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Effects of Inorganic Mercury on Osteoclasts and Osteoblasts of
the Goldfish Scales In Vitro
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The fish scales are the major source of internal calcium requirement due to having a higher internal
caleium reservoir than the body skeletor during the periods of drastic calcium dermand, such as sexual mat-
wration. Therefore, we developed original i vitro assay systen using goldfish scales that contain osteoclasts
and osteoblasts, and examined the direct effect of inorganic mercury (HgCl) on osteoclasts and osteob-
lasts. In this assay system, we measured the activities of tartrate-resistant acid phosphatase (TRAP) and
alkaline phosphatase (ALP) as respective indicators of each activity in osteoclasts and osteoblasts. TRAP
activity in the scales significantly decreased by the treatment of HgCl, (10 to 10 "M) during 6 hrs of incuba-
tion. In addition, mRNA expressions of osteoclastic markers: TRAP and cathepsin K significantly decreased
compared with control. In our knowledge, this is the first report of a direct effect of inorganic mercury on
osteoclasts. On the other hand, ALP activity decreased after exposures of HgCl, at a concentration of 107,
107 or 10M for 36 and 64 hrs, although its activity did not change after 6 and 18 hrs. The mRNA expression
of metallothionein (MT) which is a metal-binding-protein that protects the organism from heavy metal, sig-
nificantly increased by HgCL (107°M) although insulin-like growth factor-I (osteoblastic marker) was less
than those of control scales by treatment with HgCl. (10-M). These results suggests that osteoblasts may
synthesize MT and protect from mercury until 18 hirs incubation.  Thus, the scale i vitro assay system
would be a useful means for analysis of heavy metal on bone metabolism.

Keywords: inorganic mercury, in vitro assay, osteoclasts, osteoblasts, scales

INTRODUCTION

Heavy metals such as mercury, cadmium and copper
are known to be extremely toxic to organisms. Mercury
has been recognized as an envirornunental contaminant
since the Minamata disaster in the late 1950s. Minamata
disease which was caused by the consuption of marine
fishes severely polluted with mercury from local indus-
trial discharge due to this Minamata disaster (Takeuchi
et al., 1978; Takeuchi, 1982). This extremely adverse sit-
uation occurred because of mercury, a highly toxic com-
pound, was severely bio—accumulated (in case of long-

finned eels: approx. 1,000,000 tiraes higher than environ-
mental water) by fish (Redmayne et al., 2000).

The effect of mercury on the central nervous system
has widely studied and revealed that mercury is a neuro-
toxic material, and its poisoning effect is characterized
by the damage in discrete portions of the brain, such as
the visual cortex and the granule layer of the cerebellum
(Castoldi et al., 2001). As bio-accumulation of mercury
in bone is lower than that in neural tissues (Boyer et al.,
1978; Doyle, 1979; Berglund et «l., 2000}, much aiten-
tion has not been given to bone in this area of research.

Recently, Lake et al. (2006) reported that the corre-
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lation between the total mercury concentration of the
scales and that of the muscles was high (r=0.89), and
suggested the suitability for prediction of muscle tissue
by the assessment of available mercury in the fish scales.
It is known that the scales are calcified tissue which con-
tains osteoclasts and osteoblasts (Bereiter-Hahn and
Zylberberg, 1993; Suzuki et al., 2000; Yoshikubo et al.,
2005; Suzuki et al., 2007) and is reported that the scales
are a better potential internal calcium reservoir than the
body skeletons, jaws and otolithes, examined by the
"Ca-labelling study for the calcified tissues of goldfish
and killifish (Mugiva and Watabe, 1977). In fishes, thus,
the scale accumulates mercury and seems to be a sensi-
tive tissue for mercury.

Recently, we have developed a novel in »iiro assay
system using goldfish scale (Suzuki et al., 2000; Suzuki
and Hattori, 2002) because the scale is a very active tis-
sue of caleium regulation in fish described above. In the
present study, therefore, we examined the effect of inor-
ganic mercury (HgCL) on the scale osteoclasts and oste-
oblasts. To confirm the effects of HgCl, on osteoclasts
and osteoblasts, the mRNA expressions of osteoclastic
markers (tartrate-resistant acid phosphatase: TRAP and
cathepsin K) and osteoblastic marker (insulin-like growth
factor-1: IGF-I) were investigated using reverse—tran-
seription (RT)-PCR. Furthermore, the mRNA expres-
sion of metallothionein (MT), which is a metal-binding—
protein that protects the organism from heavy metal
(Hamer, 1986; Klaassen et al., 1999), was also examined
using RT-PCR.

MATERIALS AND METHODS

Animals

Our previous study (Suzuki et «al., 2000) indicated
that the sensitivity for calcemic hormone such as estro-
gen and calcitonin was higher in mature female than
mature male in goldfish (Carassius auratus). Therefore,
mature female goldfish (n=12, 35.50 = 1.30 g) were pur-
chased from commercial source (Higashikawa Fish Farm,
Yamatokoriyama, Japan) and used in the scale in vitro
assay. All experimental procedures were conducted in
accordance with the Guide for the Care and Use of
Laboratory Animals of Kanazawa University.

Effect of HgCl, on TRAP and ALP activities in the
cultured scales of goldfish

A 1% penicillin-streptomycin  mixture  (ICN
Biomedicals Inc., OH, USA) was added to Eagle’s mini-
mum essential medium (MEM; ICN Biomedicals Inc.).
HEPES (Research Organics Inc., OH, USA) (20 mM) was
added into MEM and adjusted to pH 7.0. After filtration,
MEM was used in this experiment for analyzing the
effect of HgCl, on TRAP and ALP activities in the cultured
goldfish scales. Scales collected from goldfish under
anesthesia with ethyl 3—aminobenzoate, methanesulfonic
acid salt (MS-222, Sigma-Aldrich, Inc., MO, USA) and
incubated for 6 hrs in MEM supplemented with 10°-10"'M
HgCl, (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) and compared with control (HgCl~free medium).

To evaluate the effect of HgCl, on osteoclasts and oste-
oblasts, furthermore, scales were incubated with HgClL
(107,107, 107, and 107*M) for comparatively longer expo-
sure times, namely 18, 36, and 64 hrs. After incubation,
scales were fixed in 10% formalin in a 0.05 M cacodylate
buffer (pH 7.4) followed by a storage in a 0.05M
cacodylate buffer at 4 °C until analysis.

The measurement methods of TRAP and ALP activi-
ties have been described by Suzuki and Hattori (2002).
We detected the respective enzyme activity from one
scale by transferring each scale into a 86-well-micro-
plate and directly incubating it with the substrate in
each well. The procedure of TRAP measurement was as
follows. Each scale was transferred to its own well in a
96-well microplate after measurement of the scale
weight. An aliquot of 200 2l of 10 mM para-nitrophenyl-
phosphate and 20 mM tartrate in a 0.1 M sodium acetate
buffer (pH 5.3) was added to each well. This plate was
then incubated at 20 °C for 30 min while being shaken.
After incubation, the reaction was stopped by adding
50zl of 2N NaOH. One hundred and [ifty gl of a colored
solution was transferred to a new plate, and the absorb-
ance was measured at 405 nm. The absorbance was con-
verted into the amount of produced para-nitrophenol
(pNP) using a standard curve for pNP. The results are
shown as means = SEM of eight scales.

ALP activities were measured using an alkaline buffer
(100M Tris-HCI, pH 9.5; 1 mM MgClL; 0.1 mM ZnCL).
Other conditions were the same as those for the meas-
urement of TRAP activity.

Changes of TRAP, cathepsin K, IGF-I, and MT
mRNA expression in HgCl,-treated scales for
18 hrs of culture

Scales were collected from goldfish under anesthesia
with MS-222. To examine changes in TRAP, cathepsin K|
IGF-1, and MT mRNAs that responded to HgCL, these
scales were incubated for 18 hrs in MEM (containing
antibiotic and 20 mM HEPES) supplemented with HgCl,
(107 M) and compared with the control (without metals).
We previously reported that IGF-I mRNA expression
decreased at 18 hrs of incubation (Suzuki and Hattori,
2003). Therefore, this incubation period was adopted.
After incubation, the scales were frozen at —80°C for
mRNA analysis.

