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I . General Introduction



[t is well known that astronauts experience decreased bone mass after long
space flights. For example, it has been reported that bone mass in the hip and
spine decrease by about 1% per month under microgravity conditions during
space flight (Schneider er al, 1995). Under microgravity conditions, therefore,
astronauts suffer from bone disease caused by a decline in bone mass. This disease
is one of the main problems during space flight. Furthermore, several factors such
as some hormones and bioactive substances in addition to gravity stimuli are
associated with bone disease (Suzuki et al, 2008a; Eimori et al, 2016). There are
many points needing clarification about the detailed mechanisms of bone disease
under microgravity due to the lack of a suitable bone model system to analyze the
responses of gravity unloading.

Bone is an active connective tissue composed of three types of cells: osteoblasts,
osteoclasts, and osteocytes (Civitelli, 2008; Schaffler and Kennedy, 2012; Chen et
al., 2018). Osteoblasts are bone-forming cells that secrete bone matrix to form
hard bone, and osteoclasts are bone-absorbing cells that elute the bone matrix by
several enzymic actions. Osteocytes are derived from fully differentiated and
mature osteoblasts and are buried in the bone matrix secreted by osteoblasts (Al-
Bari and Al Mamun, 2020). Osteocytes act as a leading commander of bone
remodeling, sensing and integrating mechanical and chemical signals from the
environment to regulate bone formation and bone resorption (Schaffler er al,
2014). These bone cells act to maintain bone homeostasis resulting from the

regulation of blood calcium ion levels (Al-Bari and Al Mamun, 2020). Therefore,
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it is quite important to keep well-balanced bone homeostasis. However, the
breakdown of bone homeostasis causes osteoporosis due to the predominance of
bone resorption over bone formation, and, conversely, the predominance of bone
formation such as calcification causes bone diseases such as osteopetrosis
(Brockstedt er al,, 1996; Dalbeth er al, 2010; Lerner, 2006).

Space experiments using rats and simulated unloading caused by the suspension
of the hind limbs with rats have been conducted (Vico et al, 1993; Wronski and
Morey, 1982). However, the results are inconsistent, and many points remain
unclear (Chatziravdeli er al, 2019). Under in vivo conditions, bone homeostasis
is affected by some bioactive substances (e.g., growth factors, cytokines,
chemokines) and sexual hormones (estrogen) (Al-Bari and Al Mamun, 2020).
Therefore, an 1n vitro culture system under coexisting conditions with osteoclasts,
osteoblasts, and bone matrix is desired in order to accurately analyze the bone
metabolic response to physical stimuli such as hypergravity and microgravity.
However, unlike osteoblasts with established cell lines, osteoclasts need to be
induced to a multinucleated active form by cell fusion and are not easy to culture
(Sambandam et al, 2010; Saxena er al, 2011). It has been elucidated that the
interaction between the osteoclast differentiation factor (receptor activator NF-
k B ligand: RANKL) expressed on the cell membrane of osteoblasts and the
receptor for RANK expressed on the cell membrane of precursor osteoclasts is
important for the differentiation of osteoclasts (Teitelbaum, 2000). Therefore, a

co-culture of osteoblasts and osteoclasts is necessary for investigating bone
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metabolism.

On the other hand, teleost fish have a unique hard tissue, fish scale that consists
of osteoclasts, osteoblasts, and calcified bone matrix including a fibrillary layer (a
thick, partially calcified layer) and a bony layer (a thin, well-calcified external
layer) (Bereiter-Hahn and Zylberberg, 1993; Suzuki et al,, 2000; Yoshikubo et al,
2005; Suzuki er al, 2007; Ohira et al, 2007; Suzuki et al, 2008a). The
morphological features of fish scales are very similar to those of mammalian
membrane bone (Yoshikubo et a/, 2005). Fish scales as a bone model have been
shown to respond sensitively to bioactive substances and physical stimuli
including hypergravity and microgravity (Suzuki et al,, 2008a; Suzuki et al., 2008b;
Suzuki et al, 2016; lkegame et al, 2019). Furthermore, fish scales have a
characteristic feature—regeneration after the removal of ontogenic scales—and
the regenerating scales have higher cell activity and higher responsiveness to
hormones than do normal scales (Yoshikubo ez al,, 2005). In my study, in order to
validate goldfish scales as a bone model for the analysis of gravity stimuli, I
performed following three experiments.

