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Comparative Study on the Actions of Toxin Extracts from Two
Different Puffer Fishes on In, and Respiratory
N-M Transmission in the Rat

Sokatsu Yamamorol? * Megumu Yosumural’?) | Satomi Iwata?, Tatsuya Martsuura?,
Min-Chul Suw?, Toshitaka Yamaca?, Yushi Ito? and Norio Axaike?)

VG raduate School of Medical Sciences, Kyushu University, Fukuoka 812-8582 and
Y Research Division for Life Sciences, Kumamoto Health Science University,
Kumamoto 861-5598, Japan

Abstract We performed a comparative study on the effects of toxin extracts prepared from muscle
and liver of two different puffer fishes on voltage dependent sodium current (/n.), and compared the
results with that of tetrodotoxin (TTX). The amount of toxin contained in the muscle or liver
expressed as an amount of equipotent TTX differed in the two species (0.11-57.98 ug TTX/g tissue).
In addition, we observed the effects of TTX or toxin extracts on the twitch contraction evoked by
direct muscle stimulation of the rat hemidiaphragm or indirect phrenic nerve stimulations, in an
attempt to understand the mechanisms involved in the transmission failure in the respiratory muscles,
due to the ingestion of TTX bearing puffers, and found that TTX or toxin extracts preferentially affect
motor nerve rather than muscle.
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Introduction

Tetrodotoxin (TTX) is one of the most potent
and oldest known neurotoxin. TTX poisoning
incidents due to ingestion of puffer fishes have
frequently occurred in Asian countries including
Taiwan, Hong Kong, Thailand and especially in
Japan, where puffer fishes have been a traditional
food for a long time. The preferred forms of the
delicacy are slices of raw fish (“Sashimi”), slightly
cooked liver (“Kimo"), and puffer soup
(“Fuguchiri’). Japanese people are aware of the
puffer fish toxicity and have devised ways to
reduce TTX in liver”. However, TTX poisoning
incidents continue to occur in Japan yet.
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TTX toxicity is commonly determined by
mouse bioassay that is performed by intraperi-
toneal injection with TTX-associated extracts.
After injection, the mice show the characteristic
signs and symptoms, like unique scratching of
shoulders/mouth by their hind limbs, weakness
progressing to paralysis in hind limb, uncoordin-
ated movement, shallowness of breathing, convul-
sions, and jumping, followed by respiratory failure.
Toxicity of an extract is expressed in terms of
mouse unit (MU), where 1 MU is defined as the
amount of TTX required to kill a 20 g male of
DDY or ICR strain in 30 minutes. Minimum
detectable limits is about 0.2 ug TTX (1 MU) per
an assay?.

We reported an electrophysiological bioassay of
toxin extracts from puffer fishes. Namely, we
observed the effects of toxin extracts from
various tissues of wild and cultured puffer fish
(Takifugu rubripes) quantitatively on voltage—dep-
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endent sodium current (/n,) using single rat
hippocampus CA1l neurons which express only
TTX-sensitive voltage-dependent sodium chan-
nels in high density®, and compared the results
with that of TTX". Assuming that the lethal
dose of TTX is 1-10ug/kg”, it was possible to
estimate the maximal edible amount of each
tissue. This is important especially for muscle,
since muscle contains about 0.2ug TTX/g and
estimated maximal edible amount of muscle was
300-3000g, for a man of 50kg body weight in the
case of T. rubripes®.

Although, 7. rubripes is the most popular
puffer fish for Japanese dishes, other puffer fishes
are also eaten in Japan. However, till now no
electrophysiological bioassay has been performed
on the different species of the puffer fishes.
Thus, it seems of interest and importance to study
the toxin levels in the muscles, which is the main
edible portion, excised from various species of
puffer fishes by investigating the effects on Ina
qualitatively from a functional point of view.
Therefore we firstly analyzed the effects of toxin
extracts from muscle and liver from two different
puffer fishes which commonly live in the sea
surrounding Japan (Kyushu and Okinawa Islands),
by use of CAl neuron and electrophysiological
bioassay technique”. Secondly, we observed the
effects of toxin extracts on the twitch contraction
of the rat hemidiaphragm evoked by phrenic
nerve or direct muscle stimulations in the
presence of curare d-tc (10 M) (hereafter
referred as indirect and direct stimulations,
respectively) in an attempt to study the cause of
suffocation, which induces the human death due to
the ingestion of puffer fishes.

