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To elucidate the involvement of plasma protein binding in the disposition of tetrodotoxin
(TTX) in puffer fish, we used equilibrium dialysis to measure protein binding of TTX in the
plasma of the marine puffer fish Takifugu rubripes and the non-toxic greenling Hexagrammos
otakii, and in solutions of bovine serum albumin (BSA) and bovine alpha-1-acid glycoprotein
(AGP). TTX (100-1000 pg/mL) bound to protein in T. rubripes plasma with low affinity in
a non-saturable manner. The amount of bound TTX increased linearly with the TTX
concentration, reaching 3.92 + 0.42 pg TTX/mg protein at 1000 pg TTX/mL. Approximately
80% of the TTX in the plasma of T. rubripes was unbound in the concentration range of TTX
examined, indicating that TTX exists predominantly in the unbound form in the circulating
blood of T. rubripes at awide range of TTX concentrations. TTX also bound non-specifically to
H. otakii plasma proteins, BSA, and bovine AGP. The amount of the bound TTX in the plasma of
H. otakii and BSA, respectively, was 1.86 £0.36 and 4.65 =+ 0.70 pg TTX/mg protein at
1000 pg TTX/mL, and that in the bovine AGP was 8.78 +0.25 pg TTX/mgprotein at
200 pg TTX/mL.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Honda et al., 2005; Kono et al., 2008). Marine puffer fish
seem to have a unique competence to accumulate TTX in

Marine puffer fish, the family Tetraodontidae, generally
contain a potent neurotoxin, tetrodotoxin (TTX), which is
a voltage-gated sodium channel blocker, in specific tissues
such as liver, ovary, and skin (Halstead, 1988; Soong and
Venkatesh, 2006; Lee and Ruben, 2008). There is somewhat
general agreement that marine puffer fish accumulate TTX
by bioaccumulation via the marine food chain (Noguchi
and Arakawa, 2008), based on the findings that cultured
marine puffer fish are not toxic (Matsui et al., 1981, 1982;
Lin et al., 1998; Noguchi et al., 2006) and non-toxic cultured
puffer fish become toxic by feeding on artificial TTX-con-
taining diets (Matsui et al., 1981; Yamamori et al.,, 2004;

* Corresponding author. Tel./fax: +81 3 5463 0604.
E-mail address: yujicd@kaiyodai.ac.jp (Y. Nagashima).

0041-0101/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.toxicon,2009.09.006
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the body. We previously demonstrated in the marine puffer
fish Takifugu rubripes that TTX is well absorbed into the
systemic circulation from the gastrointestinal tract and
accumulates in the liver after a single administration
(Matsumoto et al., 2008a). Pharmacokinetic studies of TTX
in T. rubripes have led to the classification of three groups of
tissues: (1) the central compartment, including kidney and
spleen, in which the TTX concentration is instantaneously
proportional to the blood concentration; (2) the peripheral
compartment, including the liver, in which the TTX
concentration increases even as the blood concentration
decreases; and (3) the peripheral compartment, including
muscle and skin, in which the TTX concentration is inde-
pendent of the blood concentration (Matsumoto et al.,
2008b). TTX transport via the circulating blood is deeply
involved in the disposition of TTX in the puffer fish body.
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Recent progress in studies of the plasma protein binding
of TTX in marine puffer fish has revealed some interesting
findings. The puffer fish saxitoxin (STX) and TTX-binding
protein (PSTBP) was first purified from the plasma of the
marine puffer fish Takifugu niphobles as a possible TTX-
carrier protein (Matsui et al.,, 2000). Yotsu-Yamashita et al.
(2001) also purified PSTBP from the plasma of other species
of the marine puffer fish Takifugu pardalis and examined its
binding property. The TTX affinity to T. pardalis PSTBP is
much lower than that of STX, because the ICsq value of
tritium-labeled STX binding to T. pardalis PSTBP for TTX is
1400 times larger than that for STX, although TTX and STX
share the same binding site on T. pardalis PSTBP (Yotsu-
Yamashita et al., 2001, 2002). These findings suggest that
PSTBP has an important role in the plasma protein binding
of TTX and STX in the Tetraodontidae family of marine
puffer fish. The actual abundance of PSTBP in the puffer fish
plasma, however, is still unknown, and it is unclear
whether other plasma proteins affect the protein binding of
TTX in puffer fish plasma.

