimethoxy-aporphine], a major alkaloid in the
leaves and bark of Boldo (Peumus boldus Mol.), on neuromuscular transmission were studied using a
muscle phrenic-nerve diaphragm preparation. Boldine at concentrations lower than 200 #M preferentially
inhibited, after an initial period of twitch augmentation, the nerve-evoked twitches of the mouse diaphragm
and left the muscle-evoked twitches unaffected. The twitch inhibition could be restored by neostigmine or
washout with Krebs solution. The twitches evoked indirectly and directly were both augmented initially,
suggesting that the twitch augmentation induced by boldine was myogenic. Boldine inhibited the acetyl-
choline-induced contraction of denervated diaphragm dose-dependently with an ICs, value of 13.5 uM.
At 50 zM, boldine specifically inhibited the amplitude of the miniature end plate potential. In addition,
boldine was similar to d-tubocurarine in its action to reverse the neuromuscular blocking action of a-bun-
garotoxin. These results showed that the neuromuscular blockade by boldine on isolated mouse phrenic-
nerve diaphragm might be due to its direct interaction with the postsynaptic nicotinic acetylcholine receptor.
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Boldine [(S)-2,9-dihydroxyl-1,10-dimethoxy-aporphine],
a papaverine related aporphine alkaloid, is a major
alkaloid found in the leaves and bark of Boldo (Peumus
boldus Mol.) (1) that has been shown to exert several dis-
tinct pharmacological actions (2, 3). It has been shown to
prevent autooxidation of the brain homogenate and lipid
peroxidation of red cell membrane (4), have anti-inflam-
matory activity (5), interfered with the cholinergic con-
traction of rat ileum (6), induced relaxation in rat uterus
(7), and antagonized «;-adrenoceptors and voltage-oper-
ated Ca?" channels in rat aorta (8). Recently, Chulid and
co-workers (9) reported that S-(+)-boldine acts as an ;-
adrenoceptor antagonist with little effect on KCl-induced
contraction in rat aorta and does not modify the acetyl-
choline (ACh) response in guinea pig trachea. N-Methyl-
boldine was shown to be a neuromuscular blocking agent
(10) but its mechanisms of action have not been exam-
ined.

In this study, we used the phrenic nerve-diaphragm to
study the effect of boldine on neuromuscular transmis-
sion. We found that boldine blocked the neuromuscular
action reversibly by direct interaction with the postsynap-
tic acetylcholine receptor.

MATERIJALS AND METHODS

Materials

All chemicals, unless specified, were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Boldine,
isolated from Peumus boldus Mol., was purchased from
Sigma and dissolved in DMSO for all experiments. The
final DMSO concentration was kept at 0.1% and was
used in each respective control experiment.

Mouse phrenic nerve-diaphragm preparation

Mice (ICR strain) of either sex, weighing 15-20 g, were
used. The phrenic nerve-diaphragm preparation was iso-
lated according to the method of Biilbring (11). The dia-
phragm preparation was placed in Krebs solution of the
following composition: 118.5 mM NaCl, 4.8 mM KCl,
1.2 mM MgSO,, 1.2 mM KH,PO,, 25 mM NaHCO;, 11.1
mM glucose and 2.5 mM CaCl,, pH 7.4 and constantly
gassed with 95% O, + 5% CO, at 37.0+0.5C. Twitches
of the diaphragm were elicited by either stimulation of the
phrenic nerve (indirect stimulation) with a supramaximal
rectangular pulse of 0.05-msec duration at 0.2 Hz or
direct stimulation of the muscle with a pulse of 0.5 msec
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in the absence or in the presence of 1x10 °g/ml d-
tubocurarine (d-TC) or 5 ¢M neostigmine.

For chronic denervation, a section of about 1 cm of
the left phrenic nerve was removed under pentobarbital
anesthesia. The denervated diaphragm and the contra-
lateral innervated one were isolated 10 days later. The
muscle was loaded with a resting tension of 0.5 g, and the
changes of tension were recorded via an isometric trans-
ducer (Model FT.03; Grass Instrument Co., Quincy, MA,
USA) on a polygraph (Model RS3200; Gould Instrument
Co., Cleveland, OH, USA).