Total RNAs were prepared from the goldfish scales
using a total RNA isolation kit (Nippon Gene, Tokyo,
Japan). RT-PCR was performed using Oligotex—dT 30
Super (Takara Bio Inc., Otsu, Japan) as an oligo dT primer
to prevent genomic DNA contamination (Suzuki ef «al.,
1997). The gene-specific primers (TRAP 5" AACTTC-

CGCATTCCTCGAACAG; TRAP 3"
GGCCAGCCACCAGGAGATAA; cathepsin K 5 GCTAT-
GGAGCCACACCAAAAGG; cathepsin K 3

CTGCGCTTCCAGCTCTCACAT) reported by Azuma et
al. (2007) were used. IGF-I and MT ¢DNAs were also

amplified using gene specific primers GF-I 5
GGAGACGCTGTGCGGG; IGF-1 3"
CCTCAGCTCACAGCTCTG; MT B
ATGGATCCGTGCGAATGC; MT e
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CTCCTCATTGACAGCAGCT). These were designed from
the nucleotide sequences of respective ¢cDNA (IGF-I
Kermourd et al., 1998; MT: Chan, 1994). S-actin ¢cDNA
using a primer set (5:CACTGTGCCCATCTACGAG; 3*
CCATCTCCTGCTCGAAGTC) (Chan et ai., 1998) were
also amplified. The conditions for PCR amplification were
denaturation for 0.5 min at 96 °C, annealing for 1 min at
55°C, and extension for 2min at 72 °C, followed by a
single cvele at 72 °C for 30min. The cycle numbers for
the amplification in TRAP, cathepsin K, IGF-I, MT, and
B-actin ¢cDNAs were determined by ensuring that PCR
amplification was at submaximum and the intensity of
the band corresponded exactly to the amount of starting
material. The PCOR products were analyzed on a 2.5%
NuSive GTG agarose gel (FMC BioProducts, ME, USA)
and stained with ethidium bromide. The band densities
were estimated using a computer program (NIH Image
J). The mRNA levels of TRAP, cathepsin K, IGF-I and

TRAP activity
nmol pNP produced x (mg scale x hr)?

centrol 10 107 10¢ 10°¢ 1ot 167

Conc. of HgCl, (M)

Fig. 1. Effect of HgCl (107 to 107M) onn TRAP activity in the
cultured scales incubated for 6 hrs, #%, *** indicate sta
tistically significant differences at P<0.01 and P<0.001,
respectively, from the value in the control seales.

D control 10°M E 1M
Dwsy B oM

nmol pNP produced x (ing scale x hr)!

TRAP activity

18h 36h

64h

Fig. 2. Effect of HgCl (107 1o 107°M) on TRAD activity in the
cultured scales incubated for 18, 36, and 64 hrs. ** indi-
cates statistically significant difference at P<G.01 from
the values in the contrel seales,

MT were norivalized to the mRNA level of S-actin.

Statistical analysis

The statistical significance was assessed by one-way
ANOVA followed by Dunnett test. The significance level
chosen was as P<0.05.

RESULTS

Effect of HgCl, on TRAP activity in the cultured
scales of goldfish

HgCl, was significantly decreased the TRAP activi-
ties of the scales by 6 hrs of incubation (#<0.01 for 107
M; P<0.001 for 10 *and 10'M) (Fig. 1}. Thus, increased
doses of HgCL, resulted in greater effects on decreasing
TRAP activities dose~dependently.

By the long incubation time period (18 to 64 hrs),
only at 107'M, significant difference (P<0.01) between
HgCl~treated scales and control scales was obtained by

w3
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Fig. 3. Eifect of HgCL (107 to 10°M) onn ALP activity in the cul-
les incubated for 6 hrs, There was no significant
e between HgCletreated geales and control

tured se
diffore
scales.
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ALP activity
nmol pNP produced x (mg scale x hr)!
1

18h 36h

Fig. 4

indicate statistically significant diffe :
P<0.01 and P<0.001, respectively, fron: the values in the
control scales,
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18 hrs of incubation (Fig. 2).

Effect of HgCl, on ALP activity in the cultured
scales of goldfish

The ALP activity of the control scales by 6hrs of

incubation was 533 = 0.41 (nmol produced pNP/mg
scale/hr) which did not show any difference with HgCl -
treated groups (107 to 10°M) (Fig. 8). Thus, the ALP
activity did not change during 6 hrs of incubation with
HgCl, compared to the control,

However, the ALP activity in the HgCL~treated scales
decreased significantly by 36hrs (P<0.05 for 10 "M,
10°M or 10°M) and 64 hrs (P<0.05 far 10°M; P<0.01
for 10"M and P<0.001 for 107M) of incubation from the
values of the control scales although it did not change ai
18 hrs of incubation (Fig. 4).

Changes of TRAP, cathepsin K, IGF-I, and MT
mRNA expression in HgCl~treated scales

After 18 hrs of incubation, the mRNA expressions of

TRAP, cathepsin K and IGIP-I in HgCl~treated scales
were significantly (P<0.001 for TRAP; P<0.001 for cathe-
psin K and £<0.001 for IGF-T) lower than those in the
control scales (Fig. 5). Conversely, the mRNA expression
was significantly (P<0.001) increased for MT when
treated with HgCl, (Fig. 5).
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Fig. 5. Changes in the mRNA expression of TRAP, cathepsin K,
LGF-1, and MT in HgCL (107M)-treated scales ol gold-
fish incubated for 18 hrs of culture. *#* indicates s
tically significant difference at P<0.001 from the vahies
in the control scales.

altis-

DISCUSSION

The present study demonstrated that fish scale sen-
sitively responded to HgCL. A high co-relation of mer-
cury hetween scales and muscles was reported in large-
mouth bass (Lake et al., 2006). This indicates that accu-
mudation of mercury is occurred in the fish scale although
mercury did not accumulate in the vertebral bone of fish
(Camusso el al., 1995). It is also well-known that the
scale is a more active tissue in fish calcium regulation
than vertebral bone (Mugiyva and Watabe, 1977; Yamada,

1961; Berg, 1968; Bereiter-Hahn and Zylberberg, 1993).
Therefore, we strongly believe that the fish scale is capa-
ble to accurnulate mercury and respond to mercury simi-
larly like calcium.

In mamunals, the influence of mercury on bone metab-
olisin has been studied only by in vévo experiments and
investigated it bone formation or osteoblastic activity
(Yonaga et al., 1985; Jin ef al., 2002). Mercury inhibited
the growth of tibia in rats (Yonaga ef al., 1985) and
decreased serum levels of osteoblastic markers (ALP and
osteocalein) (Jin et al., 2002). In our knowledge, our
study is the first to indicate divect effect ol inorganic
mercury on osteoclasts. The inhibitory action of HgClL
on osteoclasts after 6 hrs incubation was stronger than
that of 18 1o 64 hrs incubation. As for organic merc
similar results were obtained in our scale assay gys
(Suzukier al., 2004). Furthermore, we recently succeed
to clone osteoclastic markers: TRAP and cathepsin K in
fish for the first time (Azuma et al., 2007) and examined
mRNA expressions of these markers in the HgCl ~treated
scales. In the present study, we confirmed that the both
mRNA expressions of TRAP and cathepsin K decreased
as TRAP enzyme activity did.

It was found that the mRNA expression of MT in
HgCl~treated scales increased in the present study.
This result is similar to that in mamunals because it has
been demonstrated that MT plays a protective role in
mercury-induced toxicity in bone (Jin et al., 2002). Fish
are agquatic animals with scales that are always exposed
to environmental water. In an in vitro experiment for 6
and 18 hrs of incubation, therefore, osteoblasts may be
resistant to mereury as a result of MT production. On
the other hand, IGF-I mRNA expression decreased com-
pared to the control. As IGF-I parficipates in osteoblas-
tic growth and differentiation, we speculated that mer-
cury has toxic effect on osteoblasts under long-term
exposure.