Materials and methods

Puffers

In the present experiments, we used two
different puffer species, namely Takifugu rubripes
(7. rubripes, body wt 1.5-2.5 kg), and Arothron
reticularis (A. reticularis, body wt 1.5-2.0 kg).
Female puffer 7. rubripes captured in the Sea of

Japan near Fukuoka Prefecture, Japan, and A.
reticularis captured, Okinawa ocean near OKkina-
wa Prefecture, from November 2007 to March
2008, were used in the present experiments.

Toxin extracted from puffers
Toxin extracts were prepared according to the

46), Briefly, tissues

method described elsewhere
including liver, ovary, and muscle were excised
from puffer fish by a Japanese fugu-licensed chef,
transferred into an ice—cold box and transported
to the laboratory and kept frozen below — 20 C.
Frozen samples were divided into pieces of about
20 g, and each piece was homogenized with a
small amount of 2% acetic acid—methanol (v/v)
under refluxing conditions for 10 min, and
centrifuged at 2500 rpm for 15 min at room
temperature (21-25 C). The supernatant was
filtered through a Kiriyama funnel. The filtrate
was evaporated under reduced pressure, while
the sediments were combined for a second cycle
of extraction. Each extraction was carried out 3
times. The residue was diluted with purified
water (15 ml), and the solution was extracted with
diethyl ether (15 ml) 3 times to remove the
hydrophobic component. The water phase was
evaporated under reduced pressure and the
residue, diluted with 1.5 ml citrate buffer (pH 4.8),
was kept frozen below — 20 C.

In each experiment, the citrated stock solution
contained (mM) ; NaCl 60, choline CI 100, CsCl 5,
CaCly, 2.5, glucose 10, LaCls 0.01, TEA-CI 5,
HEPES 10 and pH was adjusted to 7.4 with
Tris-base at room temperature, and the hun-
dred-fold dilution was subjected to further
toxicity bioassays (to foil other factors such as
electrolyte and hydrophilic components from
puffer tissue).

In puffer fish, TTX usually exists as mixtures of
its analogs (TTXs)”, and it is known that 4-epi
TTX and 4, 9-anhydro TTX are chemically
equivalent to TTX®. Recent studies with LC/
MS or LC-FLD showed the presence of 5-deoxy
TTX, 11-deoxy TTX, 5,6,11-trideoxy TTX or
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other TTXs, and saxitoxins (STXs) in marine
puffer fish Fugu pardalis collected in Japan9>.
This study also revealed that 5-deoxy TTX, 5,6,
11-trideoxy TTX, 4-Cys TTX and 4,9-anhydro
TTX are almost non-toxic. It was also reported

lO), Takifugu poecilonotus,

11)

that Torafugu pardalis

Takifugu vermicularis and Arothron

2 contain paralytic shellfish poison-

firmameutum®
ing components, STX and decarbamoyl STX.
Therefore, it seems that the effects of toxin
extracts on Iy, observed in the present experi-
ments are the total sum of biologically active
analogs of TTX and STX. However, it is
reasonable to assume that TTX may be the main
toxin in the toxin extracts, judging from the

previous studies” .

