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Figure 3. Temporal variation of simulated BaP concentrations at the
Noto monitoring site with these source profiles.

Figure 4 shows the horizontal distributions of the simulated
seasonal averaged particulate BaP concentrations and wind vectors
near the surface. BaP was selected as a representative for the
characterization of the total 9 PAHs because its high toxicity

causes a greater health impact. In winter (Figure 4a), high BaP
concentrations were observed over a wide region in China, and we
observed the transboundary transport of BaP from the Asian
continent toward the Japanese islands. Northwesterly or westerly
winds prevailed over Northeast Asia during the observation period,
which suggests that BaP is long-range transported from Northeast
Asia to the Japanese islands. In spring (Figure 4b), the
concentrations of BaP at the Noto monitoring site were decreased
compared with those in winter under the weak westerly wind,
suggesting that the transboundary transport was weakened. In
contrast, as shown in Figure 4c, southerly and southwesterly winds
prevailed over the Pacific Ocean under the Pacific High pressure
system, which blocks transboundary transport of BaP from the
Asian continent. In autumn (Figure 4d), the transition season
from summer to winter, the transboundary transport of BaP is
reinforced again.

These results suggest that the seasonal variation of BaP
emission and the prevailing meteorological conditions strongly
controlled transboundary transport in Northeast Asia. Under
westerly winds, domestic coal, domestic biofuel, and other coal trans-
formations, including coke production in China, were the dominant
BaP sources at the Noto station, based on the source profile.
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Figure 4. Spatial distributions of seasonal averaged BaP concentrations (a) Winter (December, January, and February), (b) Spring (March, April,
May), (c) Summer (June, July, and August), and (d) Autumn (September, October, and November). The color scale is in units of pg m~
@ indicates the location of Beijing monitoring site, and % indicates the location of Noto monitoring site.
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When westerly winds are weak in summer, relative contri-
butions from other sources such as on-road mobile source were
increased. The seasonal variation and the source profiles of the
other PAH species were similar to those of BaP.

3.3. Uncertainty in Emission Factors for Emission
Estimates. The majority of the emission factors that were used
in this study were derived from the data from China. We have
no specific emission factors for other Asian countries, with the
exception of the on-road mobile sources in Japan and several
data from Taiwan. In addition, the reported emission factors
displayed large variations depending on the combustion
processes, fuel composition, and oxygen supply. It is also
expected that the emission factors of each category change
rapidly as a result of technological innovations that have
occurred over several decades, for instance, the elimination of
dust. To set adequate emission factors, we conducted sensitivity
calculations by changing the emission factors.

At first, the emission factor for each source was set to the
same value, 1, for all of the Northeast Asian countries. Under
this assumption, the seasonal variation (high in the winter and
low in the summer) that was observed at Noto could not be
simulated. In addition, the simulated concentrations in the
summer at Noto were higher than those in the winter and
spring. According to the trajectory analysis calculated for
several years, most air masses arriving at Noto in summer were
transported from the south or southwestern part of the
Japanese islands.>* The results of the sensitivity calculations
with the high concentrations of the 9 PAHs in the summer at
Noto suggest that the PAH emissions from the Japanese islands
are too large. These results also imply that the same emission
factor should not be used for all of the Northeast Asian
countries. In fact, Wang et al. reported that the emission factors
of 16 PAHs from on-road mobile sources in China were 100
times higher than those in Europe and the United States.** In
this study, the emission factors of 9 PAHs that were derived
from on-road mobile sources in China were ag;)roydmately
100—1000 times greater than those in Japan.*®* Based on
these data, the emission factor of each source (with the
exception of the on-road mobile sources) in the developed
countries was set at !/, of those in the developing countries in
this study. Based on the country’s Gross Domestic Product
(GDP) per capita,”® we arbitrarily divided the countries in
Northeast Asia into two groups: developing countries (China,
East Russia, Mongolia, and North Korea) and developed
countries (Japan, South Korea, and Taiwan). As a result, the
seasonal variation of the particulate PAH concentrations at
Noto could be simulated well.

Second, we conducted sensitivity calculations by changing
the emission factors of the domestic biofuel and domestic coal
sources, which are the dominant contributors of particulate
PAH emissions (SI Table S8). The range of BaP emission
factors used in the data set varied from n.d. (not detected) to
88.8 mg kg™' for domestic coal and 0.04—6.6 mg kg™ for
domestic biofuel.>***%*”*> For the emission factors of the
other coal transformations source, which are also recognized as
major PAH sources, we could not conduct the sensitivity
calculations because there was only one source of data. Figure §
shows the results of the sensitivity calculations for BaP at Noto
using different emission factors (the maximum, median, and
minimum values of the emission factors data set). The
simulaed concentrations using the median value of emission
factors were reasonably consistent with the observed concen-
trations. Conversely, the concentrations simulated by using the
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Figure S. Sensitivity calculation for the simulated BaP concentrations
at the Noto monitoring site using different emission factors. In the
data set of emission factors for the domestic coal and domestic biofuel
sources, the maximum, minimum, and median values were used for the
sensitivity calculations.

maximum emission factor were approximately 100 times higher
than the observed concentrations. In addition, it appears that
the simulated concentrations were less than approximately !/,
of the measured concentrations when the minimum emission
factor was used. It was reported that the emission factors of
PAHs from coal combustion vary greatly depending on
combustion conditions (temperature and oxygen supply
associated with type of combustor), combustion efficiency,
and component of coal.*' Regarding domestic biofuel com-
bustion, the emission factors varied by several orders of
magnitude due to many factors, including fuel moisture,
combustion temperature, oxygen supply, and combustion
place® In fact, PAHs would be emitted under various
combustion conditions and different fuel compositions.
Because the results using the sensitivity calculations showed
that the median value of emission factor predicted the observed
BaP concentration well, we adopted the median value of the
data set as the emission factor for each category.
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In cartilaginous fish, two cDNAs encoding calcitonin-family receptors were isolated for the first time from the
stingray brain. The open reading frame of one receptor cDNA coded a 525-amino acid protein. The amino acid
identity of this receptor to human calcitonin-receptor-like receptor (CRLR) is 64.5%, frog CRLR is 64.7%, and
flounder CRLR is 61.2% and this was higher than to human calcitonin receptor (CTR) (46.1%), frog CTR
(54.7%), and flounder CTR (48.9%). We strongly suggested that this receptor is a ray CRLR based on phyloge-
netic analysis. In case of the second receptor, amino acid identity among CRLRs (human 50.5%, frog 50.7%,
flounder 48.0%) and CTRs (human 43.2%, frog 49.1%, flounder 41.8%) was similar. From phylogenetic analysis
of both CRLRs and CTRs, we believe that this receptor is ray CTR. The expression of ray CRLR mRNA was pre-
dominantly detected in the nervous system (brain) and vascular system (atrium, ventricle, and gill), which
reflects the similar localization of CGRP in the nervous and vascular systems as mammals. It was observed
that the second receptor was expressed in several tissues, namely cartilage, brain, pituitary gland, gill, atrium,
ventricle, pancreas, spleen, liver, gall bladder, intestine, rectal gland, kidney, testis and ovary. This localization
pattern was very similar to flounder CTR. Both receptor mRNAs were strongly expressed in the gill. This sug-
gests that the calcitonin-family members are involved in the osmoregulation of stingray as this fish is known
to be euryhaline. When a stingray was transferred to diluted seawater (20% seawater), the expression of both
receptors significantly decreased in the gill. Similar results were obtained in the kidney of the stingray. Thus,
our cloning and isolation of both receptors in the stingray will be helpful for elucidation of their physiological
role(s) such as osmoregulation including calcium metabolism of cartilaginous fish.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction
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nin gene-related peptide; CT, calcitonin; CTR, calcitonin receptor; CRLR, calcitonin-
receptor-like receptor; mRNA, messenger RNA; PCR, polymerase chain reaction;
RACE, rapid amplification of cDNA ends; RT-PCR, reverse transcription-polymerase
chain reaction.
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Calcitonin gene-related peptide (CGRP) is a 37 amino acid hor-
mone whose mRNA is co-encoded with calcitonin (CT) mRNA on a
single gene (Amara et al,, 1982). In mammals, the mRNA synthesis
of two hormones is controlled by tissue-specific alternative splicing;
CGRP precursor mRNA is synthesized in the neural tissues; CT precur-
sor mRNA is synthesized in the thyroidal C-cells (Rosenfeld et al.,
1983). Since CGRP exists widely in the central nervous system
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(Gibson et al., 1984; Rosenfeld et al., 1983), it is suggested that CGRP
plays role as a neuromediator or neuromodulator (Lafont et al., 2007).
In addition, CGRP is synthesized in the heart and blood vessels to con-
trol blood flow by its potent vasodilatory actions (Brain and Grant,
2004; Mulderry et al., 1985; Wimalawansa, 1997).