We previously demonstrated that the osteogenesis
of regenerating scale is very similar to that of mamma-
lian membrane bone and a good model of osteogenesis
(Yoshikubo e al., 2005). Using this system, further-
more, we first demonstrated that caleitonin, a hypocal-
cemic hormone, suppressed osteoclastic activity in tele-
osts as well ag in mammals (Suzuki ef af., 2000) and that
melatonin, a major hormone secreted from the pineal
gland, suppressed the functions in both osteoclasts and
osteoblasts (Suzuki and Hattori, 2002). Osteoblasts in
the scale responded to estrogen as they do in manmumals
(Yoshikubo et @l., 2005). In addition, the effects of endo-
crine disrupters, such as bisphenol-A (Suzuki and Hattord,
2003 and tributyltin (Suzuki @ al., 2006), and heavy
metals, i.e., cadmium and organic mercury (Suzuki ef af .,
2004), on osteoblasts and osteoclasts have been exam-
ined. Moreover, we indicated that cadmium (even at
10°%M) responded to TRAP activity in the scale (Suzuki
et al., 2004). Considering these results together with
present data, our scale assay system will be useful for
analysis of environmental contaminant on bone metabo-
lism.
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The effect of fugu parathyroid hormone 1 (fugu PTH1) on osteoblasts and osteoclasts in teleosts was examined
with an assay system using teleost scale and the following markers: alkaline phosphatase (ALP) for osteo-
blasts and tartrate-resistant acid phosphatase (TRAP) for osteoclasts. Synthetic fugu PTH1 (1-34) (100 pg/
ml-10 ng/ml) significantly increased ALP activity at 6 h of incubation. High-dose (10 ng/ml) fugu PTH1
significantly increased ALP activity even after 18 h of incubation. In the case of TRAP activity, fugu PTH1 did
not change at 6 h of incubation, but fugu PTH1 (100 pg/ml-10 ng/ml) significantly increased TRAP activity at
18 h. Similar results were obtained for human PTH (1-34), but there was an even greater response with fugu
PTH1 than with human PTH. In vitro, we demonstrated that both the receptor activator of the NF-«B ligand in
osteoblasts and the receptor activator NF-kB mRNA expression in osteoclasts increased significantly by fugu
PTH1 treatment. In an in vivo experiment, fugu PTH1 induced hypercalcemia resulted from the increase of
both osteoblastic and osteoclastic activities in the scale as well as the decrease of scale calcium contents after
fugu PTH1 injection. In addition, an in vitro experiment with intramuscular autotransplanted scale indicated
that the ratio of multinucleated osteoclasts/mononucleated osteoclasts in PTH-treated scales was significantly
higher than that in the control scales. Thus, we concluded that PTH acts on osteoblasts and osteoclasts in the
scales and regulates calcium metabolism in goldfish.

© 2011 Elsevier Inc. All rights reserved.

Introduction

amphibian [1]. Recently, the PTH gene has been discovered in Fugu
rubripes, and 80 amino acids of the protein-coding region were

Parathyroid hormone (PTH) increases plasma calcium level in
mammals and is secreted from the parathyroid gland in all tetrapods,
but not in fish. The first animal to evolve parathyroid glands is the

* Corresponding author. Fax: +81 768 74 1644.
E-mail address: nobuos@staff kanazawa-u.acjp (N. Suzuki).

8756-3282/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bone.2011.02.004

determined |2]. Fugu PTH1 as well as human PTH specifically bound to
the human parathyroid hormone receptor (PTHR) and promoted
cyclic AMP formation in a mammalian cell line [2]. In addition, it was
found that zebrafish had two PTHs [3] and that zebrafish PTH1 and
zebrafish PTH2 mRNAs and PTH1 protein were detected in the
neuromasts of the lateral line and in the central nervous system
during embryogenesis [4]. These results suggest that PTH synthesized
in the neural tissues has a physiological significant role in teleosts.
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The teleost scale is a calcified tissue that contains osteoblasts and
osteoclasts [ 5-7]. The scales are a functional internal calcium reservoir
during periods of increased calcium demand, such as sexual matu-
ration and starvation [5,7-11]. In the scale, as in mammalian bone,
type I collagen [12], bone y-carboxyglutamic acid protein [13], osteo-
nectin [14,15], and hydroxyapatite [16] are present. Thus, the teleost
scale has a number of features in common with mammalian mem-
branous bone.

Recently, we developed a new in vitro assay system using fish scale
[17,18], which can be used to detect the activities of scale osteoblasts
and osteoclasts simultaneously using the alkaline phosphatase (ALP)
and the tartrate-resistant acid phosphatase (TRAP) assay, respective-
ly. This assay is an original assay system to detect the respective
enzyme activity from a single scale by transferring each scale to a
96-well microplate. These markers (TRAP and ALP) have been shown
to be affected by a number of hormones and other factors in osteo-
clasts and osteoblasts [19-21] in mammals. In the scales of carp, de
Vrieze et al. [22] also demonstrated that ALP and TRAP are valid
markers for osteoblasts and osteoclasts, respectively.

Using this system, we demonstrated that calcitonin suppressed
osteoclastic activity in scale osteoclasts as it does in mammalian
osteoclasts [17]. Moreover, we were the first to find that melatonin, a
major hormonal product of the pineal gland, functioned negatively in
both osteoclasts and osteoblasts [ 18]. The action of melatonin on bone
has also subsequently been reported in in vivo studies in the rat [23].
Moreover, we indicated that osteogenesis in the regenerating scale
is very similar to that seen in mammalian membranous bone and
that regenerating scales have estrogen receptors which respond to
estrogen in the same manner as mammalian osteoblasts [24]. Persson
et al [25] reported that estrogen specific binding was detected in the
scales of rainbow trout. We suggest that this fish scale culture system
is useful for the evaluation of the effect of PTH on bone.

In the present study, we examined the effect of fugu PTH1 on
goldfish scale osteoblastic and osteoclastic activities and compared
the actions of fugu PTH1 with those of human PTH. To confirm the
effect of fugu PTH1 on plasma calcium and the scale (osteoblasts and
osteoclasts), in vivo experiments were carried out. In teleosts, three
types of receptors for PTH have been identified [26] and it has been
reported that zebrafish PTH1 binds to both PTHIR and PTH3R [3]. In
order to confirm that PTH's action on the scales of goldfish was via
the PTH receptors, we established their presence in the scales by
reverse transcription-polymerase chain reaction (RT-PCR) with
primers based on the conserved regions for both mammalian and
zebrafish PTHR sequences. In addition, expression analyses of both the
receptor activator of NF-<B (RANK) and the receptor activator of the
NF-xB ligand (RANKL) in the fugu PTH1-treated scales were
performed because the RANK-RANKL pathway is necessary for
osteoclast differentiation [27-29]. Moreover, the induction of mono-
nucleated osteoclasts to multinucleated osteoclasts was investigated
using goldfish scales autotransplanted to muscle.

Materials and methods
Animals

A previous study |17] indicated that the sensitivity for calcemic
hormones was higher in mature female than in mature male teleosts.
Therefore, female goldfish (Carassius auratus) (30-40g) were
purchased and used for all of the in vitro experiments and mRNA
expression analyses. To examine the effect of fugu PTH1 on the
calcium metabolism, immature goldfish (4-6g), in which the
endogenous effects of sex steroids are negligible, were used for the
in vivo study.

All experimental procedures were conducted in accordance with
the Guide for the Care and Use of Laboratory Animals prepared by
Kanazawa University.

Effects of fugu PTH1 (1-34) and human PTH (1-34) on ALP and TRAP
activities in the cultured scales of goldfish

A 1% penicillin-streptomycin mixture (ICN Biomedicals Inc., OH,
USA) was added to Eagle's modified minimum essential medium
(MEM; ICN Biomedicals, Inc.). HEPES (Research Organics Inc., OH, USA)
(20 mM) was added to MEM and adjusted to pH 7.0. After filtration,
MEM was used in the experiments. Scales were collected from goldfish
under anesthesia with ethyl 3-aminobenzoate, methanesulfonic acid
salt (Sigma-Aldrich, Inc., MO, USA) and incubated for 6 and 18 h in
MEM supplemented with: 1) fugu PTH1 (1-34) (1 pg/ml-10 ng/ml);
2) human PTH (1-34) (Bachem AG, Bubendorf, Switzerland) (1 pg/ml-
10 ng/ml); 3) a PTH-free medium as a control. Fugu PTH1 synthesis
was carried out as described previously [2]. After incubation, ALP and
TRAP activities were measured using the same methods described in
Suzuki and Hattori [ 18]. The results are shown as means 4+ SEM (n=8).
The value of EC50 was calculated using SigmaPlot software (Systat
Software Inc.).

