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Abstract

It is known that the teleost scale regenerates
after being removed. We previously reported
that the osteogenesis in regenerating scales
was very similar to that in calvarial bone, which
suggests that regenerating scale can be used
as a model for osteogenesis. In the present
study, we determine calcium sensing receptor
(CaSR) ¢cDNA from the regenerating scales of
goldfish. The determined partial sequence was
coded as a 258-amino acid protein. The amino
acid identity of this receptor to teteost CaSRs is
89 to 96%, lizard CaSR is 82%, and mammalian
CaSR is 83 to 84%. These results indicate that
CaSR is highly conserved in fish, lizard and
mammals. Then, to examine the role of CaSR
in bone metabolism, effect of acceleration
loading (3 G) by vibration on the expression
of CaSR mRNA in the regenerating scales of
goldfish was investigated. We found that CaSR
mRNA expression increased after acceleration
loading by vibration in the regenerating scales.
Significant difference between control and
treatment group was observed at 6 and 24 h
of incubation. Our cloned CaSR appears to act
for the metabolism of bone in the regenerating
scales. This is the first demonstration, to our
knowledge, of an effect of hyper-loading on the
induction of CaSR mRNA expression of hard
tissues. ©2012 Jpn. Soc. Biol. Sci. Space; doi:
10.2187/bss.26.26

Key words: CaSR, regenerating scale, osteoblasts,
acceleration loading by vibration

Introduction

The calcium sensing receptor (CaSR), a G protein-
coupled receptor that responds to extracellular calcium,
was first determined from bovine parathyroid gland
(Brown et al., 1993). Therefore, it is considered that
CaSR plays a central role in controlling systemic calcium
homeostasis, predominately through its effects on the
regulation of parathyroid hormone (PTH) secretion by
the parathyroid glands and on urinary calcium excretion
by the kidney (Brown et al., 1993; Brown and Macleod,
2001). However, it was reported that CaSR located
in many tissues and was involved in cell proliferation
differentiation, and apoptosis (Hofer and Brown, 2003;
Kwak et al., 2005; Smajilovic et al., 2006; Xu et al.,
2012). In the MC3T3-E1 cells, an osteoblast-like cell line,
high extracellular calcium stimulated cell proliferation
(Yamaguchi et al., 1998). As CaSR was expressed in the
MC3T3-E1 cells, calcium signaling is seems to transmit
via CaSR in the MC3T3-E1 cells (Yamaguchi et al., 1998;
Godwin and Soltoff, 2002). Therefore, it is considered
that CaSR regulates osteoblastic functions such as bone
development and mineralization (Theman and Collins,
2009; Dvorak-Ewell et al,, 2011). On the other hand,
the bone matrix plays an important role for response to
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physical stimuli (Harter et al., 1995; Owan et al., 1997,
Hoffler et al., 2006). In addition, Sun et al. (2012) reported
that mechanical stretch induced calcium efflux from bone
matrix and stimulated osteoblasts. As few techniques for
culture system of bone cells including bone matrix have
been developed, the function of CaSR under physical
stimuli has not elucidated yet.

The teleost scale is a calcified tissue that contains
osteoblasts, osteoclasts, and the bone matrix of two
layers (bony layer: a thin, well-calcified external layer;
a fibrillary layer: a thick, partially calcified layer)
(Bereiter-Hahn and Zylberberg, 1993; Suzuki et al., 2000;
Yoshikubo et al., 2005; Suzuki et al., 2007; Ohira et al.,
2007). Furthermore, it is known that the teleost scale
regenerates after being removed. In our previous study,
we reported that the osteogenesis in regenerating scales
was very similar to that in calvarial bone (Yoshikubo et
al., 2005). The response of osteoblasts to estrogen in
regenerating scales was higher than that in developed
normal scales (Yoshikubo et al., 2005). Using the
regenerating scales, we previously demonstrated that scale
osteoblastic activity responses to low-loading (3 G) for
10 min by vibration increased (Suzuki ef al., 2009). As
mammalian osteoblasts are activated by high-loading
from 5 to 50 G (Gebken et al., 1999; Saito et al., 2003;
Searby., 2005), the sensitivity to hyper-loading response
in the regenerating scales possibly be high when
compared with mammalian osteoblasts.

To examine the response of CaSR to hyper-loading,
the cDNA of CaSR was cloned from the regenerating
scales of goldfish and then the effect of acceleration
loading by vibration on CaSR mRNA expression was
investigated.

Materials and Methods

Animals

Both female and male goldfish (Carassius auratus)
(20-30 g) were purchased from a commercial source
(Higashikawa Fish Farm, Yamatokoriyama, Japan) and
artificially fertilized. The hatched goldfish were kept in an
aquarium at 25°C under a daily photoperiod cycle of 12
h light: 12 h darkness. Goldfish were provided ad libitum
diets every morning. After having adequate size (around
15 g), the female goldfish were used in the experiment
because we previously reported that the sensitivity for a
calcemic hormone, such as estrogen and calcitonin, was
higher in mature female than in mature male goldfish
(Suzuki et al., 2000). All experimental procedures were
conducted in accordance with the Guide for the Care and
Use of Laboratory Animals of Kanazawa University.

Cloning of CaSR from the scales of goldfish
Goldfish were anesthetized with ethyl
3-aminobenzoate, methanesulfonic acid salt (Sigma-
Aldrich, Inc., MO, USA), and the developed normal scales
on the body were then removed to allow the regeneration
of scales. On day 14, goldfish were anesthetized again,
and the regenerating scales were removed and kept at
-80°C. Using the regenerating scales, CaSR was cloned.
Total RNAs were extracted from the regenerating

scales of goldfish using a kit (Qiagen GmbH,
Hilden, Germany). After cDNA synthesis (Qiagen
GmbH), PCR was performed. The primers
(5’-GGGATCAGYTTTGTTYTMTGCATC-3’ and
5-CCTCMACAGCYGARACAAACTT-3’) were designed
from conserved region among Sparus aurata (AJ289717),
Oreochromis niloticus (XM_003446845), Platichthys
flesus (FJ755006), Salmo salar (NM_001126231) and
Danio rerio (XM_684005). Then, 5’ rapid amplification of
cDNA ends (RACE) were performed with nested primer
(5-CACCAGTAGGACACGATTGG-3’ for 5-RACE, bold
and italic type in Fig.1) designed using the obtained
sequence (BD SMART RACE cDNA amplification kit, BD
Biosciences Clonetech, California, USA). The products
were put into vector by TA cloning and then sequenced
on ABI 310 sequencer (Applied Biosystems, California,
USA). After determination of the sequences, the amino
acid sequences were aligned using the clustal w program
(Chenna et al., 2003).

Acceleration-loading apparatus

Our loading apparatus has an acceleration-loading
part and an acceleration-monitoring part. The detail
was described in Suzuki et al. (2007). The acceleration-
loading part, which consists of a sampling tube-loading
stage and an aluminum plate with 2 vibration motors, is
hung with 4 springs. Two vibration motors can provide a
sinusoidal wave of acceleration ranging from 0.5 to 12
G in amplitude and from 8 to 50 Hz in frequency. The
acceleration-monitoring part consists of a piezoelectric
accelerometer, a charge amplifier, an A/D converter
board, and a personal computer. A piezoelectric
accelerometer, equipped on a sampling tube-loading
stage, converts the loading acceleration into an analog
electric signal. The signal was amplified with a charge
amplifier (Yamco 4101, Yamaichi Electronics, Osaka,
Japan) and transmitted via a 12-bit A/D converter board
to a personal computer. Using software (LaBDAQ2000,
Matsuyama Advan, Ehime, Japan), the PC allows us to
monitor the real-time loading acceleration of the vibration.
Therefore, we can load accurate gravity to the scales in a
micro tube by confirming the amplitude and frequency of
acceleration shown on the monitor screen.