Cell preparation

All experiments were performed in accordance
with the Guiding Principles for Care and Use of
Animals in the Field of Physiological Science of
the Physiological Society of Japan and approved
by the local animal experiment committee in
Kumamoto Health Science University. CAl
pyramidal neurons were isolated from the dorsal
site of the rat hippocampus as described
previouslyg). Wistar rats (12-18 days postnatal ;
KYUDO, Kumamoto, Japan) were anesthetized
with pentobarbital sodium (50 mg/kg 1.p.) and then
decapitated. Hippocampi were removed and cut
as fine transverse slices (400 um) with a vibrating
slice cutter (Leica VT1000S) in ice—cold incubation
solution (in mM ; NaCl 124, KCI 5, KH>PO4 1.2,
MgSO4 1.3, CaCls 24, glucose 10 and NaHCO3 24 ;
bubbled with 95% O, and 5% CO). The slices
were kept in incubation solution for lh. Single
cells were dissociated from the CA1 region of the
slice by using a manufactured vibrating cell
isolating setup (S-1 L cell Isolator)14> in a standard
solution (in mM ; NaCl 150, KC1 5, MgCl, 1, CaCl; 2,
glucose 10 and HEPES 10 ; pH adjusted to 7.4 with
Tris-base at room temperature). Within 30 min,
the neurons attached to the bottom of the Petri

dish and were used for electrophysiological

recordings.

Na® current recording

Na“ current was recorded in whole—cell
patch-recording configuration. Patch pipettes
were made of borosilicate glass capillaries of 1.5
mm outside diameter (Model GD-1.5 ; Narisige
Scientific Instruments Lab.) with a two-step
vertical puller (Model PP830 ; Narisige, Tokyo,
Japan). The electrodes were filled with the
pipette solution (in mM ; CsF 105, NaF 30, CsCl 5,
TEA-CI5, EGTA 2 and HEPES 10; pH adjusted to
7.2 with Tris-base) and had a tip resistance of 34
M Q. All experiments were performed at room
temperature (about 20-23 ). The currents
were recorded using an amplifier (CEZ 2300 ;
Nihon Kohden, Tokyo, Japan) and filtered at 2 kHz
with a low-pass filter (Digidata 1200 ; Axon
Instrument, Foster City, CA), and voltage—pulse
protocols were generated using a D/A converter
(Digidata 1200 ; Axon instruments). The data
acquisition software was pCLAMP 8 (Axon
Instruments). The neurons were voltage—cla-
mped at a holding potential of — 70 mV through-
out the experiments.

Phrenic nerve-hemidiaphragm neuromuscu-

lar preparations of rat

Experiments were performed on the left
hemidiaphragm with attached phrenic nerve
excised from Wistar rats (140g-150g). The
preparations were kept horizontally in 4 ml organ
bath through which an oxygenated modified
Krebs solution with or without toxin extracts
were perfused at a rate of 16-18 ml/min.
Modified Krebs solution contained (mM) ; NaCl
124, KCI 5, KH2PO4 1.2, CaCly 2.4, glucose 10,
MgSO,4 1.3 and HEPES 10 ; pH adjusted to 7.4 with
Tris-base at room temperature. The central
tendon of the preparation was tied by fine silk
thread to a mechano transducer (RCA5734 ; Nihon
Kohden, Tokyo) and the other end was fixed
through ribs by pins to the bottom of the chamber.
The phrenic nerve was stimulated with a bipolar
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Ag-AgCl wires using rectangular pulse (10 ms in
duration and 2V intensity) and muscle contrac-
tions were recorded on a pen recorder (R-03AC
Rika Denki, Tokyo) or digitalized with an A/D
converter (Digidata 1200 ; Axon Instruments) and
stored in the computer for further analysis. In
addition, Electrical field stimulations (EFS) (10 ms
in duration and 10V intensity) were also applied to
stimulate the muscle directly through a pair of
Ag-AgCl plates placed on the surface and bottom
of the muscle preparation, so that current pulse
would pass transversely across the muscle
preparation.