Intracellular recording of end plate potential
Intracellular recording of the diaphragm was per-
formed according to the microelectrode techniques
described by Fatt and Katz (12). The glass microelec-
trodes were filled with 3 M KCl and had a resistance in the
range of 3—10 MQ. The mouse diaphragm was placed in
Krebs solution at 37.020.5°C and constantly oxygenated

Boldine (100 1M)

* - Neo (5 uM)

/

with 95% O, + 5% CO,. The amplitude and frequency
of miniature endplate potentials (m.e.p.p.) were recorded
with a high impedance amplifier (Model FD223; WPI,
Sarasota, FL, USA) and digitized by a digitizing unit
(Neuro-Corder DR384; Cygnus Technology Inc., Dela-
ware Water Gap, PA, USA) and stored on a video tape
recorder for later playback on a Tektronix oscilloscope
(Model 2221A; Tektronix, Wilsonville, OR, USA).

Acetylcholinesterase activity measurement

The enzymatic activity of acetylcholinesterase (AChE;
EC3.1.1.7) purified from electric eel (type V-S) was
determined by the method of Ellman et al. (13) using
acetylthiocholine iodide as substrate and 5,5 dithio-(bis-
2-nitrobenzoic acid) (DTNB) as a coupler. Briefly, 0.125
U AChHE was incubated in 1 ml of 0.1 M phosphate buffer
(pH 8.0) containing 0.3 mM DTNB and test compounds
for 2 min at 37°C. The reaction was started by addition of
0.5 mM acetylthiocholine and activity measured spectro-
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Fig. 1. Effect of boldine on the twitches evoked by either nerve stimulation or direct muscle stimulation. The isolated mouse
phrenic nerve-diaphragm preparation was stimulated either indirectly on the nerve (A, B) or directly on the muscle in the
presence of 1 X 1073 g/ml d-tubocurarine (d-TC) (C) in normal Krebs according to the procedures described in the Materials and
Methods. Note that boldine (B) at 100 M produced, after an initial period of twitch augmentation, depression of the twitch
contraction, which was reversed by 5 M neostigmine (Neo) (A). Boldine caused reversible neuromuscular blockade at 200 ¢M
(B); however, it did not block the twitches evoked by direct stimulation (C). Boldine at 200 M caused a slight increase of resting

tension either in the absence (B) or in the presence of d-TC (C).
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photometrically at 412 nm as a function of time with a
spectrophotometer (Model DU-650; Beckman, Fullerton,
CA, USA). All operations were performed in the dark
due to the photosensitivity of the AChE. The K, value
for AChE under the assay condition used was found to be
0.3+0.02 mM.

Statistical analyses

The statistical significance of difference between the
control and drug-treated preparations was evaluated by
Student’s #-test. A P value of 0.05 or less was considered
statistically significant.

RESULTS

Inhibition of nerve-evoked twitches in the diaphragm by
boldine

The effects of boldine on the neuromuscular junction
and skeletal muscle were studied with phrenic nerve-dia-
phragm stimulated either indirectly at the phrenic-nerve
(nerve-evoked) or directly to the skeletal muscle (muscle-
evoked). Boldine produced, after an initial period of
twitch augmentation, paralysis of the indirectly stimu-
lated skeletal muscle (Fig. 1: A and B). The neuromuscular
blockade by 100 M (Fig. 1A), but not 200 M (Fig. 1B),
boldine was restored by 5 M neostigmine, an anti-
cholinesterase. A similar effect was seen with physostig-
mine (data not shown). The effect of boldine could be
reversed by washout with Krebs solution (Fig. 1B). In
contrast to the inhibitory effect on indirect stimulation,
the twitches evoked by direct stimulation of muscle were
not inhibited by boldine at concentrations up to 200 M
(Fig. 1C). The twitches evoked directly were potentiated
transiently by boldine (Fig. 1C) as in the case of the in-
directly-evoked muscle, suggesting that this twitch poten-
tiation by boldine might result from direct action on
muscle cells. We have also found that boldine, at 200 M,
caused a slight increase of resting tension (Fig. 1: B and
Q). Neither the twitch augmentation nor the increase of
resting tension induced by boldine were inhibited by prior
addition of d-TC and neostigmine (data not shown).

