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ABSTRACT-The
effect of aconitine on acetylcholine (ACh) release from motor nerve terminals in the
mouse phrenic nerve-diaphragm muscle preparation was studied by a radioisotope method. Both electrical
stimulation-evoked release and spontaneous release of 3H-ACh from the preparation preloaded with 3H
choline were measured. The change in the muscle tension was simultaneously recorded in the same prepara
tion. Aconitine (0.1 ttM) increased electrically evoked 3H-ACh release, while at higher concentrations
(0.3 3 pM) it decreased the evoked release and muscle tension. High concentrations of aconitine (3 30
pM) caused a concentration-dependent
increase in spontaneous 3H-ACh release. All these effects were sup
pressed by tetrodotoxin. The aconitine-induced spontaneous release consisted of two different components:
a Ca"-dependent
phasic release that was inactivated within a few minutes and a Ca" -independent, long
lasting release at a low level. The depression of the Ca" -dependent quantal release seems attributable to the
decline of Ca" influx into the nerve rather than inactivation of sodium channels. We conclude that
aconitine increases and then decreases electrical stimulation-evoked ACh release from the motor nerve
through prolonged activation of sodium channels. Further activation of the channels enhances spontaneous
release and the subsequent complete inactivation of the quantal release may be due to block of Ca" influx.
Keywords: Aconitine, Acetylcholine release (evoked, spontaneous),
Phrenic nerve-diaphragm muscle (mouse)

Tetrodotoxin,

Aconitine is one of the alkaloid neurotoxins that are
known to modify the properties of voltage-sensitive so
dium channels in excitable cell membranes (1). This
alkaloid binds to a second receptor site associated with
the channels (2). The alteration of the gating function of
sodium channels in neuronal cell membrane induced by
aconitine has been investigated electrophysiologically in
detail (3). The agent eliminates the inactivation of normal
sodium channels and forms non-inactivating channels
that are fully activated at the resting membrane potential

choline (ACh) release via inhibition of nerve action poten
tial (5), and it markedly inhibits spontaneous non-quantal
release measured by the electrophysiological method (7)
in the phrenic nerve-diaphragm muscle of mice. In this
study, we investigated the effects of aconitine on both elec
trical stimulation-evoked release and spontaneous release
of ACh by directly measuring the efflux of 3H-ACh from
the mouse phrenic nerve-hemidiaphragm muscle prepara
tion which was preloaded with 3H-choline.

(3, 4). As a result of these effects, aconitine produces an
irreversible depolarization
of cell membranes (3, 5).
However, how the aconitine-induced persistent activation
of sodium channels in nerves affects transmitter release is
not clear. Aconitine increases the frequency of miniature
end-plate potential in rat neuromuscular junction, which
is inhibited by tetrodotoxin (TTX) (6). On the other
hand, aconitine reduces electrically evoked quantal acetyl

MATERIALS

AND METHODS

Male ddY mice (7 to 9-week-old, 30-41 g) were decapi
tated and bled. The right phrenic nerve-diaphragm mus
cle was isolated and cut into a strip about 10-mm wide
together with the attached rib segment. The rib end of
the preparation was pinned to rubber plates in a cham
ber, and the tendon was tied with a silk thread and con
nected to an isometric transducer. The strip was suspend
ed in 2 ml Krebs solution gassed with a mixture of 95% 02