We previously demonstrated plasma protein binding of
TTX in the marine puffer fish T. rubripes and revealed that
the percentage of the unbound form against the total TTX
concentration in the plasma was approximately 60% at
concentrations ranging from 14 to 22.5ugTTX/mL
(Matsumoto et al., 2008a). Based on these findings, we
predict that TTX has a low affinity to the total plasma
protein of T. rubripes. In the present study, to elucidate the
involvement of plasma protein binding in the disposition of
TTX in puffer fish, we used equilibrium dialysis to measure
protein binding of TTX in the plasma of the marine puffer
fish T. rubripes and the non-toxic marine greenling Hexa-
grammos otakii, and in solutions of bovine serum albumin
(BSA) and bovine alpha-1-acid glycoprotein (AGP).

2. Materials and methods
2.1. Materials

Marine puffer fish T. rubripes specimens (n=6, 720-
1210 g body weight) and the non-toxic marine greenling H.
otakii specimens (n=>5, 1060-1290 g body weight) were
obtained live from a Tokyo central wholesale market and
transported to our laboratory. TTX used in the protein
binding assay was purified from the ovaries of T. pardalis by
a combination of ultrafiltration and a series of column
chromatographic separations, as reported previously
(Matsumoto et al., 2007). Crystalline TTX (Wako Pure
Chemical Industries, Osaka, Japan) was used as a standard
for the liquid chromatography/electrospray ionization mass
spectrometry (LC/ESI-MS) analysis. BSA and bovine AGP
(Sigma Aldrich, St. Louis, MO, USA) were used in the protein
binding assay. BSA was used as a standard for the protein
determination. All other chemicals were reagent grade.

2.2. Equilibrium dialysis

Protein binding of TTX was determined using an equi-
librium dialysis unit (Sanplatec Co., Tokyo, Japan), as
described previously (Matsumoto et al., 2008a). Approxi-
mately 25 mL blood/kg body weight was collected from
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T. rubripes or H. otakii using a heparinized disposable
syringe. The blood was centrifuged at 1200 x g for 10 min at
4°C and the plasma was collected and stored on ice until
use. The dialysis membrane (MWCO 3500, Spectrum
Laboratories, Compton, CA, USA) was rinsed twice in milliQ
water, soaked in modified Hank's balanced salt solution (pH
7.4) for 30 min, and placed into the equilibrium dialysis unit
between the two compartments of the dialysis chamber. A
950 pL aliquot of fish plasma was then mixed with a 50 uL
aliquot of TTX solution (0-1000 pg TTX/50 pL), and a 950 puL
aliquot of this mixture (1000 pL) was introduced into one
side of the chamber (termed the plasma sample). Then,
a 950 pL aliquot of modified Hank’s balanced salt solution
(pH 7.4) was placed into the counter side (termed the buffer
sample) of the dialysis chamber. Plasma protein binding of
TTX was assessed after incubation at 20 °C for 48 h. Plasma
and buffer samples were withdrawn from each side of the
chamber. Another series of experiments were performed
using solutions of BSA and bovine AGP, in which BSA and
bovine AGP were dissolved in modified Hank’s balanced salt
solution (pH 7.4) at a concentration of 60 mgBSA/mL and
4 mg AGP/mL, respectively.

2.3. Sample preparation and TTX determination

After the sampling, the plasma sample was mixed with
a methanol/acetic acid solution, and purified by ultrafil-
tration (MWCO 5000). The filtrate was lyophilized, and
dissolved in the mobile phase of LC/ESI-MS. The amount of
TTX in the sample solution was determined by the LC/ESI-
MS analysis, as described previously (Matsumoto et al.,
2008a).

2.4. Determination of protein amount

Protein determination was performed by the method of
Lowry et al. (1951) with BSA as the standard.