Effect of acceleration loading by vibration on CaSR
mRNA expression in the scales of goldfish

As described above, the regenerating scales were
prepared and put into a 1.5 ml micro tube then 700 pl
of Leibovitz's L-15 medium (Invitrogen, Grand Island,
NY, USA) and a 1% penicillin-streptomycin mixture (ICN
Biomedicals, Inc., OH, USA) were added. To fix the
scales, a cotton ball (diameter 1 cm) was placed into a
micro tube. The tube containing scales was loaded to 2 G
acceleration by vibration for 10 min at room temperature.
The loading times were determined according to our
previous study (Suzuki et al., 2007; Suzuki et al., 2009).
The lines on the left side were used as the treatment
group, while those on the opposite side were used
as the control group. In the loading, different parallel
experiments using six goldfish were conducted. After
loading for 10 min, the scales were incubated for 3-, 6-,
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gccagtgtttgctctaaatgcccgaacaactcztggtctaacggcaatcacacatcctgc 60
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Fig. 1. Partial cDNA sequences of goldfish CaSR and the putative amino acid sequences. The underlined region
is an obtained sequence by the first PCR. The CaSR mRNA expression in the scales of goldfish due to the effect of
acceleration loading by vibration was examined using the primers shown by arrows. The primer for 5’-RACE indicated
by boid and italic type. This data has been available under Genbank accession no. AB713518.

12-, and 24-h at 15°C. After incubation, the scales were
frozen at -80°C until using for mRNA analysis. The loaded
scales (3 G) were compared with unloaded (1 G control)
scales.

After extraction of total RNAs, cDNA synthesis
was performed using a kit (Qiagen GmbH).
Gene-specific primers for CaSR (sense: 5’'-
TCTAAATGCCCGAACAACTCC-3’; antisense:
5-CACAAAAACACCCAACACGA-3’) (arrow in Fig.1)
were design from the obtained sequence of goldfish
CaSR. The amplification of B-actin cDNA was performed

using a primer set (5-CGAGCGTGGCTACAGCTTCA-3’;
5’-GCCCGTCAGGGAGCTCATAG-3’) (Azuma et al.,
2007). The PCR amplification was analyzed by a real-
time PCR apparatus (Mx3000p, Agilent Technologies, CA,
USA) (Suzuki et al., 2011). The annealing temperature for
amplification of CaSR and B-actin was 60°C. The mRNA
levels were normalized to the B-actin mRNA level.

Statistical analysis
All results are expressed as the means + SEM (n = 6).
The statistical significance was assessed by paired ttest.

Cloned region of
579  goldfish CaSR 837

|

1078 aa

Human Ligand-binding domain

T™MD | ‘

CaSR

Cysteine-rich domain

Fig.2. The molecular structure of human CaSR and the cloned region of goldfish CaSR. Human CaSR consists of 1078-amino acids (aa)
and has ligand-binding domain (20-530 aa), cysteine-rich region (538-591 aa) and the transmembrane domain (622-860 aa).
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goldfish ASVCSKCPNNSWSNGNHTSCFLKEIEFLSWIEPFGIALALLAVLGVLLTAFVLGVFVQYRDTPIVKASNRELSFLLLFSLICCFSSSLIFIGEPQDWTCR

zebrafish ASFCVKCPNNSWSNGNHTSCFLKQIEFLSWTEPFGIALALFAVLGVLLTAFVLGVFVQFRDTPIVKASNRELSFLLLFSLICCFSSSLIFIGEPQDWTCR

salmon ASVCTKCPNDSWSNENHTSCFLKEIEFLSWTEPFGIALALCSVLGVFLTAFVMGVFIKFRNTPIVKATNRELSYLLLFSLICCFSSSLIFIGEPQDWTCR

lizard ASACEKCAENFWSNENHTVCIPKQIEFLSWTEPFGIALTLFAILGIFLTSFVLGVFTRFRNTPIVKATNRELSYLLLFSLLCCFSSSLFFIGEPQDWNCR

pig ASACDKCPDDFWSNENHTSCIAKEIEFLSWTEPFGIALTLFAVLGIFLTAFVLGVFIKFRNTPIVKATNRELSYLLLFSLLCCFSSSLFFIGEPQDWTCR

mouse ASACDKCPDDFWSNENYTSCIAKEIEFLAWTEPFGIALTLFAVLGIFLTAFVLGVFIKFRNTPIVKATNRELSYLLLFSLLCCFSSSLFFIGEPQDWTCR

human ASACNKCPDDFWSNENHTSCIAKEIEFLSWTEPFGIALTLFAMLGIFLTAFVLGVFIKFRNTPIVKATNRELSYLLLFSLLCCFSSSLFFIGEPQDWTCR
*%x k k% *kk Kk K * * Krkkk FhkAkhkAkhkkk X * % *k Kk kkk k kkkdhkk Fhhkhkk khhhkhkk Ahkkhhkhkx KAkhhkkhkhkdk d%

goldfish VRQPAFGISFVLCISCILVKTNRVLLVFEAKIPTSLHRKWWGLNLQFLLVFLFTFVQVMISLVWLYNAPPGSYKNYDI-DEIIFITCNEGSMMALGFLIG

zebrafish VRQPAFGISFVLCISCILVKTNRVLLVFEAKIPTSLHRKWWGLNLQFLLVFLFTFVQVMICVVWLYNAPPGSYKNYDI~-DEIIFITCNEGSMMALGFLIG

salmon LRQPAFGISFVLCISCILVKTNRVLLVFEAKIPTSLHRKWWGLNLOQFLLVFLFTFVQVMICVVWLYNAPPASYRNHDI-DEIIFITCNEGSMMALGFLIG

lizard LRQPAFGISFVLCISCILVKTNRVLLVFEAKIPTSLHRKWWGMNLOQFLLVFLCTFVQIVICVIWLYTAPPSSFRNHELEDEIIFITCNEGSLMALGFLIG

pig LRQPAFGISFVLCISCILVKTNRVLLVFEAKIPTSFHRKWWGLNLQFLLVFLCTFMQIVICAIWLYTAPPSSYRNHELEDEIIFITCHEGSLMALGFLIG

mouse LRQPAFGISFVLCISCILVKTNRVLLVFEAKIPTSFHRKWWGLNLQFLLVFLCTFMQIVICIIWLYTAPPSSYRNHELEDEIIFITCHEGSLMALGSLIG

human LRQPAFGISFVLCISCILVKTNRVLLVFEAKIPTSFHRKWWGLNLQFLLVFLCTFMQIVICVIWLYTAPPSSYRNQELEDEIIFITCHEGSLMALGFLIG
khkhkhkkhkkhhhhhkddhdhdhdhhdbdbbhdhdhdbdhhd dhhhdhk ddkdhdkhkhdkd %% % * khkk Kkk Kk * khkkhkkkdk *k*x hxhkk dkk