Boldine inhibited the ACh-induced contraction in dener-
vated diaphragm

The effect of boldine was further investigated with the
denervated mouse diaphragm, and typical traces are
shown in Fig. 2A. Addition of 30 M ACh evoked a con-
traction of the denervated diaphragm, which was inhibit-
ed by prior addition of boldine (Fig. 2A). The ACh-in-
duced contraction in the denervated diaphragm was in-
hibited by boldine in a dose-dependent manner (Fig. 2B)
with an ICs, value of 13.5 M. These data suggested that
boldine might act directly on the ACh receptor.

Previously, Erhardt and Soine (10) showed that N-
methylboldine could inhibit AChE activity. By directly
measuring the activity of AChE purified from electric eel,
we found that boldine dose-dependently inhibited the
AChE activity with an ICs, value of 20025 pM.

Antagonist action of boldine on ACh receptor

As shown in Fig. 3, 1X107% g/ml a-bungarotoxin (a-
BuTx) inhibited the nerve-evoked twitches of diaphragm
in an irreversible manner (Fig. 3A). Pretreatment with
5 yM d-TC protected the mouse diaphragm from the
irreversible neuromuscular blocking action of «-BuTx
(Fig. 3B). Similar to d-TC, boldine protected the mouse
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Fig. 2. Inhibition of acetylcholine (ACh)-induced contraction in
denervated-diaphragm. Boldine inhibited the contraction evoked by
30 uM ACh (A) in a dose-dependent manner (B). The data are ex-
pressed as the mean+S.E.M. (n=6).
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Fig. 3. Reversal of the neuromuscular blocking action of a-bungarotoxin (x-BuTx) by d-tubocurarine (d-TC) and boldine.
The phrenic nerve of the mouse was stimulated, and the twitches were recorded isometrically as described in the Materials and
Methods. The twitches were blocked irreversibly by a-BuTx (1 X 1075 g/ml) alone (A), while pretreatment with either d-TC (5
#M) (B) or boldine (200 zM) (C) restored the twitches after washout with Krebs solution. The action of a-BuTx was not reversed
by boldine when added after the neuromuscular blockade caused by a-BuTx (D). Note that boldine, as described previously,

caused an increase of resting tension.

diaphragm form the neuromuscular blocking action of
a-BuTx when added prior to (Fig. 3C), but not after
(Fig. 3D), the addition of a-BuTx.

Effect of boldine on m.e.p.p.

Effect of boldine on m.e.p.p. was investigated, and the
results were shown in Fig. 4. The m.e.p.p of the control
diaphragm (Fig. 4A) was inhibited by 50 M boldine
(Fig. 4B). The amplitude, but not the frequency, of
m.e.p.p. was inhibited significantly by boldine (B in Fig.
4C), which was reversed by washout with Krebs solution
(W in Fig. 4C). The m.e.p.p. was completely inhibited by
boldine at concentrations greater than 100 M.