2.5. Statistics

The determination was performed in triplicate in indi-
vidual experiments. Data are expressed as mean + standard
error (SE). Tukey’s test and Student's t-test were used to
analyze the significance of differences among means at the
5% significance level in the examination of the time to
achieve equilibrium.

3. Results

The plasma from the marine puffer fish T. rubripes and
the non-toxic marine fish H. otakii used in this study
initially did not contain detectable amounts of TTX
(<10 ng TTX/mL plasma).

3.1. The time to equilibrium

The time to achieve equilibrium was examined with the
plasma of marine puffer fish T rubripes. The total protein
concentration in the plasma was 49.1 +£9.5 mg protein/mL
(n=3). The mixture of T. rubripes plasma and the TTX
solution was incubated against an equal volume of the
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Fig. 1. Time course of the TTX concentration in the equilibrium dialysis
chamber. The time to achieve equilibrium was examined with the plasma of
marine puffer fish Takifugu rubripes. The protein concentration in T. rubripes
plasma was 49,1 £9.5 mg protein/mL (n = 3). TTX concentrations in both the
plasma chamber (@) and the buffer chamber (O) were determined at
several time-points. The total concentration of TTX ( ¢ ) indicates the sum of
both TTX concentrations. Values are presented as the mean + SE of three
individual experiments performed in triplicate.

modified Hank's balanced salt solution (pH 7.4; Fig. 1). The
TTX concentration in the plasma sample was
221 +£8 ug TTX/mL before incubation, and gradually
decreased to 16117 and 143 £ 10 ug TTX/mL at 12 and
24 h after incubation, respectively. At 28 h after incubation
or later, there were no significant changes in the TTX
concentration in the plasma samples, ranging from 125 + 11
to 13713 pugTTX/mL (p>0.05). In contrast, the TTX
concentration in the buffer sample gradually increased to
59+ 14 and 67+ 16 pg TTX/mL at 12 and 24 h after incu-
bation, respectively. At 28 h after incubation or later, there
were no significant changes in the TTX concentration in the
buffer samples, ranging from 58 + 7 to 70 & 16 ug TTX/mL
(p > 0.05). This finding agreed with those obtained in the
cases of the plasma of greenling H. otakii, BSA, and bovine
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AGP (data not shown). Based on the above findings, we set
the incubation time of 48 h for the equilibrium dialysis
method.

3.2. Binding of TIX to the plasma protein of T. rubripes and H.
otakii

Plasma protein binding of TTX was determined with the
plasma of the marine puffer fish T. rubripes. The total
protein concentration in the plasma  was
55.4 + 0.5 mg protein/mL (n=3). The concentrations of
TTX in the chambers were determined at 48 h after incu-
bation. The TTX concentration of the bound form was
obtained by subtracting the TTX concentration in the buffer
chamber from the total concentration in the plasma
chamber, as previously described (Matsumoto et al.,
2008a). Saturation of the plasma protein binding of TTX
was not observed at concentrations ranging from 100 to
1000 pg TTX/mL (Fig. 2A). The amount of bound TTX in the
plasma of T. rubripes was 0.47 + 0.16 pg TTX/mg protein at
100 pg TTX/mL, and increased linearly with the TTX
concentration, reaching 3.92 + 0.42 ug TTX/mg protein at
1000 pg TTX/mL (Fig. 2B). The percentage of the unbound
fraction of TTX in the plasma of T. rubripes was almost
constant at approximately 80% in the concentration range
of TTX examined (Fig. 3).