goldfish YTCLLAAVCFFFAFKSRKLPENFTEAKFITFSMLIFFIVWISFIPAYFSTYGKFVSAVE

zebrafish YTCLLAAICFFFAFKSRKLPENFTEAKFITFSMLIFFIVWISFIPAYFSTYGKFVSAVE

salmon YTCLLAAICFFFAFKSRKLPENFTEAKFITFSMLIFFIVWISFIPAYFSTYGKFVSAVE

lizard YTCLLAAICFFFAFKSRKLPENFNEAKFITFSMLIFFIVWISFIPAYASTYGKFVSAVE

pig YTCLLAAICFFFAFKSRKLPENFNEAKFITFSMLIFFIVWISFIPAYASTYGKFVSAVE

mouse YTCLLAAICFFFAFKSRKLPENFNEAKFITFSMLIFFIVWISFIPAYASTYGKFVSAVE

human YTCLLAAICFFFAFKSRKLPENFNEAKFITFSMLIFFIVWISFIPAYASTYGKFVSAVE

dkkkkdhkdh Fhkhhhkhdkkhhkdkd dhhkhhkhhhhhhrdhhdhdhhdhddr Fhdkkdhkrhahs

Fig. 3. Sequence alignment of goldfish CaSR with other CaSRs (zebrafish: XP_689097; salmon: NP_001119703; lizard:
XP_003223807; pig: XP_003132690; mouse: AAD28371; human: DQ327728). The asterisks indicate identical amino acid residues in all

the sequences.

The selected significance level was P<0.05.

Results

Cloning of CaSR from the scales of goldfish

PCR products (457 bp, underlined region in Fig.1)
were obtained by PCR amplification. Using the obtained
PCR product, RACE cloning was performed. As a result,
the partial cDNA sequence of CaSR was determined
(Fig. 1). The molecular structure of human CaSR and
the cloned region of goldfish CaSR were shown in Fig.
2. Human CaSR consists of 1078-amino acids (aa) and
has ligand-binding domain (20-530 aa), cysteine-rich
region (538-591 aa) and transmembrane domain (622-860

0.025 7 control

B Hyper-loading
0.02 4

11 ﬂ

12h
Incuba’uon times (h

Relative ratio
(CaSR/B-actin)

Fig. 4. Effect of acceleration loading by vibration on CaSR
mRNA expression in the regenerating scales of goldfish. Each
column and vertical line represent the mean + S.EIM. (n =6
samples; one sample from one goldfish). *P<0.05 versus control
by paired t-test.

aa). The cloned region of goldfish CaSR (579-837 aa)
contained most of the transmembrane domain.

Structural comparison of goldfish CaSR with other
CaSRs (zebrafish: XP_689097; salmon: NP_001119703;
lizard: XP_003223807; pig: XP_003132690; mouse:
AAD28371; human: DQ327728) was indicated in Figure
3. Most of amino acids were conserved among these
vertebrates.

Effect of acceleration loading by vibration on CaSR
mRANA expression in the scales of goldfish

The results of acceleration loading by vibration on
CaSR mRNA expression are shown in Figure 4. The
mRNA expression of CaSR was increased by hyper-
loading in the regenerating scales of goldfish. Significant
difference between control and experimental group was
observed at 6 and 24 h of incubation.

Discussion

We successfully determined the partial sequence
of CaSR in the scales of goldfish. The putative goldfish
CaSR of 258-amino acids has high sequence identity
to zebrafish CaSR (XP_689097, 96%), salmon
CaSR (NP_001119703, 92%), gilt-head bream CaSR
(CAC41352, 91%), tilapia CaSR (XP_003446893, 90%),
fugu CaSR (BAA26122, 89%), flounder CaSR (FJ7550086,
89%), lizard CaSR (XP_003223807, 82%), cattle
CaSR (DAA33414, 84%), pig CaSR (XP_003132690,
84%), mouse CaSR (AAD28371, 83%), and human
CaSR (DQ327728, 84%). Among these vertebrates,
we found that CaSR sequences are well-conserved at
least in the region of 258-amino acids and suggesting
that CaSR sequences possess evolutionary conserved
property which may have important biological function in
vertebrates.
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A regulatory mechanism(s) governing CaSR mRNA
expression is essential to understand the physiological
significance of goldfish CaSR. Recently, Sun et al.
(2012) reported that mechanical stretch induced calcium
efflux from bone matrix and stimulated osteoblasts, and
suggested that bone matrix acts as an intermediate
mechanochemical transducer which converts the
mechanical strain into a chemical signal in terms of the
calcium efflux. There are several reports which show that
the teleost scale contains osteoblasts, osteoclasts, and
the bone matrix (Bereiter-Hahn and Zylberberg, 1993;
Suzuki et al., 2000; Yoshikubo et al., 2005; Suzuki et al.,
2007; Ohira et al., 2007). As the scale is equipped with
the bone matrix, osteoblasts in the scales sensitively may
respond to acceleration loading.

Calcium is an essential mineral to maintain cell
viability and, ultimately, animal life. In all vertebrates,
blood calcium levels are strictly kept at a constant
concentration (around 2.5 mM) in spite of changing the
internal milieu or external environment (Dacke, 1979). To
regulate the blood calcium in teleosts, the scales have
an important role because teleost scales are known to
work as a potential internal calcium reservoir, similarly to
those in endoskeletons of mammals, especially during
increasing demand of calcium, such as sexual maturation
or starvation (Yamada, 1961; Berg, 1968; Bereiter-Hahn
and Zylberberg, 1993; Mugiya and Watabe, 1977). We
recently detected cathepsin K and tartrate-resistant acid
phosphatase mRNA expression in the scale osteoclasts
(Azuma et al., 2007). In osteoblasts as well, we detected
osteoblast-specific markers, such as runt-related
transcription factor 2, osterix, type 1 collagen, alkaline
phosphatase, osteocalcin, and the receptor activator
of the NF-«kB ligand (Thamamongood et al., 2012).
Therefore, the features of osteoclasts and osteoblasts
in scales are quite similar to those in mammals. Calcium
signal is essential for the proliferation and differentiation
in mammalian osteoblasts (Theman and Collins, 2009;
Dvorak-Ewell et al., 2011), suggesting that extracellular
calcium ion production occurs from the bone matrix
of goldfish scales for conducting calcium signaling to
osteoblasts via CaSR. We are currently developing
an original array system for goldfish on the basis of
Expressed Sequence Tag analysis. In the future study, we
will be able to examine the detail mechanism including
calcium signaling on osteogenesis using our original array
system.

In conclusion, goldfish scales express CaSR like other
vertebrates, and the expression of CaSR is regulated by
loading. The expression of CaSR by loading suggests
that scale is a good model for the analysis of bone
metabolism under various gravity conditions.

Acknowledgments

This study was supported in part by grants to
N.S. (Grant-in-Aid for Space Utilization by the Japan
Aerospace Exploration Agency; Grant-in-Aid for Scientific
Research [C] Nos. 21500404 and 24620004 by JSPS),
to M.K. (Grant-in-Aid for Scientific Research [C] No.