In teleosts, the presence of CGRP immunoreactive substances has
been demonstrated in trout (Fouchereau-Peron et al., 1990). Jansz
and Zandberg (1992) characterized the CGRP gene of salmon, sug-
gesting that salmon CGRP is the product of the alternative splicing
of the CT/CGRP gene, common to mammals. We also cloned a part
of genomic DNA including the CGRP gene from flounder (Paralichthys
olivaceus) and detected mRNA expression in the brain and heart
(Suzuki et al, 2001), suggesting that CGRP acts as a neuropeptide
and a vasodilator in fish as well as mammals, as CGRP immunoreac-
tivity has been detected in the brain of small-spotted dogfish
(Molist et al., 1995), and may be quite important in homeostasis in
all fish including cartilaginous fish (Lafont et al., 2007). On the other
hand, calcitonin receptor-like receptor (CRLR) functions to a receptor
for CGRP when it is co-expressed with RAMP1 (Husmann et al., 2000;
McLatchie et al, 1998; Sexton et al, 2001). The distribution and
expression analysis of CRLR under various physiological and environ-
mental conditions could contribute to the understanding of physio-
logical functions of CGRP in cartilaginous fish.

To study the physiological role of CGRP in cartilaginous fish, the
full coding region of CRLR was sequenced from the brain of stingray
and the mRNA expression in the various tissues was analyzed. In
the process of CRLR cloning, a second member of the calcitonin-
family receptors was isolated and cloned. Based on the data of multi-
ple alignment, phylogenetic analysis and tissue distribution pattern, it
is apparent that this receptor is equivalent to the stingray calcitonin
receptor (CTR). In addition, it was found that the expression of two
receptors was decreased in the gill and kidney when the rays were
transferred to diluted seawater. Thus, this is the first study that iden-
tifies two members of calcitonin-family receptors in cartilaginous fish
and indicates the possible physiological roles of CT and CGRP in the
osmoregulation of stingray.

2. Materials and methods
2.1. Animals

The brain of male stingray (Dasyatis akajei) was used for PCR am-
plification. Male and female stingrays were used for the analysis of

tissue-specific expression and adaptation in seawater. The original
concentration of seawater (100%) and diluted seawater (20%) were

used for this study. The animals were anesthetized with ethyl 3-
amino-benzoate, methanesulfonic acid salt (Sigma-Aldrich Inc., MO,
USA) and then dissected for tissue preparation.

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

2.2. PCR amplification

Total RNAs were prepared using a total RNA isolation kit (Nippon
Gene, Tokyo, Japan) from the brains of stingray. RT-PCR was per-
formed using Oligotex-dT 30 Super (Takara, Kusatsu, Japan) as an
oligo dT primer to prevent genomic DNA contamination (Suzuki
et al,, 1997). The PCR primers were designed at the well-conserved
region of the mammalian CRLR and CTR c¢DNA sequences (Fig. 1).
The primer sequences were 5-1:GYAAYMGXACXTGGGAYGG, 5’-2:
GAYTAYTTYCCXGAYTTYGA, 3’-1:CCYTCRCAXARCATCCARAA, and 3'-
2:CATCCARAARTARTTRCA (Suzuki et al., 2000). The 1st and the
nested-PCR (1st PCR: 5-1/3’-1 primer set; 2nd PCR: 5’-2/3’-2 primer
set) were performed using a Tag polymerase and an additional buffer
(Takara Bio Inc., Otsu, Japan). The PCR parameters were 35 cycles of
96 °C for 30's, 45 °C for 1 min, and 72 °C for 2 min. The sequencing
of the PCR products of the expected length (422 bp) was performed
by Dragon Genomics Center, Takara Bio Inc. (Mie, Japan).

2.3. RACE amplification of receptors cDNAs in stingray

Total RNA (1 pg) was obtained from the stingray brain. The com-
plete sequences of the two receptors were obtained by 5’- and 3'-
RACE method using a kit 5’ RACE System, Version 2.0 and 3’ RACE
System for Rapid Amplification of cDNA Ends, respectively (Invitro-
gen, CA, USA). The primer locations for two receptors were described
in supplementary figures. RACE was performed using the respective
gene-specific primer and the primer of adaptor sequences in the kit.
The products were sequenced on an ABI PRISM 3130 sequencer (Ap-
plied Biosystems, CA, USA) using BigDye terminators.

2.4. Expression analysis

Total RNAs were prepared from the cartilage, brain, pituitary
gland, gill atrium, ventricle, pancreas, spleen, liver, gall bladder, intes-
tine, rectal gland, kidney, and testis of male stingray, as well as the
ovary of female stingray using a total RNA isolation kit (Nippon
Gene). RT-PCR was performed using the primer set (CRLR 5':
AGACTTCGATCCATCAGA, CRLR 3’: AGTCAATGCTGTCTTTA, CTR-like

Location of primer sets

T™MD1

e

ECD2 ICD2

Reverse primer

ECD1 ICD1

Forward primer

TMD2 TMD3 TMD4 TMD5 TMD6 TMD7

& ol B
ECD3 ICD3 ECD4 ICD4
TMD: transmembrane domain
ECD: extracellular domain
ICD: intracellular domain

Forward primer
1:GYAAYMGXACXTGGGAYGG
2:GAYTAYTTYCCXGAYTTYGA

Reverse primer
1:CCYTCRCAXARCATCCARAA
2:CATCCARAARTARTTRCA

Fig. 1. Location and sequence of primers. The CRLR and CTR molecules have four extracellular domains (Ecd) 1-4, seven transmembrane domains (Tmd 1-7), and for intraceliular
domains (Icd 1-4). The PCR primers were designed to the highly conserved region of the mammalian CRLR and CTR cDNA sequences.
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5: CACGGAAAAGGTCACC, CTR-like 3’: AGTGAACAAAGAGTAATAT).
The conditions for PCR amplification were 40 cycles of 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. In case
of the B-actin cDNA (AB675482), the amplification using a primer
set (5: TTGGCAATGAGCGATTCAGA; 3’: CACAGGATTCCATACCCAA-
GAAA) were consisted of 25 cycles of 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 15 min. The PCR products
were analyzed on 2.5% NuSive GTG agarose gel (FMC Bioproducts,
ME, USA) and stained with ethidium bromide.

2.5. Phylogenetic analysis

The amino acid sequences were aligned using the CLUSTAL pro-
gram (Higgins and Sharp, 1988). After removing gaps, the verified
alignments were used to construct phylogenetic trees. The trees
were calculated using MEGA program based on the neighbor-joining
method (Kumar et al,, 2001; Saitou and Nei, 1987). The sequences
used were as follows: Human-CRLR, NP_005786; Pig-CRLR, Q867C1;
Dog-CRLR, XP_545560; Mouse-CRLR, NP_061252; Xenopus-CRLR,
NP_001016893; Fugu-CRLR2, BAE45313; Salmon-CRLR, CAD48406;
Flounder-CRLR, AB035314; Fugu-CRLR1, BAE45312; Flounder-CTR,
AB035315; Chicken-CTR, XP_425985; Bullfrog-CTR, Q28DX2; Fugu-
CTR, BAE76018; Medaka-CTR, AAI19273; Pig-CIR, AAA31023; Mouse-
CIR, AAI19273; Human-CTR, NP_001733; Dog-CIR, XP_539423;
Ascidian-CTR, BAI63096; Human-CRHR1, NP_004373.

2.6. Analysis of the mRNA expression of both ray CRLR and CTR-like
receptors in the gill and kidney after transfer to diluted seawater

Seawater adapted-stingrays (n=_8, both sexes) were gradually
transferred into diluted seawater. In the first day, the stingrays were
transferred to 80% seawater and then kept for 6 hours followed by
putting them into 60% seawater for remaining of the day. In the
next day, the stingrays were kept in 40% seawater for 6 hours, and
then transferred into 20% seawater. After keeping the stingrays in
20% seawater for 12 hours, the stingrays were anesthetized with
ethyl 3-aminobenzoate, methanesulfonic acid salt (Sigma-Aldrich).
The gill and kidney were collected from stingray under proper anes-
thetic condition. Also, the seawater-adapted stingrays (n=38, both
sexes) were anesthetized with ethyl 3-aminobenzoate, methanesul-
fonic acid salt (Sigma-Aldrich). The gill and kidney were removed
from the seawater stingrays.