In the next experiment, the greenling H. otakii was used
as a non-toxic species, because it was confirmed to have
no detectable TTX and accumulates little toxin in the liver
tissue slices by in vitro incubation with TTX, unlike puffer
fish T. rubripes (Nagashima et al., 2003). The total protein
concentration in the plasma of H. otakii was
49.9 + 1.5 mg protein/mL (n = 5). Saturation of the plasma
protein binding of TTX was not observed in the concen-
tration range of 100-1000 pg TTX/mL (Fig. 4A), as in the
case of the marine puffer fish T. rubripes. The amount of
the bound TTX in the plasma of H. otakii was
0.35+ 0.05 pg TTX/mgprotein at 100 ug TTX/mL, and
increased linearly with the TTX concentration, reaching

—
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Fig. 2. Binding property of TTX to the plasma protein of the marine puffer fish Takifugu rubripes by equilibrium dialysis. (A) TTX concentration of the bound form
(@), the unbound form (O ), and the total ( © ) as a function of the initial TTX concentration. TTX concentrations were estimated after incubating at 20 °C for 48 h.
The protein concentration in T. rubripes plasma was 55.4 + 0.5 mg protein/mL (n = 3). (B) The amount of bound TTX to the plasma proteins as a function of the
unbound TTX concentration. Values are presented as the mean + SE of three individual experiments performed in triplicate.
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Fig. 3. Percentage of the unbound fraction of TTX in the plasma of the
marine puffer fish Takifugu rubripes (@) and the non-toxic marine greenling
Hexagrammos otakii (©O), and in solutions of BSA ( ¢ ) and bovine AGP (< ).
Values are presented as the mean + SE of each individual in at least three
experiments performed in triplicate.

1.86 + 0.36 pg TTX/mg protein at 1000 ug TTX/mL (Fig. 4B).
The percentage of the unbound fraction of TTX in the
plasma of H. otakii was approximately 90% in the
concentration range of TTX examined (Fig. 3).

3.3. Binding property of TTX to the BSA and bovine AGP
solutions

Protein binding of TTX was determined with a solution
of BSA instead of fish plasma, because albumin is a major
protein in plasma and non-specifically traps many drugs
(Vallner, 1977; Ascoli et al., 2006). The concentration of BSA
was prepared at 60 mg BSA/mL by reference to the total
protein concentration in the plasma of T. rubripes. Satura-
tion of the binding was not observed, as in the cases of
T. rubripes and H. otakii (Fig. 5A). The amount of bound TTX in
the BSA solution was determined to be 0.82 + 0.13 pg TTX/
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mg BSA at 100 pg TTX/mL, and increased linearly with the
TTX concentration, reaching 4.65 + 0.70 pg TTX/mg BSA at
1000 ug TTX/mL (Fig. 5B). The percentage of the unbound
fraction of TTX in the BSA solution was approximately 70% in
the concentrations ranging from 200 to 1000 pg TTX/mL
(Fig. 3).

Then, protein binding assay of TTX was also performed
with a solution of bovine AGP, because AGP is an important
binding protein to basic compounds in plasma, and TTX is
weakly basic (amphoteric) in neutral condition (Goto et al.,
1965). The concentration of bovine AGP was prepared at
4 mg AGP/mL in consideration of the analytical precision
and AGP level in mammalian plasma, since there is no
available information on the plasma AGP concentration in
T. rubripes to our knowledge. Accordingly, the initial
concentration of TTX was reduced at 10, 25, 50, 100, 200,
400, 600, and 800 pg TTX/mL. TTX bound to bovine AGP in
a saturable manner (Fig. 6). The amount of the bound TTX
in the AGP solution was 3.53 +0.25 pg TTX/mg AGP at
100 ug TTX/mL, and steady at approximately 8 pgTTX/
mg AGP at the TTX concentrations ranging from 200 to
800 ug TTX/mL (Fig. 6B). The percentage of the unbound
fraction of TTX in the AGP solution reached more than 80%
at the TTX concentrations ranging from 50 to 800 pg TTX/
mL (Fig. 3).