Fig. 1Aa, shows the twitch contractions evoked
by direct or indirect muscle stimulations, and the
effect of 1uM curare (d-tc) which selectively
abolished the nerve-induced twitch contraction.
This observation indicates that phrenic nerve or
muscle fibers were selectively stimulated by the
direct or indirect stimulations under the present
experimental condition. TTX (Sigma 30 nM) also
suppressed the twitch contraction evoked by

A 1 “r d-tc Direct stim  Indirect stim il
1|
a L ]
i 19
30 £M TTX 10min
b L :
100 M TTX
v
B
cE -
L
70min
B
'ESO
E
= 60
k]
5 40
2
<2
T
10 100 1000
TTX (M)
Fig. 1 Effects of 1uM curare (d-tc) or 30 nM TTX on the

twitch contractions of rat hemidiaphragm evoked
by indirect or direct muscle stimulations. (A)« and
b ; Small arrows indicate the applications of d-tc or
TTX, and large open and filled arrows indicate the
direct and indirect muscle stimulations, respective-
ly. b and ¢ ; Effects of 30 or 100 nM TTX and wash
out effects, and the time when the amplitude of
twitch contractions fall to 1/e of the initial control
amplitude. (B) The relationship between the
concentration of TTX and the time when the
amplitude of twitch contractions evoked by indirect
(@) or direct (O) muscle stimulations, fall to 1/e of
the initial control amplitude.

direct or indirect stimulations. As shown in Fig.
1ADb, however, TTX suppressed twitch contrac-
tions evoked by indirect stimulation much faster
There-

fore, we measured the time when the amplitude of

than those evoked by direct stimulations.

twitch contractions fall to 1/e of the initial control
value, and tentatively used the value as the time
constant for the effects of TTX or toxin extracts
(Fig. 1Ac & B). It should be pointed out that EFS
applied to stimulate the muscle directly also
excites nerve fibers distributed intramuscularly.
Therefore, we applied direct stimulations in the
presence of 1 uM d-tc throughout of the present
experiments and observed the effect of TTX or
toxin extracts.

Statistical analysis

The relative In, was calculated by the following
equation:

Relative Ina = 1/ 1y,

Where [ is the peak Na® current in standard
solution contacting TTX (Sigma) and Iy is the
peak Na' current in standard solution without
TTX. A half-maximal inhibition dose (ICs0) was
calculated for the relative Iy, at concentrations
between 0.1 and 100 nM standard curve for
TTX?,

inhibit /na. were expressed as an amount of

The potencies of the toxin extract to

equipotent TTX, comparing the ICsy obtained
from dilution-inhibition curve and dose-inhibition
curve for TTX. Data were presented as means
Student's

I-test was used, and P < 0.05 was considered

+ standard error of mean (+ SEM).

significant.
Results

Effects of TTX and toxin extracts from

various puffer fishes on In,

Voltage-dependent Na current (/na) was
evoked by a depolarizing step pulse with 10 ms
duration in dissociated CA1 neuron from holding
potential (Vy) of =70 to -30 mV.
of TTX (Sigma) at various concentrations, /n, was

In the presence

inhibited within 10 s and recovered in several
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Fig. 2 (A) Effects of toxin extracts prepared from
muscle or liver of two different puffers (7.
rubripes, or A. reticularis) on In, recorded from
single CAl neurons. (B) The time course of the
effects of various concentrations of TTX or
toxin extracts at a dilution of 10* prepared from
liver of T'. rubripes, or A. reticularis on Iya.

minutes after washing out TTX (Fig. 2). Similar
rapid inhibition and slow recovery were observed
in the presence of toxin extracts from muscle or
liver prepared from the two puffer fishes ex-
amined (7. rubripes, and A. reticularis) at various
dilutions (Fig. 2A and B).

Amount of toxin contained in the muscle and

liver of various puffers expressed as an

amount of equipotent TTX

Fig. 3 shows the dilution—inhibition curve for
the toxin extracts from two different puffer fishes.
The ICsg value of the inhibitory effects of the toxin
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Fig. 3 Dilution-dependent inhibition for toxin extracts
prepared from muscle (A) or liver (B) of two
puffers (O ; T. rubripes, & : A. reticularis).
Insets show that the amount of toxin extracts
expressed as pugTTX/g tissue in muscle (left
panel) or liver (right panel) from 7. »ubripes, and
A. reticularis.

extracts for the muscle was A. reticularis > T.
rubripes, and for the liver T. rubripes >> A.
reticularis.