24500541 by JSPS), to A.H. (Grant-in-Aid for Scientific
Research [C] Nos. 21570062 and 24570068 by JSPS),
to K.K. (Grant-in-Aid for Scientific Research [C] Nos.
21500681 and 24500848 by JSPS), to T.S. (Grant-in-Aid
for Young Scientists [B] Nos. 22770069 and 40378568
by JSPS), and to K.H. (the Environment Research and
Technology Development Fund [B-0905] sponsored
by the Ministry of the Environment, Japan; Health,
Labour Sciences Research Grants of the Ministry of
Health, Labour and Welfare, Japan; Grant-in-Aids for
Scientific Research [B] No. 21390034 and for Exploratory
Research N0.24651044 by JSPS). We are greatly thanks
Mr. Nobuyuki Suzuki and Mrs. Reiko Suzuki for their
assistance of keeping goldfish.

References

Azuma, K., Kobayashi, M., Nakamura, M., Suzuki, N.,
Yashima, S., lwamuro, S., lkegame, M., Yamamoto,
T. and Hattori, A. (2007) Two osteoclastic markers
expressed in multinucleate osteoclasts of goldfish
scales. Biochem. Biophys. Res. Commun., 362, 594-
600.

Bereiter-Hahn, J. and Zylberberg, L. (1993) Regeneration
of teleost fish scale. Comp. Biochem. Physiol. Part A,
105, 625-641.

Berg, A. (1968) Studies on the metabolism of calcium and
strontium in freshwater fish |: relative contribution of
direct and intestinal absorption. Mem. Ist. Ital. Idrobiol.,
23, 161-196.

Brown, E.M., Gamba, G., Riccardi, D., Lombardi, M.,
Butters, R., Kifor, O., Sun, A., Hediger, M.A., Lytton, J.
and Hebert, S.C. (1993) Cloning and characterization
of an extracellutar Ca**-sensing receptor from bovine
parathyroid. Nature, 366, 575-580.

Brown, E.M. and MacLeod, R.J. (2001) Extracellular
calcium sensing and extracellular calcium signaling.
Physiol. Rev., 81, 239-297.

Chenna, R., Sugawara, H., Koike, T., Lopez, R., Gibson,
T.J., Higgins, D.G. and Thompson, J.D. (2003)
Multiple sequence alignment with the clustal series of
programs. Nucleic Acids Res., 31, 3497-3500.

Dacke, C.G. (1979) Calcium Regulation in Sub-
Mammalian Vertebrates. London, Academic Press.

Dvorak-Ewell, M.M., Chen, T.H., Liang, N., Garvey, C.,
Liu, B., Tu, C., Chang, W., Bikle, D.D. and Shoback,
D.M. (2011) Osteoblast extracellular Ca**-sensing
receptor regulates bone development, mineralization,
and turnover. J. Bone Miner. Res., 26, 2935-2947.

Gebken, J., Luders, B., Notbohm, H., Klein, H.H.,
Brinckmann, J., Miller, P.K. and Batge, B. (1999)
Hypergravity stimulates collagen synthesis in human
osteoblast-like cells: evidence for the involvement of
p44/42 MAP-kinases (ERK 1/2). J. Biochem., 126,
676-682.

Godwin, S.L. and Soltoff, S.P. (2002) Calcium-sensing
receptor-mediated activation of phospholipase C-y1 is
downstream of phospholipase C-b and protein kinase
C in MC3T3-E1 osteoblasts. Bone, 30, 559-566.

- 141 -



Kakikawa, M. et al.

Harter, L.V., Hruska, K.A. and Duncan, R.L. (1995)
Human osteoblast-like cells respond to mechanical
strain with increased bone matrix protein production
independent of hormonal regulation. Endocrinology,
136, 528-535.

Hofer, A.M. and Brown, E.M. (2003) Extracellular calcium
sensing and signaling. Nat. Rev. Mol. Cell Biol., 4, 530-
538.

Hoffler, C.E., Hankenson, K.D., Miller, J.D., Bilkhu,
S.K. and Goldstein, S.A. (2006) Novel explant
model to study mechanotransduction and cell-cell
communication. J. Orthop. Res., 24, 1687-1698

Kwak, J.-O., Kwak, J., Kim, H.-W., Oh, K.-J., Kim, Y.T.,
Jung, S.M. and Cha, S.H. (2005) The extracellular
calcium sensing receptor is expressed in mouse
mesangial cells and modulates cell proliferation. Exp.
Mol. Med., 37, 457-465.

Mugiya, Y. and Watabe, N. (1977) Studies on fish scale
formation and resorption Il: effect of estradiol on
calcium homeostasis and skeletal tissue resorption
in the goldfish, Carassius auratus, and the killifish,
Fundulus heteroclitus. Comp. Biochem. Physiol. Part A,
57, 197-202.

Ohira, Y., Shimizu, M., Ura, K. and Takagi, Y. (2007) Scale
regeneration and calcification in goldfish Carassius
auratus: quantitative and morphological processes.
Fisheries Sci., 73, 46-54.

Owan, 1., Burr, D.B,, Turner, C.H., Qiy, J., Tu, Y., Onyia,
J.E. and Duncan, R.L. (1997) Mechanotransduction
in bone: osteoblasts are more responsive to fluid
forces than mechanical strain. Am. J. Physiol., 273,
C810-C815.

Saito, M., Soshi, S. and Fuijii, K. (2003) Effect of hyper-
and microgravity on collagen post-translational controls
of MC3T3-E1 osteoblasts. J. Bone Miner. Res., 18,
1695-1705.

Searby, N.D., Steele, C.R. and Globus, R.K. (2005)
Influence of increased mechanical loading by
hypergravity on the microtubule cytoskeleton and
prostaglandin E, release in primary osteobalsts. Am. J.
Physiol., 289, C148-C158.

Smaijilovic, S., Hansen, J.L., Christoffersen, T.E.H.,
Lewin, E., Sheikh, S.P., Terwilliger, E.F., Brown, E.M.,
Haunso, S. and Tfelt-Hansen, J. (20086) Extracellular
calcium sensing in rat aortic vascular smooth muscle
cells. Biochem. Biophys. Res. Commun., 348, 1215-
1223.

Sun, X., McLamore, E., Kishore, V., Fites, K., Slipchenko,
M., Porterfield, D.M. and Akkus, O. (2012) Mechanical
stretch induced calcium efflux from bone matrix
stimulates osteoblasts. Bone, 50, 581-591.

Suzuki, N., Suzuki, T. and Kurokawa, T. (2000)
Suppression of osteoclastic activities by calcitonin in
the scales of goldfish (freshwater teleost) and nibbler
fish (seawater teleost). Peptides, 21, 115-124.

Suzuki, N., Kitamura, K., Nemoto, T., Shimizu, N., Wada,
S., Kondo, T., Tabata, M.J., Sodeyama, F., ljiri, K. and
Hattori, A. (2007) Effect of vibration on osteoblastic and
osteoclastic activities: analysis of bone metabolism

using goldfish scale as a model for bone. Adv. Space
Res., 40, 1711-1721.

Suzuki, N., Kitamura, K., Omori, K., Nemoto, T., Satoh,
Y., Tabata, M.J., lkegame, M., Yamamoto, T., ljiri,
K., Furusawa, Y., Kondo, T., Takasaki, |., Tabuchi,
Y., Wada, S., Shimizu, N., Sasayama, Y., Endo, M.,
Takeuchi, T., Nara, M., Somei, M., Maruyama, Y.,
Hayakawa, K., Shimazu, T., Shigeto, Y., Yano, S.
and Hattori, A. (2009) Response of osteoblasts and
osteoclasts in regenerating scales to gravity loading.
Biol. Sci. Space, 23, 211-217.