4. Discussion

The data in the present study revealed that TTX-plasma
protein binding in the marine puffer fish T. rubripes and the
non-toxic marine greenling H. otakii is non-saturable at TTX
concentrations ranging from 100 to 1000 ug TTX/mL by an
equilibrium dialysis method. The percentage of the
unbound fraction of TTX was approximately 80% in
T. rubripes plasma, and 90% in H. otakii plasma with the
concentration range of TTX examined, indicating that TTX
binds to fish plasma proteins with a low affinity at a high
concentration of TTX. In contrast, Matsui et al. (2000)
examined the protein binding of TTX in the plasma of the
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Fig. 4. Binding property of TTX to the plasma protein of the non-toxic marine greenling Hexagrammas otakii by equilibrium dialysis. (A) TTX concentration of the
bound form (@), the unbound form (O), and the total (¢ ) as a function of the initial TTX concentration. TTX concentrations were estimated after the incubation
at 20 °C for 48 h. The protein concentration in H. otakii plasma was 49.9 + 1.5 mg protein/mL (n = 5). {B) The amount of bound TTX to the plasma proteins as
a function of the unbound TTX concentration. Values are presented as the mean = SE of individual five experiments performed in triplicate.
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Fig. 5. Binding property of TTX to the BSA solution by equilibrium dialysis. (A) TTX concentration of the bound form ( @), the unbound form (), and the total
(¢ )as a function of the initial TTX concentration. TTX concentrations were estimated after incubation at 20 °C for 48 h. The protein concentration in BSA solution
was 60 mg BSA/mL. (B} The amount of bound TTX to BSA as a function of the unbound TTX concentration. Values are presented as the mean + SE of three

individual experiments performed in triplicate.

other non-toxic marine fish, including the red seabream
Pagrus major, yellowtail Seriola quinqueradiata, filefish Ste-
phanolepis cirrhifer, and Japanese flounder Paralichthys oli-
vaceus by the ultrafiltration method. They reported no or
negligible binding of TTX to these plasma proteins at a total
TTX concentration of 2.5nmol/mL (equivalent to
0.80 g TTX/mL), despite the finding that there is distinct
TTX binding (the binding ratios of 36-92%) to the plasma
proteins of several species of marine puffer fish, genus
Takifugu.

We substituted BSA and bovine AGP for fish plasma
proteins to examine whether TTX binds to other plasma
proteins. It is generally accepted that serum albumin,
lipoproteins, and AGP are the most important drug binding
proteins in plasma. Albumin is the most abundant blood
plasma protein that acts as a protein storage component
and adsorbs many compounds in a non-specific, low
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affinity, and non-saturable manner (Wright et al., 1996).
AGP is a small amount of plasma protein that mainly binds
basic and neutral compounds from endogenous as well as
exogenous origins (Fournier et al., 2000). The present study
demonstrated that TTX bound non-specifically to not only
the fish plasma proteins but also BSA and bovine AGP. The
TTX-binding ability of BSA and bovine AGP is comparable to
that of the T. rubripes plasma proteins. The amounts of
bound TTX in solutions of BSA and bovine AGP, respectively,
were 4.65 + 0.70 pg TTX/mgBSA at 1000 pg TTX/mL and
8.78 £ 0.25 pg TTX/mg AGP at 200 ug TTX/mL, which are
equivalent to a 1:1 stoichiometry TTX/protein based on the
molecular weight of TTX (319 Da), BSA (66 kDa), and bovine
AGP (33.8 kDa). Intriguingly, the STX- and TTX-binding
protein PSTBP in the plasma of marine puffer fish T. pardalis
was characterized as an acidic glycoprotein that covalently
binds to a dimer consisting of 104 kDa subunits with an
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Fig. 6. Binding property of TTX to the bovine AGP solution by equilibrium dialysis. (A) TTX concentration of the bound form ( @), the unbound form (O ), and the
total { © ) as a function of the initial TTX concentration. TTX concentrations were estimated after incubation at 20 °C for 48 h. The protein concentration in bovine
AGP solution was 4 mg AGP/mL. Inset, the expanded figure for the binding property of TTX untit 200 pg TTX/mL. (B) The amount of bound TTX to bovine AGP as
a function of the unbound TTX concentration. Values are presented as the mean + SE of three individual experiments performed in triplicate.
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isoelectric point of 5.0 (Yotsu-Yamashita, et al., 2001). Oba
et al. (2007) recently reported that the tributyltin-binding
protein type 2 in the blood of Japanese flounder P. olivaceus
belongs to the lipocalin superfamily, which includes AGP,
and shows highly identity to PSTBP of I. pardalis. These
results suggest that PSTBP plays a function like AGP in the
marine puffer fish plasma. Moreover, Yotsu-Yamashita et al.
(2001) reported that the binding dissociation constant (Kg)
for 3H-STX to T. pardalis PSTBP is 14.6 + 0.33 nM, as deter-
mined by an equilibrium binding assay, and the binding of
3H-STX to dimeric PSTBP of T. pardalis has a 1:1 stoichi-
ometry (Bmax of 10.6 +0.97 nmol/mg protein). They also
demonstrated that the affinity of TTX to T. pardalis PSTBP
was much lower than that of STX (Yotsu-Yamashita, et al.,
2001). These results reveal that TTX binds to plasma
proteins including albumin and AGP with low affinity.