Effects of fugu PTH1 (1-34) on scale ALP and TRAP activities, plasma
calcium level, and scale calcium content in the goldfish (in vivo
experiment)

In the experimental group, goldfish (body weight: 4-7 g) were
anesthetized in the same manner as above and then fugu PTH1
(500 ng/g body weight) was injected intraperitoneally. The goldfish in
the control group were injected with saline (0.9% NaCl) in the same
manner as experimental goldfish. These goldfish were kept in the
aquarium for 1, 2, 3, and 4 days (each n=10). During the experi-
mental periods, these goldfish were fasted to exclude intestinal
calcium uptake from diets. Each day after injection, blood samples
were collected from the gill using a heparinized capillary from
individual, anesthetized goldfish. After centrifugation at 15,000 rpm
for 3 min, the plasma was immediately frozen and kept at —80 °C
until use. The plasma total calcium level (mM) was determined using
an assay kit (Calcium C, Wako Pure Chemical Industries, Ltd., Osaka,
Japan). At the highest plasma calcium level in goldfish after PTH
injection, we measured the ALP and TRAP activity and calcium content
in the scale. The scale calcium content (milligram per dry weight (mg)
of scale) was determined using the Calcium C kit (Wako) after the
scale was dissolved in nitric acid and then neutralized by NaOH.

Cloning of PTHR cDNA from the goldfish scales by RT-PCR

Total RNA was prepared from goldfish scales using a total RNA
isolation kit (Nippon Gene, Tokyo, Japan). RT-PCR was performed
using Oligotex-dT 30 Super (Takara Bio, Inc., Otsu, Japan) as an oligo
dT primer to prevent genomic DNA contamination [30]. The primers
were designed on the basis of mammalian PTHRs (mouse PTH1R:
P41593; mouse PTH2R: Q91V95; human PTH1R: NP_000307; human
PTH2R: NP_005039); and zebrafish (PTH1R: AF132084; PTH2R:
AF132082; PTH3R: AF132085). The primer sequences were sense-1:
5'-TAYRTNTAYGAYTTYAAYCAY-3’; sense-2: 5'-CAYTGYACNMG-
NAAYTAYATHCAY-3'; antisense-1: 5'-GYYTGNACYTCNCCRTTRCA-3';
and antisense-2: 5'-ACYTCNCCRTTRCARWARCARTA-3'". The first and
second PCR (first PCR: sense-1/antisense-1 primer set; second PCR
sense-2/antisense-2 primer set) were performed using Taq polymer-
ase (Nippon Gene). The PCR parameters were 35 cycles of denatur-
ation for 0.5 min at 96 °C, annealing for 1 min at 45 °C, and extension
for 2 min at 72 °C, followed by a single cycle at 72 °C for 30 min. PCR
products obtained by the nested PCR were gel-purified and cloned
into pT7blue-T vector (EMD Biosciences, Inc., Novagen Brand, WI,
USA). Inserts were sequenced by an automated DNA sequencer (3100
type, Applied Biosystems, CA, USA).
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Comparison of PTHIR and PTH2R mRNA expression in the scales

Total RNA was prepared from goldfish scales using a total RNA
isolation kit for fibrous tissue and complementary DNA synthesis was
performed (RNase Easy Fibrous Mini-Kit, Qiagen GmbH, Hilden,
Germany). The PCR amplification was analyzed with a real-time PCR
apparatus (Mx3000p™, Stratagene, CA, USA) using the primers for
PTH1R (sense: 5'-GCCACTCTTGCTGACACCGAGT-3’; antisense: 5'-
ATCTGGATTTGCCACGGCACCC-3") and for PTH2R (sense: 5'-
GGCAACGCTGGCGGATGTAA-3’; antisense: 5'-TGTGTCGTATCGCCCCG-
CAT-3').The annealing temperature of PTH1R and PTH2R was 60 °C. The
detailed conditions of PCR were described in our previous study [31].

To confirm the expression level of PTHIR and PTH2R in the
goldfish scales, we used a different method in which the PCR
conditions for each receptor cDNA would be specifically amplified
using the primers for PTHIR (sense: 5-AATGGAGAGCATCACTGTG-
GAAG-3'; antisense: 5'-ACGGCACCCCAGACACTTCT-3') and for PTH2R
(sense: 5'-CAACATCAGCACCGTCTCCATT-3'; antisense: 5'-CCCAGGC-
CAGACCTGTGAA-3'). Amplification of 3-actin cDNA used the primer
set: sense: 5-CACTGTGCCCATCTACGAG-3'; antisense: 5'-CCATCTCC-
TGCTCGAAGTC-3' [32]. The conditions for PCR amplification were
denaturation for 0.5 min at 96 °C, annealing for 1 min at 60 °C, and
extension for 2 min at 72 °C followed by a single cycle at 72 °C for
30 min. The PCR products were analyzed on a 2.5% NuSive GTG
agarose gel (FMC BioProducts, ME, USA) and stained with ethidium
bromide. The band densities were estimated using a computer
program (NIH Image ]).

Expression analyses of RANK and RANKL mRNAs in fugu PTHI1
(1-34)-treated scales

Scales collected from goldfish under anesthesia as described above
and incubated for 6 and 18 h in MEM supplemented with fugu PTH1
(10 ng/ml) and a PTH-free medium as a control. After incubation, the
scales were immediately frozen and kept at —80 °C until use.

Total RNA was prepared from goldfish scales using the method set
out above and complementary DNA was synthesized. The primers
(RANK-sense:5’-AAGTGGACAGATTGTAAAGCTAT-3’; RANK-antisense:
5'-GCCACCTGATGAGGTTTCAGCAC-3’; RANKL-sense: 5'-GCGCT-
TACCTGCGGAATCATATC-3’; RANKL-antisense: 5’-AAGTGCAACA-
GAATCGCCACAC-3') were designed using the zebrafish RANK
sequence (Accession no. XM_001918948) and the RANKL sequence in
goldfish (Accession no. AB459540). The PCR amplification was
analyzed by a real-time PCR apparatus (Stratagene). Amplification of
3-actin was performed using primers (sense: 5-CGAGCGTGGCTA-
CAGCTTCA-3’ ; antisense: 5'-GCCCGTCAGGGAGCTCATAG-3') [33]. The
PCR amplification was analyzed by real-time PCR. The detailed con-
ditions of PCR were described in our previous study [31]. The annealing
temperature of RANK, RANKL, and (3-actin was 60 °C. The RANK and
RANKL mRNA levels were normalized to the 3-actin mRNA level.

Effect of fugu PTH1(1-34) on the differentiation of mononucleated
osteoclasts into multinucleated osteoclasts using the intramuscular
autotransplanted scales

Goldfish were anesthetized and to induce mononucleated osteo-
clasts into the surface of the scale, the scales collected from goldfish
were intramuscularly autotransplanted [34]. Thereafter, the goldfish
were kept in tap water containing an antibiotic (Green F Gold, Sanei
Co., Ltd., Tokyo, Japan) at 25 °C for 3 days. The goldfish were again
anesthetized. The implanted scales were taken out and cut into two
pieces. The half was put into each well of a microplate and pre-
incubated with MEM for 6 h. One piece of scale was then incubated
with fugu PTH1 (10 ng/ml), and the other piece was incubated
without hormone. After the incubation, the pieces of the scales were
fixed in 10% formalin in a 0.05 M cacodylate buffer (pH 7.4). TRAP

staining of the scales was performed by the methods of Cole and
Walters [35]. After TRAP staining, the specimens were counterstained
with 4', 6-diamino-2-phenylindole (DAPI) (Molecular Probes, Inc.,
Eugene, OR, USA). Then, the numbers of mono- and multinucleated
osteoclasts were counted.

To examine the fine structure of multinucleated osteoclasts, the
fugu PTH1-treated scales were fixed with 2.5% glutaraldehyde
(Nacalai Tesque, Inc., Kyoto, Japan) in a 0.1 M cacodylate buffer at
pH 7.4 for 1 h. After fixation, the specimens were decalcified with 5%
EDTA for 3 days. Following post-fixation with 1% osmium tetroxide
(Merck KGaA, Darmstadt, Germany), the specimens were dehydrated
and embedded in Epon 812 (TAAB Laboratories, Berks, U.K.). Ultrathin
sections were obtained from the Epon blocks and stained with uranyl
acetate and lead citrate. These sections were observed under an
electron microscope (H-500, Hitachi, Tokyo, Japan) operated at
100 kV.

Statistical analysis

In the experiments involving RT-PCR and osteoclast differentiation
with intramuscular autotransplanted scale, the data were analyzed
using the paired t-test. In other experiments, statistical significance
was analyzed by one- or two-way ANOVA followed by the Dunnett
test. The significance level was P<0.05.