and 5% CO2 at 371C. Krebs solution was composed of
113 mM NaCI, 4.7 mM KCI, 2.5 mM CaC12, 1.2 mM
MgSO4i 25 mM NaHCO3, 1.2 mM KH2PO4 and 11.5 mM
glucose.
Measurement of radioactivity for 3H--ACh in the perfu
sate
A radioisotope method was used to measure the release
of ACh without cholinesterase inhibitors (8-10). The
above preparation was incubated for 60 min in 2 ml Krebs
solution containing methyl-3H-choline
(370 kBq). To
facilitate the uptake of 3H-choline into the acetylcholine
pool in motor nerve terminals, the preparation was stimu
lated (50 Hz for 0.8 sec administered every 10 sec, 0.2
msec duration, 2.5 V) for 40 min. For the next 20 min, the
preparation was allowed to rest. In the experiments to
measure the release of radioactive compounds (3H-ACh
and 3H-choline), the preparation was treated with 10 mM
methanesulfonyl fluoride, an irreversible cholinesterase in
hibitor, during the incubation period in order to prevent
hydrolysis of released 3H-ACh. The preparation was then
washed with Krebs solution at a rate of 2 ml/min for 60
min to remove the excess 3H-choline. Subsequently, the
perfusion rate was slowed to 1 ml/min. The periods of
the above electrical stimulation for 3 min were started at 8
(So) and 32 (S,) min after the washout period. Additional
ly, S2, which started 21 min after the end of S,, was ap
plied to investigate the effect of aconitine on the electrical
ly evoked ACh release. Aconitine and TTX were ad
ministered to the perfusing solution 11 and 6 min after S,
(10 and 15 min before S2), respectively. In the experi
ments to study the effect of Ca 2+ deprivation, the Ca2+
free solution containing 1 mM EGTA was perfused 10
min before the addition of aconitine. Samples were col
lected every min from 6 min before the 32-min point (S,).
Six milliliters of scintillation fluid (ACS-II, Amersham)
was added to each 1-min aliquot of perfusate. The
radioactivity of the samples was measured in a scintilla
tion beta spectrometer (LS 3801; Beckman, Fullerton,
CA, USA).
The stimulation-induced increase in 3H-release was cal
culated by subtracting the mean of the basal release from
that of the evoked release. The mean basal release was cal
culated by the values of six fractions before and after a
stimulation period. The effects of drugs on the evoked
release of ACh were determined by changes in the S2/S,
ratios. The aconitine-induced
increase in spontaneous
release was estimated from the difference between the
expected basal tritium outflow and the actually measured
one in the presence of aconitine. The expected outflow
curve for basal release was calculated as follows: 1) The
curves of control experiments (n = 4) were estimated by fit
ting the data to the corresponding one-exponential curves

by the method of least squares, since spontaneous out
flow is assumed to follow first-order kinetics (10). 2) The
values of the slope and intercept for the expected outflow
curve of each experiment were calculated from the con
trol curves using the values of tritium radioactivity of the
5-min period just before the addition of aconitine.
Peak amplitude of tetanic tension
The isometric contraction of the diaphragm muscle was
simultaneously measured with a force displacement trans
ducer (SB1T; Nihon Kohden, Tokyo) and recorded
(Linea Recorder, WR3701; Graphtec, Tokyo). The rest
ing tension was adjusted to 500 mg. The effect of aconi
tine on the peak amplitude of the tetanic tension was
represented as T2/T1, where T was an averaged value of
the 6th, 12th and 18th peak amplitudes of tetanus for a 3
min-stimulation period. T, and T2 were produced by S,
and S2 stimulation periods, respectively.
Separation of 3H-choline and 3H--ACh
3H-choline and 3H-ACh in each perfusate were separat
ed into individual fractions by a modified choline kinase
method (9, 11). A 500-pl aliquot of perfusate was treated
for 15min with 20 it of choline kinase (10 mU/ml) in the
presence of 125pl of 200 mM sodium phosphate buffer (pH
8.0), 50 p1 of 10mM ATP and 10 MM MgCl2. Choline
kinase converts 3H-choline to 3H-phosphorylcholine. The
mixture of 3H-ACh and 3H-phosphorylcholine was then
separated by stirring with 1 ml 3-heptanone containing
30 mM tetraphenylborate. 3H-Phosphorylcholine remain
ed in the aqueous phase, whereas 3H-ACh was distributed
quantitatively into the upper 3-heptanone phase which
was transferred to a tube containing 800 pl 1 N HCl
and mixed. Then the radioactivity of tritium in the HCl
phase was measured as 3H-ACh.
Statistics
The statistical significance of the differences between
the treated groups and the corresponding control was de
termined by one way ANOVA followed by Scheffe's test
or two way ANOVA followed by a studentized range test.
P<0.05 was adopted as the level of significance.
Drugs
Methyl-[3H]-choline chloride (555 GBq/mmol; Amer
sham, Buckinghamshire, England); methanesulfonyl fluo
ride, 3-heptanone (Aldrich, Milwaukee, WI, USA);
O, O"-bis (2-aminoethyl) ethyleneglycol-N,N,N', N'-tetra
acetic acid (EGTA), sodium tetraphenylborate (Wako,
Osaka); adenosine 5 triphosphate, disodium salt (Kojin,
Tokyo); aconitine, choline kinase (Sigma, St. Louis, MO,
USA); tetrodotoxin, crystalline 3X (Sankyo, Tokyo); and
A23187 (Carbiochem, San Diego, CA, USA) were used.