We previously reported that the percentage of unbound
form of TTX against the total TTX concentration in the
plasma of the marine puffer fish T. rubripes was approxi-
mately 60% at concentrations ranging from 14 to
22,5 g TTX/mL (Matsumoto et al., 2008a). In the present
study, we demonstrated that the percentage of unbound
fraction of TTX was approximately 80% at concentrations of
100-1000 pg TTX/mL in the plasma of T. rubripes. These
data indicate that TTX exists mainly in the unbound form in
the circulating blood of the marine puffer fish T. rubripes at
a wide range of TTX concentrations. The unbound fraction
of TTX in the plasma of T. rubripes might elevate the total
body clearance of TTX, because only the unbound form of
TTX is crossing the vessel wall and more specifically
absorbed and bound by organ tissues like that of liver and
ovaries. The analyses of the plasma protein composition
and the ligand binding property of plasma proteins are
needed to clarify the differences in the ligand protein
binding capacity among fish species.
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From October to November 2004, the paralytic shellfish poison (PSP)-producing dinoflagellate
Alexandrium tamiyavanichii was observed at Harima-Nada, Seto Inland Sea at a maximum cell
density of 4,960 cells/L. The wild cells of the dinoflagellate collected from the same seawaters, and
cultured cells derived from them showed toxicity scores of 6.25-15.4%10"% and 2.7-3.5x 10"
MU /cell, respectively, both of which were much higher than those of previously reported strains.
PSP of the wild cells was mainly composed of gonyautoxin (GTX) 5 (40.6-52.4 mol%) and GTX4
(15.6—24.8 mol%), showing a unique composition that was greatly different from those of the
previously reported strains, or of the cultured cells, whose main toxin component was GTX3
(average 37.6 mol%). The mussel Mytilus galloprovincialis collected from the same area in the same
period accumulated a relatively high level of PSP (13-28 MU/g), suggesting a risk that A.
tamivavanichii may induce high-level PSP contamination of bivalves even at a cell density as low
as around 5,000 cells/L.

(Received March 26, 2010)
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A. tamivavanichii ~E(bL 54+ 14 51 DEM BN
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Mk ML 12 - T2 IR A, tamarense 15 & T
A. catenella T, FI& 3 5000~10,000 cells/L, %& 3
50,000~100,000 cells/L L LWIFNbEEEOREICLY
THEOEET SR L TE LYY, 1999 FLIME,
N SITINA TH IS A, tamivavanichii H3HHIE$T 5 £ 5
1015 » 728 1.9~18 KfE 13 LIRI, Protogonyaulax cohorti-
cula EFEENIO~E, &L LEREHOEEEL SN
T\ 7o 81820 1988 I RIS T 43 i stifeadl = 22,
& 511999 12 AciF B RBERTREREL,
BT # # 1 Anadara broughtonii 15 £ DFE(LZE| 2
L0 zof%4ERM, FEETRESE A tamiva
vanichii B L, THICERT 3 HEHOF LR S
fo S~ B A TR EIE 4 MU/g) 28 A 2 2 L id
otz L LSS, MIFEEAMEICii-TVwSE
=9 =y 7icBWLT, 2004 FiCHIFE NAEEEE#IC T,
A. tamivavanichii LIS\ OBLHE]1 D PSP EEA jR#EEE S £ <
HEsnuuicbrhbsd, B SHGIEL LB 3
R a Nt A tamarense ® A. catenella %,
A. tamivavanichii b _HWE O EHML BRI L0TH
g, KELBXUCAGEE LI NBRE o TEL
LTS 2468038 %, = 2 TAIRTIE, #0 (INTEHE
EEg T WESREIEABA THELLAEREZAShIcT
Z 1%, RSB T3 A, tamivavanichii O HIRRIR %
FANBLEbIC, KEORAERELEERE, 1oUICHE
fbas4+4 714 OBHEERMOVTRETL 72