Total RNA was prepared using a total RNA isolation kit for fi-
brous tissue and complementary DNA synthesis was performed
(RNase Easy Fibrous Mini-Kit, Qiagen GmbH, Hilden, Germany).
The real-time PCR amplification was analyzed with a Bio-Rad iCy-
cler (Bio-Rad, Hercules, CA) using the primers for CRLR (5’: GGA-
GAAGCTAAAGACAGCATTGACT; 3': CAGCAGCGAAGCCACTGATA')
and for CTR-like (5': GGAAAAGGTCACCAAGATITGC; 3’: AGTC-
CATGTTCGGTTGCTCTCT). The annealing temperature in the amplifi-
cation of both CRLR and CTR-like cDNAs was 63 °C. The amplified
PCR products have been verified by sequencing to confirm its se-
quences. The detailed conditions of PCR were described in our pre-
vious study (Takahashi et al,, 2007). The CRLR and CTR-like mRNA
levels were normalized to the B-actin mRNA level measured by
above described primer set (5’: TTGGCAATGAGCGATTCAGA; 3’:
CACAGGATTCCATACCCAAGAAA).

2.7. Statistical analysis

Real-time PCR was performed and the data were analyzed using
the Student's t-test. The significance level was P<0.05.

3. Results and discussion
3.1. PCR amplification of two receptors in the brain of stingray

Sequence analysis indicated that two types of cDNA fragments
are amplified by PCR primer sets at the conserved regions of mam-
malian CRLR and CTR cDNA sequences. One cDNA fragment
(422 bp) had high identity to flounder CRLR (73.4%) and human
CRLR (81.3%) and to a lesser extent to flounder CTR (53.9%) and
human CTR (56.3%). The second cDNA (422 bp) had high identity
to both CRLR (to human 57.0%; to flounder 48.3%) and CIR (to
human 59.4%; to flounder 63.3%). Thus, we believe that two recep-
tors belong to the calcitonin-family receptors.

3.2. RACE cloning and sequencing of two calcitonin-family receptors

By RACE cloning, the full sequences of the two calcitonin-family
receptors were determined. The open reading frame of one receptor
cDNA coded a 525-amino acid protein (see Supplementary data).
The amino acid identity of this receptor to CRLR was highest with
human CRIR (64.5%), frog (64.7%), and flounder (61.2%) and this
was higher than the CTR of human (46.1%), frog (54.7%), or flounder
(48.9%). This strongly suggested that the obtained ¢cDNA encodes
CRLR in stingray.

The amino acid identity of the second stingray receptor (see
Supplementary data) was similar to CRLRs (human 50.5%, frog
50.7%, flounder 48.0%) and CTRs of other species (human 43.2%,
frog 49.1%, flounder 41.8%). After alignment of flounder CRLR, floun-
der CTR, human CRLR, human CTR, and two stingray receptors, three
potential sites (Asn-X-Ser/Thr) for N-linked glycosylation, which are
conserved in mammalian CRLR and CTR, were identified in stingray
receptors before the first putative transmembrane domain. Further-
more, 12 cysteines were conserved among CRLRs, CTRs, and stingray
receptors. These glycosylation sites and cysteines are suggested to be
important for ligand binding (Ho et al,, 1999; Qi et al,, 1997). Using
BLAST against the DDBJ/NCBI protein database, furthermore, we con-
firmed that the sequences are most similar to CRLR and CTR. Thus,
we concluded that two receptors belong to the calcitonin-family
receptors.

3.3. Phylogenetic analysis of calcitonin-family receptors

The phylogenetic tree was determined for the known calcitonin-
family receptors together with stingray receptors (see Supplementary
data). As a result, the stingray receptors were located with CRLR and
CTR in other animals. The first stingray receptor branched from tel-
eost CRLR and composed of a clade of mammalian and xenopus
CRLR. This result strongly supports that the amino acid sequence
was that of stingray CRLR (ray CRLR). The second stingray receptor
co-located with flounder CTR and was placed between the CRLRs
clade and the non-mammalian CTRs clade (see Supplementary
data).

We previously reported amino acid sequences of both CT and
CGRP in flounder (Suzuki et al., 2001). The amino acid sequence
of flounder CT was more similar to teleosts (78-100%), salamander
(81%), reptiles (84%), and chicken (84%) than those of stingray
(72%) and frogs (56-78%), and it is largely different from that of
mammals (31-50%). However, the predicted amino acid sequence
of flounder CGRP was more conserved than CT among vertebrates
and showed 78%, 78%, 78%, 81%, and 73-78% identity to salmon,
cod, frog, chicken, and mammalian CGRPs, respectively. Among ver-
tebrates, CGRP is a well-conserved molecule during evolution while
CT is quite varied. Corresponding to sequence changes in ligand
(CT), the receptor (CTR) seems to be varied largely. Thus, it is
highly likely that the second receptor is the stingray equivalent of
CTR (ray CTR-like).
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Fig. 2. Tissue specific expression of ray CRLR and ray CTR-like mRNAs by RT-PCR. After PCR amplification, the PCR products were analyzed on 2.5% NuSive GTG agarose gel (FMC

Bioproducts, ME, USA) and stained with ethidium bromide.

3.4. Expression of ray CRLR and ray CIR-like mRNAs in different tissues

Specific PCR products of ray CRLR mRNA were amplified from
brain, gill, atrium and ventricle and detected in cartilage, pituitary
gland, spleen, liver, gall-bladder, intestine, rectual gland, kidney,
testis and ovary (Fig. 2). Pancreas did not show any expression
with the present conditions (Fig. 2). The ray CRLR mRNA expression
was found in brain, heart and intestine and this was the same as
seen in mammals (Eysselein et al., 1991; Poyner, 1992), suggesting
similar functions in those tissues. In spleen, relatively high expres-
sion of ray CRLR was detected. Arlot-Bonnemains et al. (1991)
reported that CGRP-specific binding in trout tissues is high in the
spleen although the function has not yet been elucidated. In the
early development of gut in zebrafish, the number of nerve cell bod-
ies and fibers gradually increased and CGRP was detected in these
nerve cells (Olsson et al, 2008). In another study, cod CGRP
(10~°-10~7 M) inhibited the motility of spontaneously active ring
preparations from the cod intestine (Shahbazi et al., 1998) suggest-
ing that CGRP plays a role in fish gut development and physiology.
The localization of CGRP in the stingray gut suggests that CGRP may
have significant roles in its gut.

Recently, involvement of CGRP in the outgrowth of the guberna-
culums has been noted, and it has been suggested to play a role in tes-
ticular descent in mammalians (Chan et al., 2009). CGRP released
from the genitofemoral nerve causes maximal mitosis in the guberna-
cular bulb of mammals (Chan et al., 2009). In stingray, this hormone
may involve in testicular development that regulates the balance be-
tween cell proliferation and apoptosis.

A) Gill

. 100% Seawater-adapted stingray

D 20% Seawater-adapted stingray

1000
900
800
700
600
500 *
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200 *
100

CRLR or CTR mRNA expression
(CTR or CRLR/B-actin)

CRLR CTR-like

Specific PCR products of ray CTR-like mRNA were amplified
from cartilage, brain, pituitary gland, gill, atrium, ventricle, pancre-
as, spleen, liver, gall bladder, intestine, rectal gland, kidney, testis,
and ovary (Fig. 2). In the cartilage of stingray, we detected ray
CTR-like mRNA expression. It has been reported that CT acts on
mammalian cartilage and promotes synthesis (Karsdal et al.,
2006; Sondergaard et al., 2006). In the stingray, thus, CT may func-
tion to the growth of cartilage. CT-immunoreactive cells were
found in the intestine of goldfish and appeared to control absorp-
tion of nutrients (Okuda et al, 1999). Therefore, the presence of
ray CTR-like mRNA in intestine corresponds well with this physio-
logical role of CT in fish. Previously mRNA expression of salmon
CTR was detected in brain and pituitary gland and this was consis-
tent with another study in mammalian tissues (Azria, 1989) where
it was suggested that CT might act as a neurotransmitter.

In female sharks, it had been shown that plasma CT levels were el-
evated during reproductive periods (Nichols et al., 2003). We previ-
ously reported that estrogen-specific-binding and estrogen receptor
mRNA were present in the stingray ultimobranchial gland (CT secret-
ing organ in sub-mammalian vertebrates) (Yamamoto et al.,, 1996).
The possible involvement of CT in stingray reproductive physiology
is implied because of the presence of this receptor in the ovary and
testis of stingray in the present study.