RESULTS
Increasing and decreasing effects of aconitine on stimula
tion-evoked A Ch release
Figure l a shows the tritium overflow after the washout
period in control experiments. Electrical stimulation
evoked tritium release from the mouse phrenic nerve
hemidiaphragm muscle preparations preloaded with 3H
choline was induced by two consecutive electrical stimula
tion periods (S, and S2). The electrically evoked increase
in tritium release over the level of spontaneous output can
be attributed to 3H-ACh release from the nerve terminal,
while tritium overflow at the resting state consists of 80%
3H-choline and 20% 3H-ACh (9
, 12).
A low concentration of aconitine (0.1 1iM) that was ad
ministered 10 min before S2-stimulation period increased
the evoked 3H-ACh release, whereas at 1 pM, it decreased
the release (Fig. 1, b and c). The concentration-response

Fig. 2. Concentration-response curves of aconitine for evoked 3H
ACh release (S2/S,: closed symbols) and peak amplitude of tetanic
tension (T2/T,: open symbols) in the mouse phrenic nerve
diaphragm muscle preparation. Aconitine was administered in
various concentrations 10 min before S2 as indicated in Fig. 1, b and
c. Each point represents the mean value for relative ratios of ACh re
lease (S2/S,) and tension (T2/T,) (n=4-5), and vertical lines repre
sent ±S.E. T, and T2 were averaged values of the 6th, 12th and 18th
peak amplitudes of tetanus produced by S, and S2 stimulation
periods, respectively. Significant differences from the control
(without drug) were analyzed by one way analysis of variance follow
ed by Scheffe's test. **P<0.01.

curve of aconitine for ACh release (S2/S ,) and peak ampli
tude of tetanic tension (T2/T1) are shown in Fig. 2. A
biphasic curve for S2/S1 was found. Aconitine at 0.1 pM
increased the S2/S, ratio; and at concentrations above 0.3
pM, it decreased the ratio. The decrease in evoked ACh

Table 1. Inhibitory effect of terodotoxin (TTX) on the aconitine
induced increase and decrease of stimulation-evoked acetylcholine
release from the mouse phrenic nerve-diaphragm muscle preparation

Fig. 1. The effect of aconitine on electrically evoked 3H-acetyl
choline (ACh) release from the mouse nerve-hemidiaphragm muscle
preparation. The tissue was incubated for 1 hr with 3H-choline
(electrical stimulation for 40 min and rest 20 min) and then washed
out for 1 hr. 3H-ACh release was elicited by two stimulation periods
(S,, S2: 50 Hz, trains of 40 stimuli applied every 10 sec for 3 min)
as indicated by the open columns. The shaded column indicates the
presence of aconitine (b: 0.1 pM, c: 1 pM). Each point represents the
mean value (n= 5). The horizontal axis indicates the time after the
end of the washout period.

release was accompanied by simultaneous depression of
the peak amplitude of tetanic tension. Aconitine at 0.3
and 1 pM decreased the muscle tension time-dependently
(data not shown). Aconitine at 3 pM completely inhibited
the tension. The IC50 (95% confidence limit) for S2/S1
and T2/T1 were 0.49 pM (0.43-0.57) and 0.46 ttM (0.39
-0 .55), respectively.
Inhibitory effect of TTX on aconitine-induced increase
and decrease of evoked A Ch release
TTX, a sodium channel blocker, inhibited the effect of
aconitine on evoked ACh release (Table 1). Treatment
with 5 nM TTX, which reduced ACh release per se,
abolished the aconitine (0.1 iM)-induced increase in ACh
release. The inhibitory effect induced by 1 pM aconitine
was suppressed by TTX at 13 nM significantly, but not at
10 or 15 nM. TTX at 10 nM was less effective: and at 15