Results

Effects of fugu PTH1 (1-34) and human PTH (1-34) on ALP and TRAP
activities in the cultured scales of goldfish

Fugu PTH1 (100 pg/ml-10 ng/ml) significantly increased ALP
activity in 6 h incubations (Fig. 1A). After 18 h of incubation, the ALP
activity remained significantly increased only at 10 ng/ml (Fig. 1B).

ALP activity was also increased by human PTH with 6 h of incu-
bation; however, by two-way ANOVA analysis, there was a signifi-
cantly greater (P<0.05) response with fugu PTH1 than with human
PTH at 6 h of incubation (Fig. 1A). The EC50 values of fugu PTH1 and
human PTH were 18 and 76 (pg/ml), respectively. After 18 h of incu-
bation, the activation of ALP remained high only at the 10 ng/ml dose
of both fugu PTH1 and human PTH (Fig. 1B).

Neither fugu nor human PTH treatment altered TRAP activity after
6 h incubation (Fig. 2A), but, at 18 h TRAP activity increased in scales
treated with either PTH (Fig. 2B), with fugu PTH1 being more potent
than human PTH.

Effects of fugu PTH1 (1-34) on scale ALP and TRAP activities, plasma
calcium level, and scale calcium content in the goldfish (in vivo
experiment)

After a single injection of fugu PTH1 into immature goldfish, the
plasma calcium level increased for 1-3 days, with the highest level at
day 2 after injection (Fig. 3A). At that time, the scale calcium content
was decreased significantly (Fig. 3B), and both ALP and TRAP activities
in the scale were significantly increased (Fig. 3C and D).

Partial amino acid sequences of goldfish PTHRs

Sequence analysis indicated that there were two different cDNA
fragments amplified. One fragment had a high degree (96.6%) of
amino acid identity to zebrafish PTH1R (AF132084), while the identity
of the other fragment to zebrafish PTH2R (AF132082) was 84.8%. The
amino acid sequence identity of both fragments to zebrafish PTHR3
(AF132085) was 60.3% and 50.0%, respectively. Therefore, it was
concluded that these goldfish fragments are goldfish PTHIR
(AB497045) and PTH2R (AB497046), respectively.
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Fig. 1. Effects of fugu PTH1 and human PTH on ALP activity in cultured goldfish scales after 6 h (A) and 18 h (B) of incubation. * and ** indicate statistically significant differences at
P<0.05 and P<0.01, respectively, from the values in the control scales. ALP activity was calculated as nanomole pNP produced per milligram scale per hour (n=8).

Comparison of PTHIR and PTH2R mRNA expressions in the scales

Since it appeared from semi-quantitative PCR that PTHIR was
more abundant than PTH2R, we carried out quantitative RT-PCR. The
band strength of RT-PCR indicated that expression of PTHIR mRNA in
the scale was greater than that of PTH2R mRNA (Fig. 4).

Expression analyses of RANK and RANKL mRNAs in fugu PTH1
(1-34)-treated scales

Fig. 5 shows RANK and RANKL mRNA expression with and without
fugu PTH1 treatment. After 6 h incubation of goldfish scales in vitro,
RANK mRNA expression in fugu PTH-treated scales was significantly
increased compared with control (Fig. 5), and this difference was
further enhanced at the 18 h incubation time point. RANKL mRNA
expression in the PTH-treated scales increased significantly and to
approximately the same extent at both 6 and 18 h of incubation.
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Effect of fugu PTH1 (1-34) on the differentiation of mononucleated
osteoclasts into multinucleated osteoclasts using the intramuscular
autotransplanted scales

Mononucleated osteoclasts were induced on the surface of the
scales at 3 days after intramuscular autotransplantation of the
goldfish scales. Using these scales, an in vitro experiment was per-
formed. After 24 and 48 h of incubation, the ratio of multinucleated
osteoclasts/mononucleated osteoclasts in PTH-treated scales was
significantly higher than that in the control scales (Fig. 6A). The
number of mono- and multinucleated osteoclasts in the fugu PTH1-
treated scales was significantly higher than that in the control scales
at both 24 and 48 h (Fig. 6B). Results of TRAP staining in the PTH-
treated scale and control scale are indicated in Fig. 7. The edges of the
PTH-treated scale were strongly stained by TRAP. Typical mono- and
multi-nucleated osteoclasts in the edges of the scales are indicated in
Fig. 8. In addition, the fine structure of the multinucleated osteoclasts
is shown in Fig. 9. The multinucleated osteoclasts had several nuclei,
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Fig. 2. Effects of fugu PTH1 and human PTH on TRAP activity in cultured goldfish scales after 6 h (A) and 18 h (B) of incubation. * and ** indicate statistically significant differences at
P<0.05 and P<0.01, respectively, from the values in the control scales. TRAP activity was calculated as nanomole pNP produced per milligram scale per hour (n=8).
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Fig. 3. Effects of fugu PTH1 on plasma calcium (mM) (A), scale calcium content (milligram per dry weight (mg) of scale) (B), scale ALP (C) and TRAP (D) activities (nanomole pNP
produced per milligram scale per hour) in an in vivo experiment using immature goldfish. *, **, and *** indicate statistically significant differences at P<0.05, P<0.01, and P<0.001,

respectively, from the values in the control. The graph shows the means & SEM (n=10).

aruffled border, a clear zone, abundant mitochondria, and perinuclear
Golgi complexes and were very similar to the mammalian multinu-
cleated osteoclasts.

Discussion

Using an in vitro assay system with goldfish scales, we have shown
that fugu PTH1 (1-34) increased both ALP and TRAP activities in the
scales. The in vitro data were supported by our in vivo findings, in
which hypercalcemia was induced by fugu PTH and was associated
with a decline of scale calcium content, consistent with mobilization
of scale calcium. In addition, we have shown that the ratio of multi-
nucleated osteoclasts/mononucleated osteoclasts in PTH-treated
scales was significantly higher than that in the control scales using
intramuscular autotransplanted scales in vitro. The osteoclasts in the
goldfish scale were found to be almost identical to mammalian
osteoclasts, judging from their electron microscopic appearance. In
teleosts, thus, PTH appears to act directly on the scales and may
influence the plasma calcium level through those cellular actions, as is
the case in mammalian bone.
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Fig. 4. Comparison of PTH1R and PTH2R mRNA expressions in goldfish scales. In the
RT-PCR analysis, the PTH1R and PTH2R mRNA levels were normalized to the [>-actin
mRNA level (n=8). *** indicates statistically significant difference at P<0.001 between
the values of PTH1R and PTH2R.

In the reproductive period of female teleosts, the plasma calcium
level increases remarkably [36-38]. This calcium is bound to
vitellogenin, which is a major component of egg protein and a
calcium-binding protein [39,40]. In this period, calcitonin, which has a
hypocalcemic action through inhibiting scale osteoclasts, plays an
important role. In fact, the plasma calcitonin level of female teleost
increases in the reproductive period [38,41]. Using an in vitro assay
system, we found that goldfish calcitonin suppressed osteoclastic
activity in the goldfish scales [17]. In our present in vivo study,
hypercalcemia was induced by fugu PTH1 injection. In the vitello-
genesis of female teleosts, we believe that PTH functions to remove
calcium from the scales. However, there is no data concerning the
involvement of PTH in bone metabolism in fish during reproductive
seasons. Further work to follow up this study will include examining
PTH and PTHR mRNA expressions in the scales during reproduction,
and, thereby, elucidating the physiological role of PTH in teleosts.

In mammals, RANKL produced by cells in the osteoblast lineage
binds to RANK in mononuclear hemopoietic precursors and promotes
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Fig. 5. Expression analysis of RANK and RANKL mRNAs in the fugu PTH1 (10 ng/ml)-
treated scale. The RANK and RANKL mRNA levels were normalized to the [3-actin mRNA
level. * and ** indicate statistically significant differences at P<0.05 and P<0.01,
respectively, from the values in the control scales (n=38).
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Fig. 6. Relative ratio of multinucleated osteoclasts/mononucleated osteoclasts (A) and number of mono- and multinucleated osteoclasts (B) in the fugu PTH1-treated scales. At 3 days
after intramuscular autotransplantation, the scales were removed and cut into half. After pre-incubation with a PTH-free culture medium for 6 h, one half of the scale was cultured for
24 and 48 h with fugu PTH1 (10 ng/ml) and then fixed and stained for TRAP. The other half was cultured for 24 and 48 h without fugu PTH1 and then fixed and stained for TRAP. After
4' 6-diamino-2-phenylindole (DAPI) staining, the number of mono- and multinucleated osteoclasts was counted. * and ** indicate statistically significant differences at P<0.05 and

P<0.01, respectively, from the values in the control scales (n=8).

the formation and activity of multinucleated osteoclasts [27]. In
mammals, PTH1R is located in the osteoblast lineage and increases
osteoclastic formation and activity via the RANK-RANKL pathway
[27-29]. Our present data demonstrates that fugu PTH1 can increase
osteoblastic activity and then activate osteoclasts in the goldfish scale.
The increased RANKL mRNA in response to PTH treatment in scales
(Fig. 5) most likely reflects an action of PTH on the osteoblasts of
scales whereas the increased RANK production is the result of
increased osteoclast generation, as confirmed in Figs 6-9. Since
PTH1R is mainly expressed in the scale, this hormone seems likely to
bind to PTH1R in osteoblasts as well as in mammals.