Suzuki, N., Danks, J.A., Maruyama, Y., lkegame, M.,
Sasayama, Y., Hattori, A., Nakamura, M., Tabata,
M.J., Yamamoto, T., Furuya, R., Saijoh, K., Mishima,
H., Srivastav, A.K., Furusawa, Y., Kondo, T., Tabuchi,
Y., Takasaki, I., Chowdhury, V.S., Hayakawa, K. and
Martin, T.J. (2011) Parathyroid hormone 1 (1-34) acts
on the scales and involves calcium metabolism in
goldfish. Bone, 48, 1186-1193.

Thamamongood, T.A., Furuya, R., Fukuba, S., Nakamura,
M., Suzuki, N. and Hattori, A. (2012) Expression
of osteoblastic and osteoclastic genes during
spontaneous regeneration and autotransplantation of
goldfish scale: a new tool to study intramembranous
bone regeneration. Bone, 50, 1240-1249.

Theman, T.A. and Collins, M.T. (2009) The role of
the calcium-sensing receptor in bone biology and
pathophysiology. Curr. Pharm. Biotechnol., 10, 289—
301. :

Xu, Z., Yan, L., Ge, Y., Zhang, Q., Yang, N., Zhang, M.,
Zhao, Y., Sun, P., Gao, J., Tao, Z. and Yang, Z. (2012)
Effect of the calcium sensing receptor on rat bone
marrow-derived mesenchymal stem cell proliferation
through the ERK1/2 pathway. Mol. Biol. Rep., 39,
7271-7279.

Yamada, J. (1961) Studies on the structure and growth of
the scales in the goldfish. Mem. Fac. Fish. Hokkaido
Univ,, 9, 181-226.

Yamaguchi, T., Chattopadhyay, N., Kifor, O., Butters,
R.R. Jr., Sugimoto, T. and Brown, E.M. (1998)
Mouse osteoblastic cell line (MC3T3-E1) expresses
extracellular calcium (Ca*,)-sensing receptor and
its agonists stimulate chemotaxis and proliferation of
MC3T3-E1 cells. J. Bone Miner. Res., 13, 1530-1538.

Yoshikubo, H., Suzuki, N., Takemura, K., Hoso, M.,
Yashima, S., lwamuro, S., Takagi, Y., Tabata, M.J. and
Hattori, A. (2005) Osteoblastic activity and estrogenic
response in the regenerating scale of goldfish, a good
model of osteogenesis. Life Sci., 76, 2699-2709.

- 142 -



ZOOLOGICAL SCIENCE 29: 499-504 (2012) © 2012 Zoological Society of Japan

Prostaglandin E> Increases Both Osteoblastic and Osteoclastic
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Using our original in vitro assay system with goldfish scales, we examined the direct effect of pros-
taglandin E> (PGE2) on osteoclasts and osteoblasts in teleosts. In this assay system, we measured
the activity of alkaline phosphatase (ALP) and tartrate-resistant acid phosphatase (TRAP) as
respective indicators of each activity in osteoblasts and osteoclasts. ALP activity in scales signif-
icantly increased following treatment at high concentration of PGE, (10~ and 10~% M) over 6 hrs of
incubation. At 18 hrs of incubation, ALP activity also significantly increased in the PGE> (107° to
10~® M)-treated scale. In the case of osteoclasts, TRAP activity tended to increase at 6 hrs of incu-
bation, and then significantly increased at 18 hrs of incubation by PGE> (1077 to 10~¢ M) treatment.
At 18 hrs of incubation, the mRNA expression of osteoclastic markers (TRAP and cathepsin K) and
receptor activator of the NF-xB ligand (RANKL), an activating factor of osteoclasts expressed in
osteoblasts, increased in PGE; treated-scales. Thus, PGE: acts on osteoblasts, and then increases
the osteoclastic activity in the scales of goldfish as it does in the bone of mammals. In an in vivo
experiment, plasma calcium levels and scale TRAP and ALP activities in the PGEz-injencted gold-
fish increased significantly. We conclude that, in teleosts, PGE; activates both osteoblasts and
osteoclasts and participates in calcium metabolism.

Key words: prostaglandin Ez, osteoblasts, osteoclasts, goldfish scales, plasma Ca, RANKL

Gardner, 2007; Kaneko et al., 2007). The bone-resorbing

INTRODUCTION activity of mature osteoclasts in osteoblast-containing
Prostaglandin Ez (PGE2) is an important local regulator mouse bone cell cultures is increased by PGE: although it
in bone and promoter of osteoclastogenesis (Kaji et al., 1996; does not affect osteoclast-like cell formation in osteoblast-

free mouse spleen cell cultures (Kaji et al., 1996). The func-
tion of PGE2 must therefore be examined using a co-culture

* Corresponding author. Tel. : +81-768-74-1151;

Fax :+81-768-74-1644: system of osteoclasts and osteoblasts.
E-mail: nobuos @staff.kanazawa-u.ac.jp In fish, the osteoblastic function of PEG2 has been
doi:10.2108/zsj.29.499 examined using salmon (Ytteborg et al., 2010). However,

- 143 -



500 K. Omori et al.

there has been no report on the osteoclastic function of
PGE> due to a lack of a suitable in vitro assay system.
Scales are calcified tissue that contains osteoclasts and
osteoblasts (Bereiter-Hahn and Zylberberg, 1993; Suzuki
et al., 2000; Yoshikubo et al., 2005; Suzuki et al., 2007).
Scales have been reported to be a better potential internal
calcium reservoir than body skeletons, jaws, and otoliths, as
examined in a **Ca-labeling study for the calcified tissues of
goldfish and killifish (Mugiya and Watabe, 1977). In the
scale, as in mammalian bone, type | collagen (Zylberberg
et al., 1992), bone y-carboxyglutamic acid protein (Nishimoto
et al., 1992), osteonectin (Lehane et al., 1999; Redruello
et al., 2005), and hydroxyapatite (Onozato and Watabe,
1979) are present. Moreover, we have previously demon-
strated that the osteogenesis of regenerating scale is very
similar to that of mammalian membrane bone, and serves
as a good model of osteogenesis (Yoshikubo et al., 2005).
Thus, the teleost scale has a number of features in common
with mammalian bone.

Using goldfish scales, we recently developed a novel in
vitro assay system (Suzuki et al., 2000; Suzuki and Hattori,
2002), as the scale is a very active tissue of calcium regu-
lation in fish, as described above. Using this system in the
present study, we examined the effect of PGE2 on scale
osteoblasts and osteoclasts. In addition, the mRNA expres-
sion of osteoclastic markers (tartrate-resistant acid phos-
phatase (TRAP) and cathepsin K) and the receptor activator
of the NF-xB ligand (RANKL), an activating factor of osteo-
clasts expressed in osteoblasts, was investigated in vitro. To
confirm the results of the in vitro experiment, furthermore, an
in vivo experiment was performed.

To our knowledge, our study is the first to indicate the
effect of PGE2 on osteoclasts in teleosts.