Ray CRLR and ray CTR-like mRNAs were found to be expressed in
the excretory organs such as gill, kidney and rectal gland. As this fish
is euryhaline (de Vlaming and Sage, 1973; Evans et al., 2010; Janech
et al, 2003) and CGRP functions to osmoregulation in teleosts
(Lafont et al.,, 2007; Lamharzi and Fouchereau-Peron, 1996; Suzuki

B) Kidney
. 100% Seawater-adapted stingray
D 20% Seawater-adapted stingray

(CTR or CRLR/B-actin)
o w3z mH 8K ERE

CRLR or CTR mRNA expression

CRLR CTR-like

Fig. 3. Changes in mRNA expression of both ray CRLR and CTR-like receptors in the gill (A) and kidney (B) when transferred to diluted (20%) seawater. * indicates statistically sig-
nificant difference at P<0.05 from the values in the control. The data were expressed as mean 4 SEM (n=8).
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et al., 2002), we examined ray CRLR and ray CTR-like mRNA expres-
sion in the gill and kidney when stingrays were transferred to the di-
luted seawater.

3.5. Changes in mRNA expression of both ray CRLR and CTR-like receptors
in the gill and kidney when transferred to diluted seawater

The results are shown in Fig. 3. The ray CTR-like mRNA expres-
sion in the gill and kidney was higher than the ray CRLR mRNA.
These results coincided with the tissue specific expressions
(Fig. 2). When stingrays were transferred to the diluted seawater
(20% seawater), both receptors mRNA expression significantly de-
creased in the gill. Similar results were obtained in the stingray kid-
ney. When rainbow trout were adapted to seawater, their plasma
CGRP levels and CGRP binding sites in the gill increased
(Lamharzi and Fouchereau-Peron, 1996). Similarly when flounder
were moved from seawater to freshwater, CRLR mRNA expression
decreased (Suzuki et al., 2002). Thus, CGRP may play a role in os-
moregulation in teleosts (Lafont et al., 2007).

Interestingly, the plasma level of CT did not change when fresh-
water adapted eels were moved to 100% seawater (Suzuki et al.,
1999). This was reflected in the study where the flounder were
transferred from seawater to freshwater and CTR mRNA expression
in the gill did not alter (Suzuki et al., 2002). Therefore, CT may play
a role in osmoregulation in cartilaginous fish and not in teleosts, as
CT has some functions in osmoregulation as the CTR-like mRNA ex-
pression in both stingray gill and kidney was decreased when the
fish were transferred from seawater to freshwater. Further study
is required to elucidate the possible roles of CT and CGPR in carti-
laginous fish.

3.6. Conclusions

(1) cDNA encoding CRLR was cloned from the stingray brain.
Tissue-expression analysis, using RT-PCR, indicated that ray
CRLR mRNA was detected mainly in the nervous system
(brain) and vascular system (atrium, ventricle, and gill), indi-
cating that CGRP may play roles in the nervous and vascular
systems as it does in mammals.

(2) Another receptor cDNA was cloned from the brain of stingray.
Based on the data of multiple alignments, phylogenetic analy-
sis and tissue distribution pattern, this receptor is CTR equiva-
lent in stingray.

(3) When stingray transferred to the diluted seawater (20% seawa-
ter), mRNA expression of both receptors was significantly de-
creased in the stingray gill. Similar results were obtained in
the kidney. Thus, identification of two members of the
calcitonin-family receptors in the stingray will assist in the elu-
cidation of the physiological roles of these receptors and their
ligands in cartilaginous fish.
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Introduction

ABSTRACT

Complementary DNA of osteoblast-specific genes (dIx5, runx2a, runx2b, osterix, RANKL, type I collagen, ALP, and
osteocalcin) was cloned from goldfish (Carassius auratus) scale, Messenger RNA expressions were analyzed
during spontaneous scale regeneration. DIx5 had an early peak of expression on day 7, whereas osterix was con-
stantly expressed during days 7-21. Runx2, a major osteoblastic transcription factor in mammalian bone, did not
show any significant expression. The expressions of two functional genes, type I collagen and ALP, continually
increased after day 7, while that of osteocalcin increased on day 14. As for osteoclastic markers, in addition to
the cloning of two functional genes, TRAP and cathepsin K, in our previous study, we here cloned the transcrip-
tion factor NFATc1 to use as an early osteoclastic marker. Using these bone markers, we investigate the signal key
that controls the onset of scale resorption and regeneration by performing intra-scale-pocket autotransplanta-
tion of five groups of modified scales, namely, 1) methanol-fixed scale, 2) proteinase K-treated cell-free scale,
3) polarity reversal (upside-down) scale, 4) U-shape trimmed scale, and 5) circular-hole perforated scale. In
this autotransplantation, each ontogenic scale was pulled out, modified, and then re-inserted into the same
scale pocket. At post-transplant, inside the pockets of all modified transplant groups, new regenerating scales
formed, attaching to the ongoing resorbed transplants. Autotransplantation of methanol-fixed scale, proteinase
K-treated cell-free scale, and polarity reversal (upside-down) scale triggered scale resorption and scale regener-
ation. These two processes of scale resorption and regeneration occurred in accordance with osteoclastic and os-
teoblastic marker gene expressions. These results were microscopically confirmed using TRAP and ALP staining.
Regarding the autotransplantation of U-shape trimmed and circular-hole perforated scales, new scales regener-
ated and grew at the trimmed/perforated part of each transplant, while scale resorption occurred apparently
only around the trimmed/perforated area. In contrast, no scale resorption or regeneration was detected in
sham transplantations. Our finding suggests that loss of correct cell-to-cell contact between the scale-pocket lin-
ing cells and the scale cortex cells is the key to switch on the onset of scale resorption and regeneration. Overall,
the present study shows that goldfish scale regeneration shares similarities in gene expression with intramem-
branous bone regeneration. Improved understanding of goldfish scale regeneration will help elucidate the process
of intramembranous bone regeneration and make goldfish scale a possible new tool to study bone regeneration.

© 2012 Elsevier Inc. All rights reserved.

noid. Cycloid scales are scales with a smooth surface. Fish such as
goldfish and carp have cycloid scales. Ctenoid scales have tiny points

Teleost fish, a fish of a large group (division Teleostei) that com-
prises most bony fishes, has two main types of scales, cycloid and cte-
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on their surface and are found on fish such as bass and perch. Teleost
scale has been shown to be a good model for studying bone metabo-
lism [1-4]. It contains calcified tissue consisting of osteoblasts, osteo-
clasts, and bone matrix protein. The scale of teleost shares many
characteristics with mammalian membrane bone. We previously
reported morphological similarity between scale regeneration and
membrane bone osteogenesis [2]. In the mentioned study, scale
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osteoblast appearance and activity were discussed by comparing to
those in developmental study of mammalian membrane bone [5-9].
For osteoclast, we reported that scale osteoclasts create a ruffled bor-
der which is rich in mitochondria to increase the surface area inter-
face for bone resorption. Mature osteoclasts in scales are
multinucleated and express tartrate-resistant acid phosphatase
(TRAP) and cathepsin K [1]. Recently, it was found that scale osteo-
blasts and osteoclasts are capable of responding to parathyroid hor-
mone 1 (1-34) [10].

In fish skeletal tissue, a number of osteoblastic markers have been
detected: alkaline phosphatase (ALP) [11]; runt related transcription fac-
tor 2 (runx2) [12]; and receptor activator of the NF-kB ligand (RANKL)
[13]. In the scale of teleost, type I collagen is present in goldfish scale (Car-
assius auratus) [14]. Osterix expression has been observed in the scales of
medaka (Oryzias latipes) [15]. Osteocalcin, a marker for mature bone ma-
trix producing cells in mammals as well as teleost species [16-18], has
been purified from scales of bluegill (Lepomis macrochirus) {19]. In zebra-
fish, osteocalcin mRNAs have been localized in all mineralized tissues
during and after calcification, including bone and calcified cartilage of
branchial arches [16]; however, to date, no research has been conducted
to examine the pattern expression of osteocalcin during scale regenera-
tion. DIx5 (distal less homeobox5) stimulates osteoblast differentiation
in mammals [20]. A number of in vitro studies have shown that dIx5 me-
diates BMP2-induced runx2 and osterix expressions [21,22]. In teleost,
dIx5 is expressed during the developmental process of visceral skeleton
[23] and medial fin fold {24] in zebrafish. Nevertheless, to the best of
our knowledge, dIx5 expression in teleost scale has not been studied.