PTH48hr  Cont. 48hr

—lmm

Fig. 7. The whole mount TRAP staining of the intramuscular autotransplanted scale. At
3 days after intramuscular autotransplantation, the scales were removed and bisected.
After pre-incubation with a PTH-free culture medium for 6 h, one half of the scale was
cultured for 48 h with fugu PTH1 (10 ng/ml) and the other half was cultured for 48 h
without fugu PTH1. Both halves were fixed and stained for TRAP.

In the present study, we cloned both PTH1R and PTH2R cDNAs
from the goldfish scales and found a greater abundance of PTH1R than
PTH2R. A ligand of PTH2R is a tuberoinfundibular peptide (TIP)
isolated from bovine hypothalamus [42,43]. As both TIP and PTH2R
are strongly expressed in the hypothalamus, it was considered that
TIP acts on the nervous system in mammals [43,44]. In tilapia,

Fig. 8. Microscopic views of autotransplanted scales stained for TRAP (A) and TRAP-
DAPI (B). At 3 days after intramuscular autotransplantation, the scales were removed
and bisected. After pre-incubation with a PTH-free culture medium for 6 h, one half of
the scales were cultured for 48 h with fugu PTH1 (10 ng/ml) and subsequently fixed
and stained for TRAP and counterstained with 4',6-diamino-2-phenylindole (DAPI).
Arrow heads: mononucleated osteoclasts. Arrows: multinucleated osteoclasts.

- 210 -



1192 N. Suzuki et al. / Bone 48 (2011) 1186-1193

Fig. 9. Fine structure of a multinucleated osteoclast in the fugu PTH1-treated scales. At
3 days after intramuscular autotransplantation, the intramuscular autotransplanted
scales were removed and cut into half. After pre-incubation with a PTH-free culture
medium for 6 h, one half of the scale cultured for 48 h with fugu PTH1 (10 ng/ml) was
then fixed and observed using electron microscopy. The inset is a higher magnification
of the square. Nu: nucleus, RB: ruffled border, asterisk (*): clear zone.

however, TIP mRNA was expressed in excretory organs, such as the
gill and kidney [45]. In addition, the expression of TIP mRNA in the gill
and kidney of seawater-acclimated fish was higher than that of
freshwater-acclimated fish, suggesting that the TIP as well as PTH
influences the mineral metabolism in teleosts.

Rotllant et al. [46] found that the parathyroid hormone-related
protein increased osteoclastic activity in seawater fish scales via cAMP/
AC, and Canario et al. [47] found that PTH1 or PTH2 failed to activate
the cAMP/AC pathway or stimulate calcium transport in seawater fish
scales. Notwithstanding these differences, it is known that the
exchange of calcium in the scales of freshwater teleosts is faster than
that in marine teleosts because freshwater teleosts live in a low-
calcium environment. In fact, the response of estrogen and calcitonin in
the scales of freshwater teleosts was higher than that in those of marine
teleosts [17,48-50]. In a freshwater teleost, such as goldfish, we can
clearly show dose-dependent effects of PTH on osteoblastic and
osteoclastic parameters in vitro, and effects of PTH on scale and plasma
calcium in vivo. Therefore, further studies are needed to elucidate the
signaling pathway and physiological role of PTH in the scale.

In teleosts, plasma PTH level has not yet been measured by
homologous assay. In trout and goldfish, plasma PTH levels have been
detected by heterologous RIA system with bovine PTH (1-84)
antibody. The plasma level of goldfish was around 1.5 (ng/ml) [51].
This might indicate that plasma level of PTH in goldfish is at least one
order of magnitude higher than in mammals, but specific, homologous
assays will be needed to establish this. In the future, we will
determine the PTH sequence in goldfish and develop specific antibody
to measure the plasma level of PTH in goldfish.

We recently sequenced osteocalcin from goldfish scales. Using this
sequence, we preliminarily examined the effect of PTH on osteoblasts
by real-time PCR method. We found that the mRNA expression of
osteocalcin in PTH-treated scales was twice higher than that in control
scales. We strongly believe that the action of PTH on scale osteoblasts
is direct, and most likely indirect on scale osteoclasts, and resemble
those in mammalian bone. In addition, we are planning for future
experiment with prelabeling mononucleated-osteoclasts or transge-
netic mononucleated-osteoclasts to demonstrate the differentiation
from mononucleated-osteoclasts to multinucleated-osteoclasts.

In the past, our laboratory has sequenced TRAP and cathepsin K
from the goldfish scale [33]. In the scale osteoclasts, the osteoclast
markers TRAP and cathepsin K were expressed which were detected
by in situ hybridization [33]. In osteoblasts as well, type I collagen [12],
osteocalcin [13], and osteonectin [14,15] are present in the scales. In
fact, it was reported that teleost scale was more important in these
animals as a store of calcium than vertebra, jaw, and otolith, judging
from the study of “Ca®*-prelabeled scale, vertebra, jaw, and otolith of
goldfish and killifish [9]. Considering these facts together with the
present study, we conclude that the teleost scale is a functional
calcium source analogous to the skeleton in mammals.
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Tributyltin-binding protein type 1 (TBT-bp1) is a member of the lipocalin family of proteins which bind to
small hydrophobic molecules. In this study, we expressed a recombinant TBT-bp1 (rTBT-bp1, ca. 35kDa)
in a baculovirus expression system and purified the protein from the hemolymph of silkworm larvae
injected with recombinant baculovirus. After incubation of a mixture of rTBT-bp1 and TBT and its frac-
tionation by means of gel filtration chromatography, TBT was detected in the elution peak of rTBT-bp1,

geﬂwode: di confirming the binding potential of rTBT-bp1 for TBT. An assay of the ability of rTBT-bp1 or native TBT-bp1
T?ibzctynlrzien stuptor (nTBT-bp1) to restore osteoblastic activity inhibited by TBT showed that co-treatment of the scales with

rTBT-bp1 or nTBT-bp1 in combination with TBT restored osteoblastic activity in goldfish scales, whereas
treatment with TBT alone significantly inhibited osteoblastic activity. These results suggest that TBT-bp1

Detoxicification
Recombinant

TBT-bp1

as a lipocalin member might function to decrease the toxicity of TBT by binding to TBT.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The lipocalins are a large family of small extracellular pro-
teins that bind to small endogenous or exogenous hydrophobic
molecules such as retinol or drugs and play roles in the immune
response and other biological defense mechanisms (Flower, 1996).
Lipocalins are present in a wide range of organisms such as bacte-
ria, plants, arthropods, and mammals (Flower, 1996; Sanchez et al.,
2003). In our previous study, we identified a new lipocalin protein
named as tributyltin-binding protein type 1 (TBT-bp1) and evalu-
ated that there was a relation between this binding protein and the
accumulation of TBT in the blood of Japanese flounder, Paralichthys
olivaceus (Shimasaki et al., 2002).

Interestingly, TBT-bp1 and TBT combination is excreted from
the fish body of Japanese flounder to outside via the skin mucus,
suggesting that the lipocalins might have detoxification functions
(Satone et al., 2008).

Homologs of TBT-bp1 are present in fish such as TBT-bp type 2
(TBT-bp2), alpha-1-acid glycoprotein-like protein (nrF-AGP), and

* Corresponding author. Tel.: +81 92 642 2905; fax: +81 92 642 2905.
E-mail address: yoshima@agr.kyushu-u.ac.jp (Y. Oshima).