MATERIALS AND METHODS

Animals
In a previous study (Suzuki et al., 2000), we indicated that the
sensitivity to a calcemic hormone, such as estrogen and calcitonin,
was higher in mature female than in mature male goldfish (Carassius
auratus). Mature female goldfish were purchased from a commer-
cial source (Higashikawa Fish Farm, Yamatokoriyama, Japan) and
used in the scale in vitro assay. To examine the effect of PGEz on
the calcium metabolism, immature goldfish (4-6 g), in which the
~endogenous effects of sex steroids are negligible, were used for the
in vivo study. All experimental procedures were conducted in accor-
dance with the Guide for the Care and Use of Laboratory Animals
of Kanazawa University.

Effect of PGE2 on ALP and TRAP activities in the cultured
scales of goldfish )

Scales collected from goldfish after anesthesia with ethyl 3-
aminobenzoate and methanesulfonic acid salt (Sigma-Aldrich, Inc.,
MO, USA) were cut into two approximately equal pieces. One piece
was treated with PGE; (Cayman Chemical, MI, USA, 107" to 107°
M), and the other was used as a control. Using these scales, we
examined the effects of PGE2 on the osteoblasts and osteoclasts
with alkaline phosphatase (ALP) and TRAP as markers because, in
mammals, the effects of hormones and some bioactive substances
on osteoclasts and osteoblasts have been investigated using ALP
and TRAP as respective markers (Vaes, 1988; Dimai et al., 1998;
Suda et al., 1999). Sixteen scales (ALP activity: eight scales; TRAP
activity: eight scales) were used for the evaluation of each con-
centration of PGEz. The pieces of scales were incubated for 6 and

18 hrs in Eagle’s modified minimum essential medium (MEM; ICN
Biomedicals Inc., OH, USA). HEPES (20 mM) was added to MEM.
The pH was adjusted to 7, and the incubation temperature was
15°C.

The measurement methods of ALP and TRAP activity reported
by Suzuki and Hattori (2002) were modified as follows. The incu-
bated scale was transferred to its own well in a 96-well microplate
after washing with saline. An aliquot of 100 pl of an alkaline buffer
(100 mM Tris-HCI, pH 9.5; 1 mM MgClz; 0.1 mM ZnCl.) was added
to each well. This microplate was frozen at —-85°C immediately and
then kept at —20°C until analysis. After thawing, an aliquot of 100 pl
of 20 mM para-nitrophenyl-phosphate in an alkaline buffer 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 50 pl of a 3 N NaOH-20 mM EDTA solution. Aliquots of
150 ul of a colored solution were 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 the absorbance, the
ALP activity was normalized by the dry weight (mg) of each goldfish
scale. The results are shown as the means + SE of eight scales.

TRAP activity was measured using an acid-tartrate buffer (20
mM tartrate in a 0.1 M sodium acetate buffer (pH 5.3)). Other con-
ditions were the same as those for the measurement of ALP activity.

Changes in TRAP, cathepsin K and RANKL mRNA expressions
in PGEz-treated goldfish scales

Scales were collected from goldfish under anesthesia with ethyl
3-aminobenzoate and methanesulfonic acid salt (Sigma-Aldrich)
and cut into halves. One half of a piece was then put into a micro-
tube in MEM (1 ml) supplemented with PGEz (107® M). The other
half was also put into another microtube in a PGEz-free medium as
a control. To examine changes in TRAP, cathepsin K and RANKL
mRNA expressions in response to PGEz, the scales were incubated
for 6 and 18 hrs in MEM (containing an antibiotic and 20 mM
HEPES) at 15°C. The mRNA expression in the control and experi-
mental scales in the same individual was compared. After incuba-
tion, the scales were frozen at —85°C for mRNA analysis.

Total RNAs were prepared from goldfish scales using a total
RNA isolation kit for fibrous tissue (Qiagen GmbH, Hilden,
Germany). Complementary DNA synthesis was performed using a
kit (Qiagen GmbH). Gene-specific primers for TRAP (sense: 5'-
AACTTCCGCATTCCTCGAACAG-3’; antisense: 5-GGCCAGC-
CACCAGGAGATAA-3’) (Azuma et al., 2007), cathepsin K (sense:
5-GCTATGGAGCCACACCAAAAGG-3'; antisense: 5-CTGCGCT-
TCCAGCTCTCACAT-3) (Azuma et al., 2007), and RANKL (sense:
5-GCGCTTACCTGCGGAATCATATC-3; antisense: 5-AAGTG-
CAACAGAATCGCCACAC-3") (Suzuki et al., 2011a) were used.
The amplification of B-actin cDNA using a primer set (5: CGAGCGT-
GGCTACAGCTTCA; 3 GCCCGTCAGGGAGCTCATAG) (Azuma
et al., 2007) was performed. PCR amplification was analyzed by
real-time PCR apparatus (Mx3000p, Agilent Technologies, CA,
USA) (Suzuki et al. 2011a). The annealing temperature of TRAP,
cathepsin K, RANKL, and B-actin was 60°C. The TRAP, cathepsin
K and RANKL mRNA levels were normalized to the B-actin mRNA
level.

Changes in the plasma calcium and scale TRAP and ALP activ-
ities in PGEz-injected goldfish (in vivo experiment)

In the experimental group, goldfish (body weight: 4-6 g) were
anesthetized in the same manner as above, and PGE2 (500 ng/g
body weight) was then 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 one and two days, respectively (each n = 8). During
the experimental periods, these goldfish were not given any food to
exclude intestinal calcium uptake from diets. Each day after injec-
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Fig. 1. Effect of PGE2 (107" to 1078 M) on ALP activity in cultured scales incubated for 6 (A) and 18 (B) hrs.  and * indicate statistically sig-
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Fig. 3. Expression analysis of osteoclastic markers: TRAP (A) and cathepsin K (B) mRNAs in the PGEz (107 M)-treated scale. The TRAP
and cathepsin K mRNA levels were normalized to the B-actin mRNA level. » indicates a statistically significant difference at P < 0.05 from the
values in the control scales (n = 8).
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tion, 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 (mg/100 mi)
was determined using an assay kit (Calcium C, Wako Pure Chemical
Industries, Ltd., Osaka, Japan). Then, we measured the ALP and
TRAP activities in the scale. As the scales were very small, the
respective marker enzyme activity was normalized by the surface
area (mm?) of each goldfish scale (Suzuki et al., 2009).

Statistical analysis

All results are expressed as the means + SE (n = 8). The sta-
tistical significance between control and experimental group was
assessed by Student’s t-test or paired t-test. In all cases, the
selected significance level was P < 0.05.

RESULTS

Effect of PGE2 on ALP activity in the cultured scales of
goldfish

PGE:; significantly increased the ALP activities of the
scales by 6 hrs of incubation (P < 0.05 for 107 M; P < 0.01
for 1078 M) (Fig. 1A). At 18 hrs of incubation, the ALP activ-
ities in the PGEx-treated scales also significantly increased
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Fig. 4. Expression analysis of RANKL mRNA in the PGE, (107°

M)-treated scale. The RANKL mRNA levels were normalized to the

B-actin mRNA level. * indicates a statistically significant difference at
P < 0.05 from the values in the control scales (n = 8).
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by PGE: treatment (P < 0.05 for 107 to 107 M) (Fig. 1B).