During scale regeneration, scale pocket-lining cells are capable of
differentiating into scale-forming and scale-regenerating cells [25].
This significant osteoblastic potential is common to that of bone peri-
osteum. The periosteum contains osteogenic cells in the cambial layer
and fibroblasts in the fibrous layer [26-29]. Sire [30] observed that,
when a scale is experimentally pulled off, the scale-forming cells are
removed with the dermis, but the scale pocket-lining cells are not
damaged. Furthermore, epidermal fragments remain at the posterior
edge of each scale pocket. The restoration of the normal scale pattern
in regenerated scales depends on the presence of the scale pocket-
lining cells, and, if they are damaged, abnormal scalation patterns
and abnormal scales are produced [31].

To elucidate osteoblastic actions during scale regeneration, we
cloned eight osteoblast-specific genes, dIx5, runx2a, runx2b, osterix,
RANKL, type I collagen, ALP, and osteocalcin cDNAs, from goldfish
(C. auratus) ontogenic scale and analyzed their mRNA expression pat-
terns in regenerating scales. This is the first report of the full coding
sequence of osterix, ALP, and osteocalcin molecules in goldfish. In addi-
tion, we previously demonstrated that TRAP and cathK mRNA are
expressed in multinucleated osteoclasts of goldfish scale [1]. In this
study, we succeeded in cloning the nuclear factor of activated T-cells,
cytoplasmic 1 (NFATc1), an early osteoclastic marker which has been
previously reported in mammalian bone [32].

Furthermore, to study the factor that controls the onset of scale re-
sorption and regeneration, we conducted intra-pocket autotransplan-
tation of five groups of modified scales, i.e., 1) methanol-fixed scale,
2) proteinase K-treated cell-free scale, 3) polarity reversal (upside-
down) scale, 4) U-shape trimmed scale, and 5) circular-hole perforated
scale. TRAP and ALP staining were performed to investigate scale re-
sorption and scale regeneration. Additionally, in the present study, we
analyzed osteoclastic and osteoblastic marker gene expression for the
first two groups (methanol-fixed and proteinase K-treated transplants)
and compared them with those in sham transplantations and ontogenic
scales.

The ability of cementless joint replacement implants, dental im-
plants, and rigid internal fracture fixation devices to restore function de-
pends in part upon intramembranous bone regeneration {33]. Future
advances in implant fixation and fracture repair may benefit from
an improved understanding of intramembranous bone regeneration.

Nevertheless, gene expression patterns during intramembranous bone
regeneration are poorly understood. To date, a method such as mechan-
ical ablation of the marrow cavity is a convenient model of intramem-
branous bone regeneration [34-38]. However, one of the weak points
of this model is that it requires that the animal be sacrificed to observe
tissue regeneration; thus, results from each regeneration stage cannot
be obtained from the same animal. The results from our current study
show that bone-related genes during scale regeneration show almost
the same expression trends as those in bone marrow ablation-induced
intramembranous bone regeneration [39-41]. Therefore, we consider
goldfish scale as a possible new tool for studying the process of intra-
membranous bone regeneration.

Materials and methods
Animals

Goldfish (C. auratus) were purchased from a commercial source
(Higashikawa Fish Farm, Yamatokoriyama, Japan) and kept under
normal laboratory conditions before the start of experiments. All ex-
perimental procedures were conducted in accordance with Tokyo
Medical and Dental University's Guideline for the Care and Use of
Laboratory Animals.

Complementary DNA cloning

Ontogenic scales were collected from male goldfish (body length=
14.84+ 2.7 cm) under anesthesia with MS-222 (Sigma). Total RNA was
isolated from the collected scales by using ISOGEN (Nippon Gene)
and kept at —80 °C until the start of experiments. RNA was reverse-
transcribed to cDNA using SuperScript Il (Invitrogen). The resulting
cDNA was served as a template for touchdown PCR amplification using
degenerate primers. Information on cDNA nucleotide sequences and ma-
ture protein amino acid sequences of dIx5, osterix, runx2a (MASNS and
MRIPV isoforms [42]), runx2b (MASNS and MRIPV isoforms [42}), type
I collagen, osteocalcin, and NFATc1 of teleosts was obtained from
GenBank through the web pages of the National Center of Biotechnology
Institution. PCR products of the length of interest were gel-purified and
cloned into PCR2.1 vector (Invitrogen) and Ligation high (TOYOBO).
The sequence analysis was performed by using a BigDye Terminator
v3.1 Cycle Sequencing Kit (Applied Biosystems) and an automated DNA
sequencer (ABI Prism 3100-Avant, Applied Biosystems).

Rapid amplification of cDNA ends (RACE)

We obtained 5’ and 3’ ends of osterix, ALP, and osteocalcin by RACE.
Template cDNA was prepared by using a Super SMART PCR cDNA syn-
thesis kit (Clontech). RACE was performed by using the adapter primer
supplied in the cDNA synthesis kit and specific primers for cloned PCR
fragment sequences.

Amino acid sequence analysis

Amino acid sequence alignments were performed with the Clustal
W multiple sequence alignment program available on the website of
the DNA Data Bank of Japan (DDBJ). The amino acid identity of each
predicted polypeptide was compared with Xenopus laevis, Mus mus-
culus, and Homo sapierns.

Analysis of osteoblastic marker mRNA expression in spontaneously
regenerated scales

Scales on the left side of the body were removed from goldfish
(N=15) after anesthetization with MS-222. On days 7, 14, and 21,
goldfish were anesthetized with MS-222 again, and both regenerating
(left side) and remaining ontogenic (right side) scales were collected.
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Total RNA was isolated from collected scales by using ISOGEN and
treated with DNase I. Two micrograms of total RNA was reverse-
transcribed at 50 °C for 60 min and 70 °C for 15 min in 40 pl of a mix-
ture containing 2 pl of SuperScript IIl, 10 mM dNTPs, 2 pl of RNase in-
hibitor, and 20 uM oligo-(dT). Quantitative real-time PCR analysis of
dlx5, runx2a, runx2b, osterix, RANKL, type I collagen, ALP, osteocalcin,
and P-actin (GenBank ID: AB039726) was performed by using the
SYBR® Premix Ex Taq™ (TaKaRa Bio Inc.) and Mx3000 P® QPCR
System (Stratagene). Real-time PCR was carried out with 1 pg of the
first-strand mixture in 10l of a PCR mixture containing 5l of
SYBR® Premix Ex Tag™, 0.2 il of the ROX reference dye, and 0.2 pl of
each gene-specific primer (Table 1). The conditions for PCR amplifica-
tion consisted of 10 s of initial denaturation at 95 °C followed by
40 cycles of denaturation at 95 °C for 30 s, annealing and extension
at 65 °C for 30s, and a single cycle for dissociation curve analysis
(95°C for 55, 55 °C for 30 s, and 95 °C for 5 s). To control for differ-
ences in starting mRNA conditions, the mRNA levels of 3-actin were
used as an internal standard. The relative values of target mRNA ex-
pression were calculated from the target threshold cycle values and
[3-actin threshold cycle values using standard curves.

Scale modification and autotransplantation

Ontogenic scales were removed from goldfish under anesthesia
with MS-222 and divided into five equal groups for five different
modifications, including 1) methanol fixation, 2) proteinase K treat-
ment, 3) scale polarity reversal (upside-down), 4) U-shape trimming,
and 5) circular-hole perforation. In the first group, scales were im-
mersed in a 99.8% methanol solution for 5 min at room temperature.