DISCUSSION

We have shown that boldine, the major alkaloid in the
leaves and bark of Boldo (Peumus boldus Mol.), exerted
several distinct actions on skeletal muscle. In addition to
the initial augmentation of either nerve- or muscle-evoked
twitches, boldine preferentially inhibited the nerve-
evoked twitches of the mouse diaphragm and left the
muscle-evoked twitches unaffected, suggesting that bol-
dine might either inhibit ACh release from motor nerve
terminals or antagonize the postsynaptic ACh receptors.
The twitch inhibition could be restored by washout with
Krebs solution or by neostigmine, an anticholinesterase
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Fig. 4. Reduction of m.e.p.p amplitude by boldine. A: the control
m.e.p.p. B: the m.e.p.p of isolated diaphragm in the presence of 50
#M boldine. C: the amplitude ((]) but not the frequency () of
control (C) m.e.p.p. was inhibited significantly by 50 #M boldine
(B), which could be reversed by washout (W). The data are expressed
as the mean+S.E.M. (n=3). *P <0.01, compared with the control.

agent. In addition to its ability to produce a neuromus-
cular blockade, we have found that boldine can induce
twitch augmentation of nerve-evoked twitches, which
might partly be due to the inhibition of AChE by boldine.
However, we have found that indirectly and directly
evoked twitches were both augmented initially and
neither neostigmine nor d-TC affected the boldine-in-
duced augmentation of twitch contraction. These results
indicated that twitch potentiation of boldine might result
from a direct action on muscle cells. The direct effect of
boldine on muscle cells was further evidenced by the fact
that boldine, at 200 #M, caused a slight but consistent
increase of resting tension. The underlying mechanisms
through which boldine induced twitch augmentation and

muscle contracture are currently under investigation.

The inhibition of postsynaptic ACh receptors by bol-
dine was further evidenced by the fact that boldine dose-
dependently inhibited the ACh-induced contraction in the
denervated diaphragm and the amplitude of m.e.p.p. We
also showed that boldine, like d-TC, could reverse the
neuromuscular blocking action of a-BuTx, suggesting
that they might bind competitively to the same site on the
ACh receptors of skeletal muscle. Recently, Chulid et al.
(9) showed that boldine antagonized the «;-adrenoceptor
of guinea pig aorta, but had no effect on ACh-induced
contraction of the trachea. These data suggested that
boldine might have higher specificity towards the nico-
tinic ACh receptor than the muscarinic ACh receptor.

Ivorra and co-workers (7, 8) have shown that boldine
blocked the voltage-dependent Ca®* channel of the uterus
and aorta. We have found that pretreatment with boldine
inhibited the K*-induced contracture dose-dependently
with an ICsy value of 7 #M, indicating that boldine at
lower concentrations is also an effective Ca®** channel
blocker of skeletal muscle (unpublished results). It was
shown that high K*-induced contractures could be elimi-
nated by removing Ca?* from the extracellular spaces (14)
or blocked by a dihydropyridine Ca** channel antago-
nist like nitrendipine (15). Such results suggest that the
entrance of external Ca?" via the L-type Ca?* channels is
required for excitation-contraction coupling in skeletal
muscle during high K*-induced contractures but not for
twitches (15). This could explain why we did not observe
the inhibition of muscle-evoked twitches by boldine.

Although we have presented evidence showing that the
neuromuscular blocking action exerted by boldine might
be due to the postsynaptic inhibition of ACh channel, the
possible inhibitory effect of boldine on presynaptic ACh
release can not be excluded. The entry of Ca®** into the
presynaptic nerve terminals through voltage-gated Ca**
channels was recognized to play an essential role in
evoked transmitter release at the neuromuscular junction.
There are at least four types of voltage-dependent Ca®*t
channels that have been demonstrated in neurons, L-, N-,
T- and P-channels (16, 17), and much work has been done
to assign distinct functions to specific channel types. The
N-type channel plays a role of neurotransmitter release in
a number of preparations, including central, autonomic
and peripheral nervous systems (18-22). However, the
P-type Ca’*t channel mediates transmitter release in cere-
bellar Purkinje cells (23) and mammalian neuromuscular
junction (24), including mouse phrenic nerve-diaphragm.
Although we have shown here that boldine can block the
L-type Ca®" channel of skeletal muscle, whether boldine
can also affect the P-type Ca®>" channel at nerve terminals
and result in the inhibition of presynaptic ACh release
needs further investigation.
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