Effect of PGE2 on TRAP activity in the cultured scales of
goldfish

The TRAP activity of the PGEx-treated scales by 6 hrs
of incubation tended to be higher than that in the control
scales, although there was no significant difference between
the PGEz-treated and control scales (Fig. 2A).

However, the TRAP activity in the PGEx-treated scales
was significantly higher by 18 hrs (P < 0.05 for 1077 M; P <
0.0t for 10® M) of incubation relative to the values of the
control scales (Fig. 2B).

Changes in TRAP, cathepsin K and RANKL mRNA
expressions in PGEz-treated goldfish scales

The results of TRAP and cathepsin K are shown in Fig.
3. The mRNA expression of osteoclastic markers (TRAP
and cathepsin K) in the PGEz-treated scales tended to
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Fig. 5. Effects of PGE2 on plasma calcium (mg/100 ml) in an in
vivo experiment using immature goldfish. ** and *** indicate statisti-
cally significant differences at P < 0.01 and P < 0.001, respectively,
from the values in the control (n = 8).
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Fig. 6. Effects of PGE2 on scale TRAP (A) and ALP (B) activity in an in vivo experiment using immature goldfish. *, *+, and *** indicate statis-
tically significant differences at P < 0.05, P < 0.01, and P < 0.001, respectively, from the values in the control (n = 8).
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increase at 6 hrs of incubation compared with those in con-
trol scales. At 18 hrs incubation, mRNA expression of both
osteoclastic markers increased significantly following PGE2
treatment.

Similar results were obtained in RANKL. The mRNA
expression of RANKL, an activating factor of osteoclasts
expressed in osteoblasts, increased significantly by PGE2
treatment at 18 hrs of incubation although RANKL mRNA in
PGE:-treated scales tended to be higher than that in the
control scales at 6 hrs of incubation (Fig. 4).

Changes in the plasma calcium and scale TRAP and ALP
activities in PGEz-injected goldfish (in vivo experiment)

The plasma calcium levels increased significantly at
both one and two days after PGE:z injection (Fig. 5). In addi-
tion, the scale TRAP and ALP activities in PGEz-injected
goldfish were significantly promoted on both days promoted
(Fig. 6).

DISCUSSION

The present study is the first to demonstrate that PGE2
promoted both osteoblastic and osteoclastic activity in the
scales of goldfish in an in vitro experiment. Furthermore, we
found that mRNA expression of osteoclastic markers, such
as TRAP and cathepsin K, was significantly promoted in
PGE-treated scales. An in vivo experiment reconfirmed the
findings from the in vitro experiments. In teleosts, the func-
tions of calcemic hormones in both osteoblasts and osteo-
clasts have not been elucidated because of the lack of a
suitable in vitro assay system. Using our system, we first
demonstrated that calcitonin, a hypocalcemic hormone,
suppressed osteoclastic activity in teleosts as well as in
mammals (Suzuki et al., 2000) and that melatonin, a major
hormone secreted from the pineal gland, suppresses the
functions in both osteoclasts and osteoblasts (Suzuki and
Hattori, 2002). Osteoblasts in the scale responded to estro-
gen as they do in mammals (Yoshikubo et al., 2005). The
effects of endocrine disrupters, such as bisphenol-A (Suzuki
and Hattori, 2003) and tributyltin (Suzuki et al., 2006), and
heavy metals, i.e., cadmium (Suzuki et al., 2004a), organic
mercury (Suzuki et al.,, 2004a), and inorganic mercury
(Suzuki et al., 2011b), on osteoblasts and osteoclasts have
also been sensitively evaluated. Considering these results
with the present data, our scale assay system may be useful
for the analysis of various substances, including hormones,
in bone metabolism.

RANKL produced by cells in the osteoblast lineage
binds to the receptor activator of NF-xB (RANK) in mononu-
clear hemopoietic precursors and promotes the formation
and activity of multinucleated osteoclasts (Teitelbaum,
2000). Our present study indicated that RANKL mRNA
expression was promoted by PGE: treatment. In mammals,
it has been reported that PGE, promotes osteoclastogene-
sis via the RANK-RANKL system (Gardner, 2007; Kaneko
et al., 2007; Blackwell et al., 2009). We therefore strongly
believe that, in teleosts as well as mammals, osteoclasto-
genesis is induced by the RANK-RANKL pathway.

In our in vivo experiment, the plasma calcium levels
increased significantly at both one and two days after PGE:
injection. In the reproductive period, the plasma calcium
level in female teleosts increases remarkably (Watts et al.,

1975; Yamauchi et al., 1978; Norberg et al., 1989; Suzuki
et al., 2004b; Guerreiro et al. 2007). This calcium is bound
to vitellogenin, which is a major component of egg protein
and the calcium-binding protein (Tinsley, 1985; Kwon et al.,
1993). We previously demonstrated, in an in vivo experi-
ment with goldfish, that fugu PTH1-induced hypercalcemia
results from an increase of both osteoblastic and osteoclas-
tic activity in the scale as well as the decrease of scale cal-
cium contents after fugu PTH1 injection (Suzuki et al,
2011a). In estrogen-injected goldfish, the scale TRAP and
ALP activities (Suzuki and Hattori, 2003) and plasma cal-
cium level (Suzuki et al, 2003) increased. In estrogen-
injected goldfish, we demonstrated that estrogen promoted
calcitonin secretion and that estrogen directly acts on the
ultimobranchial gland (UBG), a CT-secreting organ since the
estrogen receptor was detected in UBG (Suzuki et al,
2004b). Our preliminary data indicate that, during reproduc-
tive periods, the plasma calcium level in female goldfish
increases corresponding to the plasma level of PGEaz. In
addition, the plasma TRAP level also increased at this
period (N Suzuki Personal Communication). There may
therefore be an interaction among calcemic hormones, such
as PGE,, PTH, estrogen, and calcitonin, in the scales of
goldfish. As a result of the hormonal interaction, scale
resorption may occur. We are currently developing an origi-
nal array system for goldfish on the basis of EST analysis
for goldfish scales. In the future, we will examine the inter-
action among calcemic hormones and describe in detail
mechanism of teleost bone metabolism.
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Magnetic fields are known to enhance bone formation. How-
ever, basic data concerning the mechanism are limited because
there are no satisfactory model systems of human bone, which
consists of osteoblasts, osteoclasts, and a bone matrix. The
bone matrix, consisting of substances including hydroxyapatite
and type I collagen, has an important function in the response
to physical stress. Few techniques to co-culture osteoclasts and
osteoblasts that include the bone matrix have been developed.
Fish scales are calcified tissue that contains osteoclasts, osteo-
blasts, and a bone matrix, similar to human bone. We recently
developed an in vitro assay system using fish scales and then
examined the effects of physical stimuli, such as hypergravity,
microgravity, and magnetic fields, on bone metabolism. We de-
scribe here our recent results regarding bone metabolism.

Key words: extremely low-frequency magnetic fields, fish
scales, hyper-gravity, micro-gravity, bone metabolism
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Fig. 1 Morphological characteristics of goldfish
scales. Light-microscopic image of goldfish scales by
toluidine blue stain (A). The main parts of the scale
are the osseous layer (OL) and the fibrillary plate
(FP), and they are partially covered by the epitheli-
um (EP). The electron microscopic image shows a
sheetlike structure composed of multiple layers of
lamellae within FP (B); each of the layers is filled
with parallel collagen fibers, and their orientation
differs from that of the adjacent lamellae (C). The
bars shown in Figs. 1A, 1 B, and 1C are 50 um,
2 um, and 500 nm, respectively.