Table 1
Primer sequences for quantitative real-time reverse-transcription PCR.
Primers Nucleotide sequences (5'-3")
DIx5
DIX5-F CCGAGCCCGAAGTGAGGAT
DIx5-R GAAGAGCTGGCGCTTTCCAG
Osterix
Osterix-F GACTGCCTGACCAGCGTCAA
Osterix-R GAGGCACCAAGCCTCTCCAA
Runx2a?®
Runx2a-F TCCCACTGGAGGTGCAACAA
Runx2a-R GGGTGGTGGAGTGGATGGAG
Runx2b®
Runx2b-F GACAGCAGCAGCAGGACAGC
Runx2b-R TGAGAAGGCAACACCGAGCA
RANKL
RANKL-F GCGCTTACCTGCGGAATCATATC
RANKL-R AAGTGCAACAGAATCGCCACAC

Type I collagen

Type 1 collagen-F TGCAACCAGGATGCCATCAA

Type I collagen-R ATGAGGCGCAGGAAGGTGAG
Alkaline phosphatase

ALP-F TGGACACAGCGGTGAGGAAA

ALP-R GTGGGCATATGCTGCACTCG
Osteocalcin

Osteocalcin-F ATGCCTGAGCGCAGGTCTTC

Osteocalcin-R CACAGGCCAGGTTTGCTTCA
NFATcI

NFATc1-F CTGTCGTGCGTTTTGGGAAAG

NFATc1-R GATGCTGGTGTTTTGGCTGTAACC
Tartrate-resistant acid phosphatase

TRAP-F TGCTGGACACTGTGCTGCTG

TRAP-R GGAACCTGGTTTCGGTGTCG
CathepsinK

CathK-F TGGGAGGGCTGGAAACTCAC

CathK-R CATGAGCCGCATGAACCTTG
B-actin

B-actin-F CGAGCGTGGCTACAGCTTCA

B-actin-R GCCCGTCAGGGAGCTCATAG

2 Runx2a and runx2b primers were determined from the highly conserved area of
MASNS and MRIPV isoforms.

In the second group, scales were immersed in a 0.05% proteinase K so-
lution for 20 min. Using a microscope, we confirmed that this protein-
ase K-treated procedure caused the scales to become cell-free. Both
groups were then repeatedly rinsed in distilled water and autotrans-
planted to their original scale pockets under anesthesia. In the third
group, scales were upside-down autotransplanted immediately after
being pulled off. In the fourth group, each scale was U-shape-
trimmed at the rostral part using a 5 mm-diameter hole punch. In
the fifth group, one circular hole was made at the central part of scale
using a 1 mm-diameter hole punch. The goal of each modification was
1) methanol fixation was conducted to make all cells on the scales
non-living cells; 2) Proteinase K treatment was conducted to make scales
to be entirely cell-free by detaching all cells; 3) Scale polarity reversal
(upside-down) was carried out to disrupt the correct cell-to-cell contact
between the scale pocket and the scale cortex; and 4) U-shape trimming
and circular-hole perforation were conducted to partially eliminate cell-
to-cell communication between the scale pocket and the scale cortex. As
a control, other scales were pulled out and immediately re-inserted in
their original positions (sham autotransplant).

Histological observations of scale resorption and new scale formation

After autotransplantation, goldfish (N=25) were anesthetized
again, and transplanted scales were collected from each animal on
days 3, 5, 10, and 15 for modified groups 1-3 (methanol-fixed scales,
proteinase K-treated scales, and polarity reversal (upside-down)
scales), and, on day 10, for modified groups 4-5 (U-shape trimmed
scales and circular-hole perforated scales). These scales were im-
mersed in 10% formaldehyde in a 0.05 M cacodylate buffer (pH 7.4)
for 10 min at room temperature, rinsed in distilled water, and incu-
bated at 37 °Cin the dark for 1 h in a tartrate-resistant acid phospha-
tase (TRAP) staining solution [1,10,43]. An assay for TRAP consisted of
naphthol AS-BI phosphate solution, diazotized fast garnet GBC base
solution, sodium nitrite solution, acetate solution (pH 5.2), and
10 mM L(+)-tartrate solution. ALP staining was performed separately
by using NBT/BCIP stock solution at 35 °C for 30 min {43]. After stain-
ing, they were observed under an optical microscope.

Measurements of osteoclastic and osteoblastic marker mRNA levels
in methanol-fixed scales and proteinase K-treated scales at
post-autotransplantation

Autotransplantation of methanol-fixed scales and proteinase
K-treated cell-free scales was conducted in goldfish (N=15) along
with sham autotransplantations. On post-autotransplant day 3 and
day 15, the autotransplanted scales and the remaining ontogenic scales
were collected. Total RNA was isolated, and real-time RT-PCR analysis of
NFATc1, TRAP, cathK, RANKL, dIx5, osterix, type I collagen, osteocalcin,
and B-actin was performed as described above. Each gene-specific
primer is shown in Table 1.

Statistical analysis

All results are expressed as the mean 4- SEM. Statistical significance
was assessed by one-way ANOVA followed by the Bonferroni method.
The data of the relative expression amount of genes in autotransplanted
scales at post-autotransplantation were analyzed after taking logarithms.

Results

Cloning of osteoblastic and osteoclastic marker cDNA from the scale of
goldfish

RT-PCR amplification using degenerate primers was successfully
employed to amplify the fragments of dIx5, runx2a (MASNS and
MRIPV isoforms), runx2b (MASNS and MRIPV isoforms), osterix,
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RANKL, type I collagen, ALP, osteocalcin, and NFATc1 shown in Table 2.
Osterix, ALP, and osteocalcin fragments were subjected to 5’ and 3’
RACE, and then the sequence of the resulting 2064 bp, 2391 bp, and
469 bp ¢cDNA was determined. The nucleotide sequence data of goldfish
dix5, runx2a (MASNS), runx2a (MRIPV), runx2b (MASNS), runx2b
(MRIPV), osterix, RANKL, type I collagen, ALP, osteocalcin, and NFATc1
cDNA has been submitted to the DDBJ/EMBL/GenBank DNA database
under each GenBank ID listed in Table 2. The comparison of the amino
acid sequences of goldfish dIx5, runx2a (MASNS), runx2a (MRIPV),
runx2b (MASNS), runx2b (MRIPV), osterix, RANKL, type I collagen,
ALP, osteocalcin, and NFATc1 with Danio rerio, X. laevis, M. musculus,
and H. sapiens is shown in Table 2. RANKL and osteocalcin have low
degrees of identity with X. laevis, M. musculus, and H. sapiens. The other
genes have greater than 80% homology with D. rerio and greater than
50% homology with other vertebrates. Concerning the full sequences,
for osterix, residues of three zinc finger structures, a putative nuclear lo-
calization signal, and a repetitive motif, GSSPL, are conserved with the
specific protein7 (Sp7)/osterix of humans and rodents [44], while the
proline-rich domain shares low homology. For ALP, metal ligand sites
and residues that interact with substrate phosphate {45] are conserved,
whereas the N and C terminals have low homology to humans,
rodents, and amphibians. For osteocalcin, the Gla region including the
two Cys [46] and the teleost's unique highly conserved sequence near
the C-terminal, AAYXAYYGP(I/P) [47], are highly conserved. Other re-
gions of osteocalcin share low homology with tetrapods.

Expression pattern of osteoblastic markers in the spontaneous regenerating
scale

We found that osteoblastic markers were expressed in the regener-
ating scale and that the expression of dIx5, osterix, type I collagen, ALP,
and osteocalcin mRNAs increased remarkably during scale regenera-
tion, although that of runx2a and runx2b mRNA was not higher than
that of ontogenic scale (Figs. 1A-B). On day 7, DIx5 mRNA expression
reached the peak level and declined (Fig. 1C), whereas osterix mRNA
expression increased and persisted (Fig. 1D). Two functional genes of
osteoblasts, type I collagen and ALP, were expressed since the early
stage of scale regeneration (Figs. 1E-F), while osteocalcin mRNA ex-
pression was increased later on day 14 (Fig. 1G).

Table 2

Histological evidence of scale resorption and new scale formation

On day 5, transplantation in methanol-fixed and proteinase K-
treated scales triggered apparent inflammation, bleeding, and edema
in and around the transplant areas; the same was observed in polarity
reversal (upside-down) scales, but with less inflammation. TRAP stain-
ing on day 5 indicated that osteoclastic activities in the methanol-fixed,
the proteinase K-treated, and polarity reversal scales (Figs. 2A-C) were
higher than those in the sham transplanted and ontogenic scales
(Figs. 2D-E). Microscopically, the numbers of TRAP-positive cells were
confirmed to be higher as well. The TRAP-positive area on scale in-
creased with time (Table 3). On day 15, many multinucleated osteo-
clasts appeared (Fig. 3C), and the methanol-fixed and proteinase K-
treated transplants were resorbed (Fig. 3B). Post-transplant new scale
formation was found since day 10 on the posterior side of every modi-
fied transplanted scale, including methanol-fixed transplants (Fig. 2F),
proteinase K-treated cell-free transplants (Fig. 2G), and the polarity re-
versal (upside-down) transplants (Fig. 2H). The new scales were posi-
tively stained with alkaline phosphatase. Each new scale began to
adhere firmly to the posterior side of the transplant and grew larger
on day 15. However, the shapes of these scales were not identical to
those of spontaneously regenerating scales, and their sizes were smaller
when compared with the same-age spontaneously regenerating scales.
No new scale regenerated in the sham transplants (Fig. 2I). The sham
transplants were well sustained in the scale pockets and were negative
for TRAP and ALP staining on days 5 and 10 (Figs. 2D, I). In U-shape
trimmed transplants (Figs. 4A-B) and circular-hole perforated trans-
plants (Figs. 4C-F), new scales regenerated at the trimmed and perfo-
rated parts of each scale, respectively. In these two groups, scale
resorption occurred apparently only around the trimmed/perforated
part without obvious inflammation.