EBAE

1. & #

2004 £ 10 B 16 H~11 A 4 i #ESEEPTHfEEH],
[EITHSFET, EM#EFET, EITiL#EET, &FIER»HbHH
SIHDmEB L TsIHF (LT, ThEa st 1~6 &7
%) (Fig. 1, Table 1) @K 0 % 7212 0.5 m I- CTilBK%E 5
L¥28AKLAE WFNb 100pmFLE LT 20 um LD
SHVTAML, HEDID W Fbs o S du 7 BE AT
IC&EN5S A tamivavanichii =3 E & L 72, HEHIER
B, EhLcEEHRFEICELIRD, EPmic SR
L7z ABFETW@E, 10 516 HiZ St. 1~5,10 A 19 Aic
St.1~4, 11 A 4 HIC St. 6 THELL 72 A. tamiyavanichii
RARBEREZNZNALLI~5 Atl'~4', B & A6
(Table 1) & L 7=,

—77, 2004 £10 B 17 HiZSt. 4, 10 H 21 HiC St. 2
TENZENH 100 ERD L 54 F 14 H 4 Mytilus gallo-
provincialis Z8E L THE (Fh £ 1 Mgd B LU Mg2)
EL, KBICTHEZERELRY, EbicHl Bl

2. A. tamiyavanichii D#RRE DR

RIREIR At1 ~At5, Atl'~Atd’, BLU At6 12D &,
P BimEs ~CHIkEE L 22,

3. A. tamiyavanichii DIE&E

At6 S BEkR, TIREEL/27 o— Y% 4 B (At6-
cl~At6-cd) iZ4rf, Vb ESM B 22w, B
BiBE% 20T, #i#EE % 40 pmol photon/m?/s!, B
FEA% 12 hr/12hr £ L T30 BRIEEL 2. Bon/g
MR At6-cl: 2.0 X 107 cells, At6-c2: 2.0 X 107 cells, At

Fig. 1. Map showing sampling stations (@) in Harima-Nada where A. tamivavanichii and/or mussel M. galloprovincialis

specimens were collected.
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Table 1. Cell density and toxicity of A. famivavanichii at Harima-Nada in 2004, along with toxicity of mussel M.
galloprovincialis
. Date of Place of Cell density ~ Number of Toxicity (MU/cell or MU/g**
Species . . % Sample code )
collection collection (cells/L) assayed cells Mouse assav HPLC
A. twmiyavanichii Oct. 16 St 1 Atl 388 19410° 225 7%x107! —
St. 2 At2 1930 97 # 107 154> 107! 21.5x107!
St. 3 At3 395 20x10° <253x10™" —
St. 4 Atd 4960 250 % 10° 6.25 41071 8.7x107¢
St. 5 At5 96 5X10% < 104> 10! -
Oct. 19 St 1 Atl’ 0.3 — — —
St. 2 At2’ 0.5 — — —
St. 3 At3’ 16 — — —
St. 4 Atd’ 0 — — —
Nov. 4 St. 6 At 350 — — —
At6-cl — 20x10° 2.7x107" 38x10~1
(Cultured cells) Atb-c2 — 20 x 10° 35x1071 35x1071
At6-c3 — 254108 34x1071 29%x1074
At6-c4 — 35x%10° 2.7x1071 2.8x1074
M. galloprovincialis Oct. 17 St. 4 Mg4 — — 28 50
Oct. 21 St. 2 Mg2 — — 13 —

* See Fig. 1 for the locations of St. 1-6.