0166-445X/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.aquatox.2011.02.009

male-specific protein (MSP) (Oba et al., 2007; Nakamura et al.,
2009; Machnes et al., 2008). In addition, chemically induced
changes in the expression of TBT-bps and their homologs were
reported: Nassef et al. (2011) showed a change of TBT-bps concen-
trations in blood of Japanese flounder exposed to TBT-d27. TBT-bp1
homolog gene was down-regulated by exposure to bisphenol A, an
endocrine-disrupting alkylphenol, in the self-fertilizing mangrove
killifish, Kryptolebias marmoratus (Lee et al.,2007) and up-regulated
by 7,12-dimethylbenz[a]anthracene, a polycyclic aromatic hydro-
carbon that exhibit immunotoxicity to animals, in European eel,
Anguilla anguilla, (Nogueira et al., 2009). These results indicated
that TBT-bps and their homologs might respond to the exposure of
chemicals. These homologs seem to play roles in accumulation and
elimination of chemicals including TBT. However, original function
of TBT-bp1 is still ambiguous.

TBTis well known as a high toxic chemical for aquatic organisms.
Itinduces abnormal development in embryos, and deformity, in lar-
vae, in the form of tail bent at the tip, curled, and/or shortened of
Japanese medaka, Oryzias latipes (Hano et al., 2007; Bentivegna and
Piatkowski, 1998), suggesting an inhibition of calcification. Further-
more, Suzuki et al. (2006) reported that TBT markedly inhibits fish
scale alkaline phosphatase, which was a valid marker for osteoblas-
tic activity (de Vrieze et al., 2010).
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In this study, we obtained a recombinant TBT-bp1 (rTBT-bp1)
using a baculovirus expression system and silkworm larvae and
we performed in vitro assay to elucidate rTBT-bp1 to restore the
osteoblastic activity in fish scale inhibited by TBT.

2. Materials and methods
2.1. Cells and silkworm strain

The cell line Bme21 (e21-12: embryo derived) and the d17
silkworm strain (Kawakami et al., 2008) used in this study were
provided by the Institute of Genetic Resources, Graduate School
of Agriculture, Kyushu University, Japan. The cell line was main-
tained in IPL-41 medium (Invitrogen, CA, USA) with 10% fetal bovine
serum. The cells were grown at 27°C and split at an approximate
ratio of 1:2 every 4-5 days. Before cell transfection, the medium
was replaced by Sf-900 SFMII serum-free culture medium (Invitro-
gen).

Larvae of d17 silkworm strain were reared on mulberry leaves
in a silkworm-rearing room under controlled environmental con-
ditions at 25-27 °C.

2.2. Construction of mediator for expression vector

To generate pFBDEST-His6 used for gene transferring by means
of Gateway reaction, the attR1-ccdB-attR2 cassette flanked by
Hindlll blunt-ended and Xbal sites was cleaved from pXINsect-
DEST38 (Invitrogen) (Lee et al., 2007), and inserted into the Sphl
blunt-ended/Xbal site of pMIB/V5-His B (Invitrogen). pMIB/V5-His
B contains the V5 epitope and a polyhistidine (6 x His) region. The
resulting plasmid was designated as a pDEST38-His6. To amplify
the DEST cassette and polyhistidine region of pDEST38-His6, poly-
merase chain reaction (PCR) was performed with two primers:
DEST38-F and His6+DEST38-R (Table 1). The 50-p! PCR reaction
contained 5l of 10x KOD buffer, 5 ul of deoxyribonucleotide
triphosphate(2 mM each), 1.5 pl of each primer (10 pM), 1l of
MgS04 (25 mM), 1 .l of pMIB-DEST38 plasmid solution diluted fifty
times as a template, and 1 pl of KOD-Plus DNA polymerase (1.0
U/ul; Toyobo, Osaka, Japan). The amplification profile was as fol-
lows: 94°C for 2min, and then 25 cycles at 94°C for 15s, 57°C
for 30s, and 68°C for 2min, and then 72°C for 10 min. The PCR
product digested with Hindlll was cloned into the BamHI blunt-
ended/Hindlll site of the donor plasmid pFastBacl (Invitrogen),
which contains the polyhedrin promoter and the mini-Tn7 element
for transposon reaction. The resulting pFBDEST-His6 plasmid was
introduced into E. coli DB3.1 for amplification and extracted using
by means of a PlasmidSVmini kit (Geneall, Seoul, Korea).

2.3. Construction of the Gateway entry clone

To obtain the cDNA sequence of TBT-bp1, total RNA extracted
from Japanese flounder (Paralichthys olivaceus) (Satone et al., 2008)
was used as a template for reverse transcription reaction with the
SuperScript 11l First-strand Synthesis System for RT-PCR (Invitro-
gen). To amplify the cDNA, PCR was performed with two primers,
TBT-bp1-F and TBT-bp1-R (Table 1). The PCR reaction was carried
out as described above with appropriate primers. The amplification

Table 1
List of primers used for this study.

Primer name Primer sequence (5'-3")

DEST38-F ATCCTCGATCACAAGTTTGTACAAAAAAGC
His6 + DEST38-R AAACTAAGCTTTAGTCAGATAAACTCAATG
TBT-bp1-F AAATCTGTGGCTCACCTCTCACTTCCTGGTT
TBT-bp1-R CTGACGACCCTCGAGCTTCTTCTTCAGGAG

profile consisted of a heat denaturation as follows: 94°C for 2 min,
and then 30 cycles at94°Cfor 155,60°Cfor30s,and 68 °Cfor 1 min,
and then 72°C for 10 min. The PCR product digested with Xhol was
cloned into the Ncol blunt-ended/Xholsite of pENTR11 (Invitrogen)
containing the attL1-attL2 sequence for Gateway technology. The
inserted sequence was confirmed by DNA sequencing (CEQ8800
genetic analysis system, Beckman Coulter, CA, USA). To enable the
protein product to fuse to the 6-histidine tag at the C-terminus of
the open reading frame of the destination vector, the stop codon in
the inserted sequence was removed via site-directed mutagenesis
using appropriate oligodeoxynucleotides.

2.4. Generation of recombinant baculovirus

The TBT-bp1 c¢DNA cloned into pENTR11 was transposed to the
destination vector pFBDEST-His6 by means of Gateway LR clonase
reaction according to the manufacture’s instructions (Invitrogen).
The obtained pFBTBT-bp1-His6 transfer vector was transformed
into E. coli BmDH10Bac (Motohashi et al., 2005). Through in vivo
transposition mediated by Tn7 transposase, the TBT-bp1 cDNA
tagged with 6x His was transferred into the mini-attTn7 target
site of the baculovirus shuttle vector (bacmid). After the analysis
of the inserted TBT-bp1 gene by means of PCR with M13 forward
and M13 reverse primers, isolated recombinant bacmid DNA was
purified with a FlexiPrep kit (GE Healthcare Bioscience, Piscataway,
USA). The recombinant bacmid DNA (BmNPV/TBT-bp1-His6) was
transfected into Bombyx mori Bme21 cells (9 x 10° cells per well)
by the lipofection method with the CellFECTIN reagent (Invitrogen)
for 6 h. The cells were incubated for 5 days, after which the recom-
binant initial passage (P1) viral solution was collected and stored
at 4°C. In addition, Bme21 cells were infected with P1 viral stock
to generate a high-titer (P2) stock. A P3 stock was generated from
the P2 stock in a similar manner. Virus stocks were maintained
and titrated according to the standard protocols (O'Reilly et al.,
1992).