Osteoclastic and osteoblastic activities in post-autotransplant
methanol-fixed scales and proteinase K-treated scales

At the early post-autotransplant stage {days 3), the mRNA expres-
sion amount of early osteoclastic marker NFATc1 in both groups of
modified transplanted scales (methanol-fixed transplants and pro-
teinase K-treated transplants) was significantly higher than that in

Amplified fragment length and comparison of amino acid sequences of goldfish dix5, runx2a (MASNS and MRIPV), runx2b (MASNS and MRIPV), osterix, RANKL, type I collagen, ALP,

osteocalcin, and NFATc1 to Danio rerio, Xenopus leavis, Mus musculus, and Homo sapiens.

Amplified fragment Length (bp) Amino acid sequence homology (%)
Danio rerio Xenopus laevis Mus musculus Homo sapiens
UniProt ID: UniProt ID: UniProt ID: UniProt ID:
DIx5 411 (partial) 96.06% 90.00% 80.71% 80.00%
GenBank ID: AB685218 Q5XJL9 Q6GLJ3 P70396 P56178
Runx2a (MASNS) 884 (partial) 95.28% 69.31% 61.65% 63.25%
GenBank ID: AB274884 Q6U1J2 A1YIX8 Q08775 Q5T802.
Runx2a (MRIPV) 1152 (partial) 95.41% 68.86% 71.37% 71.37%
GenBank ID: AB274885 Q596E7 A1YIX9 Q08775 Q57802
Runx2b (MASNS) 678 (partial) 95.10% 72.17% 53.06% 56.43%
GenBank ID: AB274886 Q6TYZ4 ATYIX9 Q08775 Q5T802
Runx2b (MRIPV) 928 (partial) 97.84% 76.98% 86.36% 86.36%
GenBank ID: AB274887 Q4VW83 ATYIX9 Q08775 Q5T802
Osterix 2064 (full) 86.83% 50.86% 62.18% 64.56%
GenBank ID: AB274888 Q6U1j4 A6H8I6 Q2KHK9 Q8TDD2
RANKL 725 (partial) - 32.89% 26.99% 26.38%
GenBank ID: AB459540 - Q5HZR8 Q059M3 014788
Type I collagen 399 (partial) 97.74% 85.71% 84.21% 82.71%
GenBank ID: AB685219 Q6P4U1 QoIB91 Q99LL6 D3DTX7
ALP 2391 (full) 87.86% 76.08% 76.29% 77.11%
GenBank ID: AB459538 F1Q5B5 Q32NT2 Q8Jzs4 B724Y6
Osteocalcin 469 (full) 72.12% 29.13% 31.68% 28.71%
GenBank [D: AB685220 Q4G6A6 P40147 P86546 P02818
NFATc1 2544 (partial) 93.13% 62.38% 62.09% 61.80%
GenBank ID: AB685221 Q19AW4 Q6GNH6 Q6P7T9 B5B2M

Each accession number (UniProt ID) of the compared amino acid sequence is written one line below the percent homology.
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Fig. 1. (A-G). Expression patterns of osteoblastic markers during spontaneous scale regeneration compared to ontogenic scales. Column and bars represent the mean and SEM

(N=35), respectively.

the sham transplants and the ontogenic scales (P<0.05) (Fig. 5A),
whereas no significant increase in expression of early osteoblastic
marker dIx5, osterix (Figs. 5D-E), and runx2 (data not shown) was
found. In addition, the methanol-fixed transplants and the proteinase
K-treated transplant showed slightly higher, but insignificant, levels
of cathK and RANKL (Figs. 5B-C). On the other hand, at the late
post-autotransplant stage (days 15), two osteoclastic markers, TRAP
and cathK, and two osteoblastic markers, collagen I and osteocalcin,
in both methanol-fixed transplants and proteinase K-treated trans-
plants were significantly higher when compared to sham autotrans-
plants and ontogenic scales (P<0.05) (Figs. 6A-D). At this stage, no
significant result was found in the mRNA expression analysis of
NFATc1 (data not shown).

Discussion

For studying the bone metabolism, using goldfish scale is a simple,
cost-effective, and time-saving approach. A goldfish has a total of
more than one hundred scales on both sides of its body. Numerous
scales can be pulled out at any time without fatal consequences. This
condition enables in vivo experiments to investigate various stages of
the osteo-regeneration process in real-time in the same animal. More-
over, from the same goldfish, harvested scales can be applied by several
scale treatments/modifications in vitro. For example, scales are divided
into several groups, and each groups is then treated differently depend-
ing on the experimental plan. This opens possibilities for more complex
experimental designs. The effects of multiple environment factors can
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ALP

A) Day 5 - Met

TRAP F) Day 10 - Met

ALP

D) Day 5 - Sham

TRAP 1) Day 10 - Sham

E) Day 5 - Control  TRAP J) Day 10-Control

ALP

.

Fig. 2. (A-]). Micrographs of methanol-fixed transplants (Met), proteinase K-treated
transplants (ProK), polarity reversal (upside-down) transplants (Reverse), sham trans-
plant (Sham), and ontogenic scales (Control) on day 5 (TRAP staining) and day 10 (ALP
staining). Black arrowheads and black arrows indicate the TRAP-positive area and
regenerating scales, respectively.

be studied in the same animal. In addition, compared to observing real-
time bone regeneration, which requires a high-effort approach such as
x-ray irradiation, scales are easier to work with, as they are on the
outer part the animal's body.

Our previous histological observation indicated that scale regener-
ation is very similar to the development of mammalian membrane

Table 3
Summary of the histological observation.

Type of autotransplant New scale Scale resorption (osteoclastic activity)

formation Day3 Day5 Dayl10 Day15
Methanol-fixed scale (Met) e} +/= + ++ +++
Proteinasek-treated scale (Prok) O +/— + ++ +++
Polarity-reversal scale (Reverse) O +/— -+ + ++
Unmodified scale (Sham) - +/— - - -

Degree of TRAP-positive area on scales was quantified by numbers of plus signs (+).

bone [2]. Moreover, we reported that the estrogen receptor is
expressed in regenerating scales and estrogen participates in osteo-
genesis as it does in mammalian bone [2]. Genetically, considering
the peak and sequence of osteoblastic gene expression, our results
are in accordance with those reported in the femoral marrow ablation
model [39-41], a conventional model of intramembranous bone

A) Day 15 - Control

B) Day 15 - Met

Fig. 3. (A-C). Micrographs of ontogenic scales (Control), methanol-fixed transplants
(Met), and proteinase K-treated transplants (ProK) at day 15 after TRAP staining.
Black arrowheads and white arrowheads indicate the TRAP-positive area and multi-
nucleate osteoclasts, respectively. In panel B, a micrograph was taken after removing
the new regenerating scale from the autotransplant. TRAP staining was performed be-
fore the removal.
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Fig. 4. (A-F). Micrographs of new regenerating scales that formed and adhered to the
posterior side of the modified scales at post-autotransplant day 10; U-shape trimmed
scales (A-B), circular-hole perforated scales (C, E), and zoom image of C and E (D, F).
Each transplant was individually stained with TRAP (A, C, D) and ALP (B, E, F). Black ar-
rowheads indicate new regenerating scales.

regeneration. Scale osteoblastic genes, dIx5, osterix, collagen, ALP,
and osteocalcin, show almost the same patterns of expression as
intramembranous bone regeneration. In addition, compared to the
results from an in vitro experiment using MC3T3-E1 cells [48], scale
osteoblastic genes share almost the same sequence of expression ex-
cept for one gene, Runx2. Runx2 in regenerated scales did not show
significant expression above those in ontogenic scales.