nM, its inhibitory effect was too marked to restore the
S2/S1 value (data not shown). The values of the aconitine
(0.1 or 1 ttM) with TTX-treated group and TTX alone
treated group were not significantly different.
Increasing effect of aconitine on Ca'-dependent
and -in
dependent spontaneous 3H-overflow
Aconitine increased the resting tritium overflow (Fig.
3). The tritium overflow enhanced by aconitine (10 rM)
was separated into 3H-choline and 3H-ACh by the
modified choline kinase method. 3H-ACh release was
mainly enhanced by aconitine (79±4% of the total 3H-re
lease, n=3). The increase in spontaneous release started
about 15 min after administration
of 1 pM aconitine
(Fig. 3a), which followed after the inhibition of electrical
ly evoked ACh. At a higher concentration (3 pM), the in
crease in the resting overflow occurred within 10 min and
declined despite the presence of the drug (Fig. 3b). Electri
cal stimulation (S2) that was applied 10 min after addition
of 3 pM aconitine neither elicited further ACh release
above the basal release nor muscle tension at all, suggest
ing that a complete block of the transmission occurred af
ter the onset of the phasic spontaneous increase. The rest
ing release was markedly enhanced at high concentrations
of aconitine. Aconitine at 30 pM induced a continuous re
lease at a low level after the sharp increase (Fig. 3c) and
produced a phasic contraction (1.0 2.0 mN) (data not
shown). The curves of tritium overflow in the presence of
aconitine (46th 66th min) were quantified with two
parameters: the peak and the total radioactivity of tritium
overflow (Table 2). Aconitine increased the above both
parameters in a concentration-dependent
manner. At 1
pM, the peak amplitude of the release was not detected
because the release continued increasing after the 20 min
period. In the presence of TTX (1 pM), the amount of the

Table

2.

the mouse

Fig. 3. The effect of aconitine on the spontaneous release of tritium
radioactivity from the mouse phrenic nerve-hemidiaphragm prepara
tion. The nerve was stimulated (50 Hz, trains of 40 stimuli with an in
terval of 10 sec) for 3 min as indicated by the open column. The shad
ed column indicates the presence of aconitine (a: 1 pM, b: 3 uM,
c: 30 pM). Each point represents the mean value of tritium radio
activity (n=3-4).
The dotted line indicates the mean of expected
outflows calculated from the control outflows without the drug. The
horizontal axis indicates the time after the end of the washout
period.
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site (2). This toxin causes a persistent activation of so
dium channels and depolarizes the cell membrane (3, 4).
The details of the toxin-induced activation or inactivation
of transmitter release are still unknown.
In this study, we demonstrated that aconitine at low
concentration (0.1 tM) enhanced and at higher concentra
tions (0.3 3 rM) inhibited the electrical stimulation
evoked 3H-ACh release. Muroi et al. (5) has shown that
aconitine decreased the quantal content by inhibiting the
nerve action potential without depolarizing the muscle
membrane in the mouse phrenic nerve-diaphragm muscle

Fig. 4. Ca2+-deprivation effect on aconitine-induced increase in
spontaneous release of tritium radioactivity from the mouse phrenic
nerve-hemidiaphragm preparation. The stimulation (50 Hz, trains of
40 stimuli with an interval of 10 sec) was applied to the phrenic nerve
as indicated by the open column. Ca 21 was omitted (closed symbols:
2.5 mM Caz+, open symbols: 0 mM Ca2+ containing 1 mM EGTA)
10 min before the addition of aconitine (circles: 30 pM, n=4). The
shaded column indicates the presence of aconitine. Triangles in
dicate the control data without the drug (n=2). Each point
represents the mean value. The horizontal axis indicates the time
after the end of the washout period.

total radioactivity released by 10 uM aconitine decreased
to the control level ( 144 dpm, n=2).
The Ca2+-dependence of the spontaneous release in
duced by aconitine (30 eM) was examined (Fig. 4). When
the extracellular Ca 21 was removed 10 min before addi
tion of aconitine by perfusion with 0 mM Ca 21 solution
containing 1 mM EGTA, the sharp increase in tritium
overflow disappeared, whereas the prolonged release was
not affected. These data indicate that aconitine increased
both Ca2+-dependent . and independent spontaneous re
lease. The Ca2+-dependent release is transient and Ca2+
independent one is long lasting. The decline of the Ca2+
dependent release is not due to inactivation of Na+ influx
to the nerve, because readmission of Ca 21 to the perfu
sate caused a sharp increase in the release that was sup
pressed by TTX (10 PM). A23187, a Ca 21 ionophore, at
20 uM increased the tritium overflow even after the
depression of the Ca2+-dependent spontaneous release
(data not shown).
DISCUSSION
Neurotoxins that act on sodium channels are classified
into five groups according to their receptor sites associat
ed with the channels (13). Aconitine, like batracotoxin,
veratridine and grayanotoxin binds to a second receptor