2.5. Expression and purification of fusion protein

Larvae on day 3 of the fifth instar were carefully injected into a
hemocoel with the recombinant BmNPV/TBT-bp1-His6 baculovirus
by means of a microliter syringe with a 30-gauge needle (Hamil-
ton Co., NV, USA). Four days after infection, larval legs were cut
and hemolymph was collected from each larva. The collected
hemolymph was diluted with binding solution (50mM sodium
phosphate, 0.3 M NaCl, 20 mM imidazole, 10% glycerol, 10mM 2-
mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride, Complete
EDTA-free protease inhibitor cocktail [1 tablet/100ml], 20mM 1-
phenyl-2-thiourea; pH 7.0) and centrifuged at 2500 x g for 5min.
The supernatant was filtrated through a 0.45-pm membrane fil-
ter (Millipore, MA, USA) and applied to a HisTrap HP column (GE
Healthcare Bioscience). The recombinant protein was eluted with a
linear solvent gradient (50, 150 and 450 mM imidazole). Fractions
containing TBT-bp1 were pooled, concentrated by ultrafiltration
using Amicon Ultra-15 filter devices (10,000 NMWL membrane;
Millipore) and separated by gel filtration chromatography on a
TSK gel G2000SWxI column (7.8 cm x 30 cm; TOSOH, Tokyo, Japan)
equilibrated with 50mM sodium phosphate buffer (pH 7.0) con-
taining 300 mM NacCl. The sample was eluted with the same buffer
at aflowrate of 0.6 ml/min and fractionated at 1-min intervals. Frac-
tions were analyzed by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) with the method described in our pre-
vious study (Satone et al., 2008). After electrophoresis, the running
gel was immersed in fixing solution (50% ethanol, 10% acetic acid
for 30 min and then stained with Coomassie Brilliant Blue R-250
(Quick-CBB; Wako, Japan). N-terminal amino acid sequencing of
each band was performed by Edman degradation (Edman, 1950)
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with a gas-phase sequencer (model 473A, Applied Biosystems, CA,
USA), following the procedure described by Oba et al. (2007). The
samples containing rTBT-bp1 were pooled and then concentrated
to 38 wM in phosphate buffered saline (PBS; 137 mM NacCl, 8.1 mM
NayHPO4 12 H,0, 2.68 mM KCl, 1.47 mM KH; PO4) by ultrafiltration.

2.6. Purification of nTBT-bp1 from the blood of Japanese flounder

One cultured Japanese flounder was obtained from Heisei Suisan
(Fukuoka Prefecture, Japan) in May 2009. The blood collected from
the caudal vessel of the fish with a syringe, clotted at 4°C overnight
and centrifuged at 12,000 x g for 10 min. The serum was separated
and stored at —20°C. The serum of the flounder (5 ml) was used
for ammonium sulfate fractionation. Solid ammonium sulfate was
added to 5ml serum (to 50% saturation), and the solution was
stirred for 30 min and then centrifuged for 30 min at 17,000 x g.
Additional ammonium sulfate was added to the supernatant to
achieve 70% saturation, and the procedure described above was
repeated. The supernatant was dialyzed against of PBS (pH 7.4) by
using an Amicon Ultra-15 Ultracel 30,000 membrane (Millipore).
The following procedures were carried out at 4°C.

The supernatant obtained from ammonium sulfate fraction-
ation at 70% saturation was subjected to native polyacrylamide
gel electrophoresis (native-PAGE) as described previously (Shapiro
et al., 1967). Negative staining of proteins in polyacrylamide gels
with imidazole-zinc salts was performed as described previously
(Fernandez-Patron et al., 1992). The visualized proteins were cut
out and eluted from the gel with a Model 422 Electro-Eluter
(Bio-Rad Laboratories, CA, USA). The protein concentrations were
calculated by means of a bicinchoninic acid acid assay (BCA protein
assay reagent; Thermo Fisher Scientific K.K., Tokyo, Japan).

N-terminal amino acid sequence of nTBT-bp1 separated by
SDS-PAGE was determined by Edman degradation with a PSQ-1
protein sequencer (Shimadzu, Kyoto, Japan) as described above.
The proteins on the gel were visualized by means of silver staining
kit (Bexel Biotechnology, CA, USA) according to the manufacturer’s
instructions. The purified nTBT-bp1 was digested with a set of
de-N-glycosylation (Takara, Tokyo, Japan), and the deglycosylated
sample was analyzed by SDS-PAGE that was conducted under the
same conditions used for purification of rTBT-bp1.

2.7. Binding assay

TBT (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) was dis-
solved in dimethyl sulfoxide (DMSO), and the resulting solution
was diluted with PBS. Equal volumes of 38 wM rTBT-bp1 solution
and 380 uM TBT (2600 ! total) were mixed in a glass test tube
and incubated for 16 h at 15°C. After filtration with a 0.5-pm fil-
ter, 100 pl of the mixture was removed, and the rest was subjected
to gel filtration chromatography on a TSK gel G2000SWxI column
equilibrated with the elution buffer (50 mM sodium phosphate,
300 mM NaCl; pH 7.0). The flow rate was maintained at 0.6 ml/min,
and eluents were fractionated at 1-min intervals for 27 min. The col-
umn was washed with distilled water for 20 min, and the eluent was
collected in a test tube. The column was also washed with 50 mM
sodium phosphate, 0.1 M NaCl and 10% DMSO (pH7.0) for 4h and
eluents were fractionated for 30 min. Then the fractions (except for
100 ml) were subjected to gas chromatography-mass spectrometry
(GC-MS, model 6890 gas chromatograph, model 5973 mass spec-
trometer; Hewlett-Packard, Avondale, PA, USA) for the detection of
TBT. A 100 pl aliquot of each fraction was analyzed by SDS-PAGE
as described above, and protein concentrations were measured by
means of a bicinchoninic acid acid assay.

2.8. Effect of rTBT-bp1 on inhibition of osteoblastic activity by
TBTCl in the cultured scales of goldfish

We detected alkaline phosphatase activity in scales as a valid
marker for osteoblastic activity with the method described in our
previous study (Suzuki et al., 2006). Eight scales were collected
from one goldfish under anesthesia with ethyl 3-aminobenzoate
and methane sulfonic acid salt (MS-222, Aldrich Chemical Com-
pany, Inc., WI, USA), and each scale was cut into half. One half
of each scale was incubated for 6h in 1 ml of minimum essential
medium supplemented with TBTCI (10~8 to 10~% M) or TBT-bp1-
containing TBTCl (108 to 10-6M) less than cytotoxicity level
(Grzyba et al., 2003; Raffray et al., 1993). The other half of each
scale was incubated for 6 h in 1 ml of TBTCl-free medium as a con-
trol. After incubation, each half-scale was placed in a well of a
96-well microplate. A 100 p.l aliquot of an alkaline buffer (100 mM
Tris-HCI, pH 9.5; 1TmM MgCl,; 0.1 mM ZnCl,) was added to each
well. The plate was immediately frozen at —85 °C and then kept at
—20°C until analysis. The plate was allowed to thaw, and 100 ml of
para-nitrophenol-phosphate in an alkaline buffer was then added
to the melted solution in each well of the microplate. The plate was
incubated at 20°C for 30 min with shaking. After incubation, the
reaction was stopped by the addition of 50 pul of 2N NaOH. 150 pl
of the resulting colored solution was transferred to a new plate, and
the absorbance was measured at 405 nm. The absorbance was con-
verted into the amount of produced para-nitrophenol (pNP) using a
standard curve for pNP. After measurement of alkaline phosphatase
activity, each scale was dried and weighed.

The results are shown as means =+ standard error. Statistical
analyses were performed with Student’s t-test tool in Microsoft
Excel 2004 (Microsoft Co. Ltd., Tokyo, Japan). Differences were con-
sidered significant at P<0.05.

3. Results
3.1. Purification of rTBT-bp1 and nTBT-bp1

We succeeded in expressing and purifying TBT-free rTBT-bp1.
A Gateway entry clone and transfer vector for TBT-bp1 expres-
sion were constructed as described in materials and methods. The
transfer vector pFBTBT-bp1-His6 was transformed into E. coli with
BmDH10Bac cells harboring genomic DNA of BmNPV to induce
invivo transposition mediated by Tn7 transposase (Motohashi et al.,
2005). The recombinant baculovirus was generated by transfecting
the bacmid DNA into silkworm Bme21 cells, and the amplified P3
virus stock was injected into the hemocoels of silkworm larvae.
rTBT-bp1 was secreted into the hemolymph of the larvae accord-
ing to a signal sequence from Japanese flounder. The hemolymph
was rapidly collected and purified by means of histidine affinity
chromatography (Fig. 1A). For removal of contaminating pro-
teins originating from the hemolymph of the silkworms, fractions
containing rTBT-bp1 were pooled and subjected to gel filtration
chromatography under appropriate conditions. The final sample
exhibited two bands, one at about 30kDa and another at 35 kDa,
on sodium dodecy! sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) (Fig. 1B). These bands were identified as rTBT-bp1 by
analysis of the NH,-terminal amino acid sequence (Table 2).

Purification of nTBT-bp1 on a native-PAGE gel gave a band
at 44kDa on SDS-PAGE with visualization by silver staining
(Fig. 2). This band was confirmed to be nTBT-bp1 by the analy-
sis of the NH,-terminal amino acid sequence (Ala—Pro-Thr-Glu-
Glu-Glu-Ser-Gln-Leu-Val-Ser-Pro-Val). A total of 226.2 ug nTBT-
bp1 was purified from 1 ml of serum.
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