In mammal, osteogenesis is regulated by the transcription factors
runx2, osterix, dlx5, and msx2 and the transcriptional activator -
catenin [49]. Runx2 controls the expression of major osteoblast pro-
teins, such as alkaline phosphatase, collagen, and osteocalcin [20,49].
Osterix lies downstream of runx2 and is necessary for the differentiation
of pre-osteoblasts into mature osteoblasts [49]. DIX5 is a homeobox do-
main transcription factor that also regulates osteogenesis [20,50,51] and
is involved in the response of osteogenic cells to BMP-2 [21,52,53]. In
the present study, both transcription factor dIx5 and osterix were
found to be expressed during scale regeneration prior to activation of
the osteoblast functional genes type I collagen, ALP, and osteocalcin
(Figs. 1C-G). These results indicate that genetic regulation of scale re-
generation resembles that of developing mammalian bone. In mam-
mals, runx2 is the first osteoblast-specific transcription factor to be
identified and still the earliest cell-specific transcription determinant
known in this cell lineage [54]. Many molecular biology, mouse, and
human genetic studies converge to demonstrate that runx2 is a master
gene of osteoblast differentiation [55]. However, our present study indi-
cated that runx2 is less likely to be a crucial factor in an early stage of
scale regeneration, while dIx5 is rather contributory for the following
reasons: 1) runx2 mRNA during the early stage of scale regeneration
did not show significant expression above those in ontogenic scales
(Figs. 1A-B), while dIx5 did (Fig. 1C), and 2) in the same sample, the

cycle threshold of dIx5 (CT value=27-28) was lower than that of
runx2 (CT value=31-32), indicating that dIx5 mRNA expression was
much higher than runx2.

For osteoclasts, it has been shown that scale osteoclasts and bone os-
teoclasts share elements morphologically and genetically. Scale osteo-
clasts create a ruffled border which is rich in mitochondria to increase
the surface area interface for bone resorption. Mature scale osteoclasts
are multinucleated and express TRAP and cathK [1]. Together with
scale osteoblasts, scale osteoclasts respond to parathyroid hormone 1
(1-34) [10]. In bone, osteoclasts are differentiated from hemopoietic
precursor cells at bone-resorbing sites under the control of osteotropic
hormones and local factors produced in the microenvironment
[56-58]. Nonetheless, to the best of our knowledge, the specific location
where goldfish scale osteoclasts differentiate is unknown. In this study,
the presence of early osteoclastic markers (NFATc1 and RANKL) in cell-
free autotransplants on day 3 indicates that early (undifferentiated) os-
teoclasts did migrate to the autotransplants. After this, elevation of late
osteoclastic markers (TRAP and cathK) was detected (Figs. 6A-B). This
result indicates that differentiation of scale osteoclast is most likely tak-
ing place in autotransplants.

We consider that the regeneration of scale after scale injury can be
used as a model for studying bone regeneration. For example, from an
autotransplantation experiment, the regeneration process in U-shape
trimmed scales and circular-hole perforated scales could resemble the
healing process in a bone fracture. Besides, the regeneration process in
polarity reversal (upside-down) scales and cell-free scales may be a
model for bone regeneration after inflammation. In the present study,
we found that new scales regenerated at the trimmed/perforated part
of each transplant without obvious inflammation (Figs. 4A-B: U-shape
trimmed transplants and Figs. 4C-F: circular-hole perforated trans-
plants). However, inflammation is another considerable possibility that
could induce the onset of scale resorption and regeneration. The
inflammation-induced bone resorption theory reviewed in [59] could
be used to explain the process. Briefly, several cytokines and inflamma-
tory mediators have been shown to be able to stimulate osteoclast for-
mation and bone resorption and have, therefore, been implicated in the
pathogenesis of inflammation-induced bone resorption. Some cytokines,
the two kinins bradykinin and kallidin, as well as thrombin, are stimula-
tory, whereas other cytokines are inhibitory. Stimulatory cytokines exert
their effects not by affecting the osteoclast progenitor cells directly but
by stimulating the RANKL/OPG ratio in periosteal osteoblasts. Inhibitory
cytokines cause their effects either indirectly, by affecting osteoblasts, or,
in some cases, directly, by affecting the osteoclast progenitor cells. Che-
mokines are important for the recruitment of osteoclast progenitor
cells to the inflammatory site and also for the fusion of these cells to
multi-nucleated osteoclasts. In the current study, we found that RANKL
expression increased in the early stage of all modified scale autotrans-
plants. However, at this stage, the expression of osteoblastic markers
dIx5 and osterix was still insignificant. To explain this point, it is possible
that the cells that expressed RANKL could be cells other than osteoblasts,
such as those involved in the inflammatory response. Lymphocytes, fi-
broblasts, inflammatory epithelial cells and synovial cells have been
reported to express RANKL [60-65].

In our scale transplant model, we entirely disrupted the spontaneous
cell-to-cell contact between the scale-pocket lining and scale cortex in
groups 1-3 by pulling off the scales, modifying them (by methanol-
fixation, proteinase K-treatment, and polarity reversal (upside-down)),
and re-inserting them into their original scale pockets. Similarly, we par-
tially disrupted the cell-to-cell contact in groups 4-5 by U-shape trim-
ming and circular-hole perforation. Here, we demonstrated that correct
cell-to-cell contact between the scale-pocket lining cells and scale cortex
cells is the key to switch off the onset of scale resorption and regenera-
tion. Sham transplantation was the only method that did not produce a
result in scale resorption and new scale formation. This could be
explained by the fact that the reported method had caused the scale
pocket lining to be disconnected from the scale surface for only a short
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time (about 5-10 s). This enabled the post-transplant revascularization re-established in the methanol-fixed transplant, proteinase K-treated
and made it possible for the old cell-to-cell contact to be preserved. On cell-free transplant, and polarity reversal (upside-down) transplant. In
the contrary, it was difficult for the old cell-to-cell contact to be correctly these groups, resorption of the transplanted scales took place first, and
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transplants in the late post-autotransplant stage (day 15) compared to those in ontogenic scales. Column and bars represent the mean and SEM (N = 5), respectively. The different
superscripts represent statistically significant differences at P<0.05.
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new scale regeneration followed. Again, we found that scale regeneration
started at the area that lacks cell-to-cell contact (trimmed/perforated
parts) in transplant groups 4-5. From our preliminary experiments,
trimmed/perforated scales could not be regenerated in vitro when cul-
tured without scale pocket tissue. With scale pocket tissue, however,
the new scale regenerated at the trimmed/perforated parts but had not
fully grown. This may be due to the other environmental conditions.
From these facts, we suggest that the preserved cell-to-cell contact
should be considered to be a determining factor for inhibiting scale re-
sorption and formation.

As for the loss of cell-to-cell contact theory, similar to our results, it
has been shown that the proliferation of type 1 astrocytes is strongly
inhibited by homotypic cell contact [66]. In addition, the cell-to-cell
contact-dependent inhibition of astrocyte proliferation and reactive
gliosis was demonstrated in vitro and in vivo [67]. In this process,
cyclin-dependent kinase P27 contributes to the regulation of cell cycle
re-entry in type 1 astrocytes [67,68]. In liver regeneration as well, hepa-
tocytes can also be primed to respond to the hepatocyte growth factor
and transforming growth factor alpha by mild collagenase perfusion
of intact liver, suggesting that the loss of cell-to-cell contact may facili-
tate re-entry into the cell cycle [69]. Moreover, even though it is not well
understood, loss of cell-to-cell contact is suggested to be an important
early regulator of intestinal regeneration by being a potential modulator
in initiating signal and cell proliferation [70]. In the present study, cor-
rect cell-to-cell contact withheld scale resorption in sham transplanta-
tion, as shown in Table 3; TRAP positive disappeared after day 5. On
the contrary, in the methanol-fixed (scale with non-living cells) and
proteinase K-treated (cell-free scale) transplants, scale resorption pre-
ceded new scale formation and lasted at least until two weeks after
transplantation. Our experiment is the first to show that, other than in-
duce cell proliferation, loss of cell-to-cell contact could trigger the re-
sorption process. In addition, the resorption process was confirmed to
happen before the regeneration process.

In conclusion, we found that goldfish scale regeneration shares simi-
larities in gene expression and morphology with intramembranous
bone regeneration. Using scale regeneration as a model of intramembra-
nous bone regeneration has advantages over the conventional bone mar-
row ablation model, largely because it does not require that animal be
sacrificed. Moreover, the goldfish scale regeneration model allows all
stages of the regeneration process to be observed in the same animal. Im-
proved understanding of scale regeneration will help elucidate the pro-
cess of intramembranous bone regeneration. Therefore, we consider
goldfish scale as a possible new tool to study intramembranous bone
regeneration.
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