The toxin extracts suppressed Ina selectively,
and therefore it was possible to estimate the
amount of toxin in the muscle and liver prepared
from two puffer fishes as an amount of equipotent
TTX by comparing ICsy of the toxin extracts to
that of TTX. Insets of Figs 3A and B show the
mean value of toxin contained in muscle and liver
from the two puffer fishes and expressed as
amounts of equipotent TTX. The toxin levels in
the liver were 15 and 517 times higher than
muscle of T rubripes in the two examined puffer
fishes.

Effects of TTX and toxin extracts on the

twitch contractions of the rat hemi-

diaphragm evoked by the direct and in direct

muscle stimulation

Fig. 4A shows the time course of inhibitory
effect of the toxin extract from the liver of 7.
rubripes (Aa) and A. reticularis (Ab) on the twitch
contractions evoked by direct and indirect muscle
stimulations (see method), and the toxin extracts

A a T.rubripes 3x104il
1% Direct stim ¥ Indirect stim

b A.reticularis 1.5x 102dil  20min 20min

¥ 4
B 20min 10min
100 - Extracts from the liver

T.rubripes Acreticularis

O Directstim O Direct stim
80 ~ | W Indirect stim @ Indirect stim

60

40 -

20

1/e Inhibition (min)

10" 102 10° 104 10°
Dilution Ratio (xdil)

Fig. 4 (A) Effects of toxin extracts from liver of 7.
rubripes (3 x 10* dilution) and A. reticularis (15
x 107 dilution) on the twitch contractions of rat
hemidiaphragm evoked by direct or indirect
muscle stimulations. Small arrows indicate the
application of toxin extracts. (B) The relation-
ship of the dilution and the time constant (1/e
time), where the amplitude of twitch contrac-
tions fall to 1/e of the initial control amplitude.
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suppressed the twitch contractions evoked by
indirect stimulation much earlier than that
evoked by direct muscle stimulation. However,
at increased concentrations (at dilutions 50 or 3 X
10%), the toxin extracts suppressed the twitch
contractions evoked by direct or indirect stimula-
tions with similar time constants (Fig. 4B).

Discussion

Present study clearly indicates that the toxin
level of the two examined puffers in the muscle
and liver by use of electrophysiological method is
different. For example, in Takifugu rubripes (T.
rubripes), the toxin level in the muscle, which is
the main edible portion, was the lowest in the two
examined puffers, and only a 1/500 of the value in
the liver. On the contrary, in the A. reticularis,
the toxin levels in the muscle are relatively high
(1.7 times of the value for T. rubripes), thereby
indicating that 7. rubripes provide the most safe
muscle as food. In the liver, on the other hand,
toxin level was higher in 7. rubripes (517 times of
the value for 7. rubripes muscle), however the
value was only 1/33 of that of T". »ubripes in the A.
reticularis. A recent study indicated that in-
volvement of a carrier mediated transport system
for TTX uptake by liver slices of 7. rubripe315>.
Therefore, the activity or distribution profile of
the transport system for TTX uptake in the liver
might be different in the different species.
Therefore, it seems reasonable to assume that
toxin might be diffusely distributed in the various
organs in the puffers in which the transport
system in the liver is less developed.