preparation. They concluded that the reduction of ACh
release results in the neuromuscular blockade. We found
that IC50 values of aconitine for electrically evoked ACh
release (S2/S1) and the peak amplitude of the tetanic ten
sion (T2/T1) were substantially the same. This may indi
cate that the suppression of the muscle tension is attributa
ble to the decrease in the release. Since the sodium chan
nel blocker TTX, which binds to neurotoxin receptor
site 1 on the channel, suppressed the facilitatory and
inhibitory effect of aconitine, both effects seem to involve
excessive activation of the channels in the nerve mem
brane.
High concentrations (3 30 pM) of aconitine increased
spontaneous tritium release within 20 min in a concentra
tion-dependent manner. Most of the tritium radioactivity
released by aconitine originated from 3H-ACh, likewise
those by electrical nerve stimulation (9, 10) or by a high
concentration of K+ (12). TTX abolished the effect of
aconitine, suggesting that a depolarization of the nerve
cell membrane by excessive sodium channel activation in
creases the release. We found the aconitine-induced spon
taneous release consisted of two different components: a
phasic release that is inactivated within a few minutes and
a low level of long lasting release. ACh is released from
two different compartments in the cholinergic nerve termi
nal, as a quantal release from the vesicular store and a
non-quantal release from the cytoplasmic one (14). The
nerve action potentials trigger the quantal ACh release by
a Ca2+-dependent exocytosis (15). Under the resting con
dition, ACh is released mainly in the non-quantal, Ca2+
independent manner, whereas the quantal release also oc
curs spontaneously, generating miniature end-plate poten
tials (16). The Ca2+-dependent release seems to reflect the
exocytotic release of vesicular ACh, and the Ca 2+-in
dependent one may indicate a non-quantal molecular leak
age of ACh (12). Omission of Ca 21 from the perfusate
abolished only the aconitine-induced
phasic release
without affecting the long lasting one. This result indi
cates that both the components are attributed to different
release mechanisms and compartments:
probably the
phasic release is from the vesicular store, and the long last
ing one is from cytoplasmic compartment. Aconitine at

20-60 pM causes an increase in the frequency of minia
ture end-plate potential (6), which may correspond to the
Ca2+-dependent phasic release. Our result indicated that
not only the Ca 2+-dependent, quantal release but the
Ca" -independent, non-quantal release was increased by
aconitine. Similar results have been demonstrated in the
studies on high K+ concentration-induced
ACh release
from Torpedo synaptosomes (17) and rat phrenic nerve
(12). Therefore, membrane depolarization may elicit spon
taneous ACh release from both the vesicular and cytoplas
mic stores in the nerve terminal. Yu and Van der Kloot
(7), however, found a significant decrease in non-quantal
release in the presence of 10 pM aconitine by the elec
trophysiological
method. The high concentration
of
aconitine has been shown to cause a gradual decline of the
resting membrane potential (3, 5), which may result in
apparent inhibition of non-quantal release. Subsequent
Ca 2+ addition 20 min after administration of aconitine
(30 pM) increased the release and then the release decayed
rapidly. This increasing effect was inhibited by TTX, in
dicating that sodium channels in the nerve in part remain
activatable even when the quantal release is completely in
activated under the normal condition. Therefore, the
decay of quantal ACh release is not attributable to the in
activation of the sodium channel itself. Since the Ca 2+
ionophore A23187 still released a large amount of ACh
after the cessation of quantal release, the inactivation may
be neither due to the depletion of releasable ACh nor the
inactivation of the release mechanism, but due to a limita
tion in Ca 2+ entry. This explanation does not contradict
the previous study (17) indicating that there is a depres
sion of ACh release caused by Ca 2+-dependent inactiva
tion of Ca 2+ entry under prolonged K+ depolarization.
We showed that aconitine-induced inhibition of electrical
ly evoked ACh release preceded the enhancement of spon
taneous release. The prolonged activation of sodium chan
nels by aconitine may abolish the conduction of nerve ac
tion potential, and causes the inhibition of the evoked re
lease. Further activation of the channels may lead to mem
brane depolarization, which induces the spontaneous re
lease, and then complete inactivation of quantal release
occurs Ca2+-dependently.
In conclusion, aconitine at a low concentration in
creases and at high concentrations decreases the electrical
stimulation-evoked ACh release from the phrenic nerve
diaphragm muscle preparations of mice through the per
sistent activation of the voltage-sensitive sodium channels
in motor nerve cell membrane. Further activation of the
channels produced by high concentrations of aconitine en
hances both Ca-dependent
(quantal) and -independent
(non-quantal) spontaneous ACh release, and then com
plete inactivation of quantal release may occur Ca2+-de
pendently.
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