** Toxicity of A. tamivavanichii is expressed in MU/cell, and that of M. galleprovincialis in MU/g.

—: not designated or not assayed.

6-c3: 2.5 X 107 cells, At6-c4: 3.5 X 107 cells (Table 1) %
LT oRBR gL 2.

4. HERAEOHHE

RAREE At1~5 B L UEEEMEK Atbcl~cd 12D &,
0.5 mol/L Wilkisig % A4 TR Tl Bie U T2 Rln b,
WOEE (2,000Xg, 20 23D L TH ST LiEEEEEIK
& L7

—KH, L34 F A 44 Mgd £ Mg2i2-VTH, B&
FERERHECFEREEESREE™ICE L TEDH
HET-7, TOERFEF100gFE&—L, FEVF A
X%, 10gx W LTOoIMERTEENEAMEL, &
La%yit (10,000xg, 20 538D %D Ritizalfik e L 7.

5. BHRER

Atl~5, At6cl~c4, Mgd BX U Mg2ic~ %, ERHE
EREEHELEEREEESREED (DFER) ICEL
TRHAREA v v BB L, BFTE 1 EEY
120, A3HFAHAATEIgHALVDOESN (79322
=y b, MU) ZRIELA CITIMU &R, KE20
gDddY Riffv v RE 15 TRHRLCSELENELERT
5, KRBROEKICH-TE, XHME (R XHBHED
ENERBREN “REZFcESs8ERIc 0T
(XEEE—U—S) (CHE LR AET - 72

6. JROMF

1) HPLC %

VBT RALL o717k L 72 At2, Atd, At6-
cl~cd, 155 I BRI N hsghih » 7o Mgd 2 RRICE
RADSMET- . T1bb, BESK -0 TiiEEk
R EMRA 5B (10000 Da) L7z 6 D, Mgd iz TRE
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BRli % Sep-Pak C18 #— b+ ) v ¥ # 5 & (Waters t13Y)
MIE B & R A58 (10,000 Da) i L 7z & % HPLC
SHricE Lt

Ko Hrid, PEX O HPLC #3127 ic 0 A, Hashi-
moto 5 MHIE L 7o HEENBZHEYL L THi - 12 T8 D
H, T2AFFL L (GTX)HL T Tzd bF v
PX)B (CBH) L THR—IEL THIRETY, %
by (STX)YEOARNIC oL . GTX/PX#E o
T, # 5 A£1ZHG3013N (#4.6 X 50 mm, Hitachi) &
Develosil C-30 UG-5 {¢4.6 X250 mm, Nomura Chemi-
cal £8) #HL, FIEOEREL 50°C, #EE 25°Cicm
BURIE U 22, FSEHH) A: 5 mmol/L ~7' % 7 v % o4
E¢ 10 mmol /LEEEE7 v €= L4EEK (pH 38) B X
UHE#EB: 10 mmol/L ~7 % 7 L4 o BREEA 51 10%
T b= b Y o-30 mmol/LEFEE T ~ & = 7 LEEHHE
(pH 7.1) 2\, S 0~25 92580 A, 25~45 5
EHEME B 45~T0 B EBEME A & LT, %% 06 mL/
min IKFFEL /2. 7 5 405 OERERIC 7 mmol/LE 3w
FBE+ 5% 50 mmol/L ) »EREER (pH 10.0) 2 E& L,
85°CThHIB L THEI(LE, 0.5 mol/L Bl cHLTheE £
8L, W& 340 nm, #KERK 410 nm TRIE L 1.
—7%, STX#oRE, # 5 412 Develosil C-8 (¢4.6 >
250 mm, Nomura Chemical #-84), ##4H2 2 mmol/L
NTIvANF v BEEEL 4% T2 b= b Y —30 mmol/
LY BT v€="7 58 & (pH 7.3) /I T, ko5
BeToatr L7,

2) LC/MS 4347

Mg4 DRERIE %R 53 (10,000 Da) %, BRERiocH#E