At present, it is well documented that the origin
of puffer fish toxin is mainly from the food chain,
since the amounts of toxin were dramatically
decreased in various tissues excised from cul-

t4) 16)'

tured puffer fish fed non-toxic die Recent-

ly, we reported the toxin levels in various origins
prepared from the wvarious puffer fishes?17.
According to the statistics provided by Japanese
Ministry of Health and Welfare, the numbers of

deaths due to puffer poisoning have steadily

declined, from more than 10 cases with high
mortality every year between 1960 to 1981 to less
than 10 cases with low mortality every year since
198219 Nevertheless, food poisoning due to
ingestion of TTX-bearing puffers continue to
occur frequently due mainly to consumption of
homemade dishes which were prepared using
wild puffer fish that were not purchased commer-
cially. Over the past 13 years (1995-2007),
mortality due to puffer fish poisoning has been
6.4% of announced total puffer poisoning inci-
dents (378 cases) in Japan'®.

In general, the symptoms of TTX poisoning
could be loosely divided into 4 stages. Namely,
the immediate symptoms is the slight numbness
of lips and tongue, which progresses to Stage I ;
Increasing paresthesia in face and extremities,
sensations of lightness and floating, headache,
nausea, severe abdominal pain, diarrhea, and/or
vomiting. Stage II ; increasing paralysis, motor
dysfunction with weakness, hypoventilation and
speech difficulties, convulsion, mental impairment
and cardiac dysfunction. Stage III ; central
nervous system dysfunction, complete paralysis
and death (usually occurs between a range of 20
minutes to 8 hours, where a person could still be
conscious or in certain case completely lucid
before death)?.

Thus, it seems that severe respiratory failure is
the main reason for the mortality of the puffer fish
poisoning. The fact that respiratory support
plays a key role in the management of patient
with puffer fish poisoning supports this view.
Therefore, it seems of interest and importance to
examine the toxic activities of the tissues of puffer
fishes from a functional point of view by
investigating the effects on the respiratory
neuromuscular transmission. The present study
indicates that the toxin extracts from the liver of
T. rubripes at a relatively low concentration (10°
dilution) preferentially suppress twitch contrac-
tion of the rat hemidiaphragm evoked by indirect
stimulations, rather than those evoked by the
direct muscle stimulations. However, at an
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increased concentration (10?7 dilution) the toxin
extracts suppressed the twitch contractions
evoked by direct and indirect stimulations with
similar time constants (12.0 min or 6.7 min,
respectively, see Fig. 4B). Similarly, TTX at
relatively low concentrations (20-30 nM) suppres-
sed the twitch contractions evoked by indirect
stimulations rather than the direct stimulations.
At an increased concentration (100 nM), however,
TTX suppressed twitch contractions evoked by
direct and indirect stimulations with similar time
constants (14.6 min or 9.5 min, respectively).
These results would indicate that at an early
stage of poisoning due to the ingestion of puffers,
namely at a relatively low toxin levels in the blood,
motor nerves would be much sensitive rather
than the muscle, as in case of sensory nerve
impairment which appears at the beginning of
Intoxication as perioral numbness. However, as
the toxin levels increase in the blood during the
course of intoxication, the toxin would affect the
motor nerve and muscle to a similar extent.
Previously, we reported that the threshold
concentration for the electrophysiological bioas-
say by use of single hippocampal CA1 neurons to
detect TTX is InM, and ICsq value to suppress the
peak Ina is 14.1 nM?. In the present experi-
ments, however, the threshold concentration for
TTX to suppress twitch contraction of rat
hemidiaphragm induced by indirect or direct
stimulations were 20 nM~30 nM, and ICs value
were 56.5 nM or 56.8 nM, thereby indicating that
the phrenic-diaphragm neuromuscular transmis-
sion is much less sensitive to TTX comparing to
that on the isolated single CAl neurons. The
precise reasons for this discrepancy are unknown
at present, however, it might be due to the
difference in the time lag for the diffusion of TTX
into the nerve or muscle, since the Na-channel
distributed in the central and peripheral nervous
system is identical®®. 1In the present study, we
observed the effects of TTX and toxin extracts
from puffers on the Iy, and respiratory neuro-
muscular transmission, and found that the sensi-

tivity to TTX is in the order, Ina recorded from
CA1 neuron > > motor nerve > muscle.
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