Fig. 2 TRAP for osteoclast (A) and ALP for osteo-
blast (B) staining of goldfish scales.
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Fig. 3 JAXA astronaut Soichi Noguchi took a shot
of cultured goldfish scales in KIBO of the Interna-
tional Space Station. The photograph indicates
scales being cultured in space.
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ARTICLE INFO ABSTRACT

Available online 31 July 2012 Surface water samples were collected at 13 stations in the Japan Sea and filtered through a glass fiber

membrane (pore size 0.5 pm). The vertical distribution of PAHs (nine points from depths between 2 m

Keywords:

Polycyclic aromatic hydrocarbons and 3300 m) were measured at one station. Thirteen PAHs having 3-6 rings in the dissolved and
Japan Sea particulate phases were determined by HPLC with fluorescence detection. The mean concentration of
Seawater total PAHs on the seawater surface was 8.5 ng/L. The mean concentrations in the dissolved and

Particulate phase
Dissolved phase

particulate phases for surface seawater were 5.6 ng/L and 2.7 ng/L, respectively. In the dissolved phase,
3-ring PAHs were the largest contributor, and 5-ring or more PAHs were in low ratio. Also,
concentrations of PAHs in the particulate phase were dominated by 3-ring and 4-ring PAHs, but ratio
of 3-ring PAHs was lower than in dissolved phase. Maximum of concentrations of PAHs in the dissolved
(6.5 ng/L) and particulate (10.6 ng/L) phases were found for a depth 300 m. The possible source of PAHs

is the atmosphere.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) containing from 2 to
8 fused aromatic rings are persistent organic pollutants. These
hydrocarbons may be released into the environment as a result of
human activity, and as a result of natural processes. PAHs may be
formed by a variety of mechanisms: pyrogenic, petrogenic,
biogenic and diagenic (Neff, 2002). As a result of human activity,
most of these hydrocarbons are formed during the incomplete
combustion of organic matter (coal, oil, timber, tobacco, etc.)
(WHO, 2000).

The physical properties of these compounds vary widely
depending on the number of benzene rings and chemical struc-
tures (McGowin, 2006). The data on the persistence of these
substances are different. For the process of partial destruction of
PAHs average half-life ranges from 2 to 700 days (Haritash and
Kaushik, 2009; Johnsen et al., 2005; Shuttleworth and Cerniglia,
1995). Also important property of PAHs is the bioaccumulation
(D’Adamo et al., 1997). Some PAHs (benzo[a]pyrene, benzo[b]-
fluoranthene, etc.) are known to be carcinogenic and mutagenic
(WHO, 2001), and therefore, the distribution and fate of these
substances in the environment should be determinated. Addi-
tionally PAHs are excellent markers to determine their origin,

* Corresponding author. Tel.: +7 423 2312592; fax: +7 423 2312573.
E-mail addresses: chizhova@poi.dvo.ru,
tatianasanchizhova@gmail.com (T. Chizhova).
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ways of transport and transformation processes of these sub-
stances in different environmental conditions.

The main sources of PAHs in seas and oceans are mainly river
runoff and atmospheric input (Dachs et al.,, 1997; Dickhut et al.,
2000; Lipiatou and Saliot, 1991).

The Japan Sea is a relatively closed ocean system because the
each strait connecting the Japan Sea with ocean and other seas is
narrow and shallow, and the maximum and average depths of
Japan Sea are 3796 and 1350 m, respectively (Kosuke et al., 2005).
So pollutants may accumulate long-term in the bottom of the
Japan Sea and the pollution can be assumed to be of serious
proportions. The surface circulation of the sea is well described in
many works (e.g., Talley et al., 2006). The main circulation features
are the strait inflows (Tsushima Strait and Tatar Strait) and
outflows (Tsugaru Strait and Soya Strait), major currents (including
the western and eastern boundary currents), the Subpolar Front
and vigorous eddies.

The Amur River’s waters are imported into the Japan Sea by
Primorye (Liman) Current through Tatar Strait. Depending on the
season the Amur River runoff are going to the Sea of Okhotsk
(summer period) or to the Japan Sea (winter period). Approxi-
mately one-third of the annual Amur River discharge flow into the
Japan Sea that is half of total river runoff (Dobrovol'skii and
Zalogin, 1982; Ogi et al., 2001; Yakunin, 1978).

The Japan Sea is connected with waters of the East China Sea
by Tsushima Warm Current and East Korean Warm Current
through Tsushima Straight (Talley et al., 2006). The total concen-
trations of PAHs in surface waters of the East China Sea were
observed from 70.22 to 120.29 ng/L (Ren et al., 2010).

- 154 -



20 T. Chizhova et al. / Deep-Sea Research Il 86-87 (2013) 19-24

Monsoon climate is typical for the Japan Sea, south-eastern
winds in summer and north-western winds in winter are domi-
nant over the sea (Kaneyasu et al., 2000). The winter season is
characterized by the transfer of air masses from China to the
waters of the sea (Hayakawa et al., 2007; Tang et al., 2005). The
last 20 years China’s economy has been developing rapidly, which
resulted in the significant growing consumption of energy derived
mainly from fuel combustion (Feng et al., 2006; Huang et al.,
2009). Hence during the heating season, air masses over China are
most heavily contaminated with PAHs (Yang et al., 2007). Spatial
distribution of atmospheric PAHs from the Bohai Sea to the high
Arctic was studied by Ding et al. (2007). They have demonstrated
a decreasing latitude trend for gas-phase PAHs and have noted
higher levels of total concentration of atmospheric PAHs occurred
in Far East Asia (34-48N, 122-148E) including the Japan Sea with
an arithmetic mean of 47.9 ng/m>.

There are a few investigations and reports of PAHs in the
seawater of the Japan Sea. Nemirovskaya (2007) has reported
total concentrations of PAHs in the Amurskiy Bay (Peter the Great
Bay, northwestern part of the Japan Sea) widely varied, from 5 to
85 ng/L. There is a gap in our knowledge about PAHs contents in
the open part of the Japan Sea. This paper presented data about
dissolved and particular forms of PAHs contents in seawater
samples collected in late summer in 2010.
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134.0°

2. Materials and methods
2.1. Sampling site

Surface water samples in all stations were collected in the Japan
Sea from August 11 to September 5, 2010 by cruise of R/V
“Akademik M.A. Lavrent’ev”. Also on the station D1 the vertical
distribution of PAHs were studied. The sampling sites are shown in
Fig. 1. All stations are located in northern from Subpolar Front. Five
liters of sea water was collected by a Niskin bottle and conductivity
and temperature depth profiler (CTD), respectively, were monitored.

2.2. Sample treatment

Water samples were filtered through a 0.5 pm pore glass fiber
filter (Advantec GC50) to separate the dissolved phase from the
particulate phase. The filters containing SPM samples were dried
in air conditions for 1 h in the dark.

2.3. PAH extraction

Prior to HPLC analysis, PAHs in the dissolved phase (DP) and in
the particulate phase (PP) were extracted by different methods.
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Fig. 1. The map of the cruise Lav-51.
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