First, the localization of RANKL-producing cells in the regenerating scales of
goldfish was examined. RANKL-induced osteoclast differentiation and the
subsequent enhancement of bone resorption activity is regulated by the master
regulator of osteoclast formation (nuclear factor of activated T-cell c1: NFATc1)
(Smith, 2020). It has been reported that microgravity exposure enhances bone

resorption activity and increases the mRNA expression of RANKL of the
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regenerating scales (Ikegame er al, 2019). However, the localization of RANKL-
expressing cells in the regenerating scales of teleost fish was still unknown.
Therefore, the localization of RANKL-positive cells in the regenerating scales of
goldfish was examined immunohistochemically. Furthermore, I investigated the
induction of signal transduction pathways for osteoclast formation by the addition
of exogenous RANKL.

Next, the localization of osteocyte-like cells in the regenerating scales of
goldfish was investigated. SCLEROSTIN, a protein encoded by the Sost gene, is
expressed mainly in osteocytes in mammalian bone (Collette er al, 2013).
SCLEROSTIN, a negative regulator of bone formation, acts as an inhibitor of the
Wnt/ B -catenin signaling pathway that positively regulates bone formation.
SCLEROSTIN produced by osteocytes is known to be important in responding to
physical stimuli (Pajevic et al, 2013; Delgado-Calle er al, 2017; Hinton et al.,
2018). However, the localization of SCLEROSTIN-positive cells in the scales of
teleost fish was unknown. In my study, the localization of SCLEROSTIN in the
regenerating scales of goldfish was investigated at the mRNA and protein
expression levels. In addition, the osteocyte-like cells were observed electron
microscopically. Next, | evaluated the effect of microgravity by space flight on the
mRNA expression of Sostin the regenerating scales of goldfish.

Finally, the influence of bone metabolism in response to both hypergravity and
microgravity was examined using the regenerating scales of goldfish. In

mammalian bone, the mechanisms of converting physical stimuli into biological
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responses (called mechanotransduction) remain unknown due to the lack of an
appropriate 1n vitro model system (Makihira et al, 2008; Smith, 2020). In addition,
there is a lack of agreement regarding the responsiveness of osteoclasts in the in
vitro cell culture studies of simulated microgravity on the ground and in space
experiments (Makihira et al, 2008; Chatziravdeli et al, 2019; Smith, 2020).
Osteocytes are known to be the major sensor of mechanical loading in mammalian
bone (Tatsumi er al, 2007; Lin et al, 2009; Schaffler and Kennedy, 2012; Alford
et al., 2015; Smith, 2020). Therefore, the scales of teleost fish, in which osteocyte-
like cells coexist on the bone matrix, in addition to osteoblasts and osteoclasts were
used to evaluate the mechanical stimulation. A simulated microgravity
environment was made using a three-dimensional (3D) clinostat, and a
comparison between the simulated microgravity environment and the space flight
(microgravity) environment was carried out. In my study, the response of
osteoblasts and osteoclasts to the physical stimuli of hypergravity and microgravity
was analyzed simultaneously for the first time in molecular biology and
morphology using the regenerating scales of goldfish.

The present study provides evidence to prove that teleost scales are an
excellent model system for analyzing the effects of physical stimuli on bone

metabolism.



II. Detection of RANKL-expressing cells and response of exogenous RANKL to

osteoclasts in regenerating scales of goldfish



Introduction

The receptor activator of nuclear factor- k B (RANK) expressed in osteoclasts
and the RANK ligand (RANKL) is important for bone cell interaction (Nagy and
Penninger, 2015; Ono and Nakashima, 2018). The binding of RANK to RANKL
induces osteoclastic activation (Nagy and Penninger, 2015; Ono and Nakashima,
2018); thus, RANKL has an important function in osteoclastogenesis and causes
bone resorption (Teitelbaum, 2000; Kondo et a/, 2001). In addition, the nuclear
factor of activated T cells cytoplasmic 1 (NFATc1), which is the master regulator
of osteoclastogenesis, is activated by RANK/RANKL signaling and induces the
expression of osteoclastogenic genes (Takayanagi et al, 2002; Asagiri et al., 2005;
Yamashita er al, 2007). The activation of NFATc1 enhances the expression of
various molecules involved in the differentiation of osteoclast precursor cells,
preosteoclast multinucleation, osteoclast bone resorption activity, or
communication between osteoblasts and osteoclasts (Fig. 1) (Takayanagi et al,
2002; Asagiri er al., 2005; Zhao et al, 2006; Yang et al., 2008; Miyauchi er al.,

2010; Zhang et al., 2014).



Teleost fish have scales containing osteoblasts, osteoclasts, and a calcified bone
matrix that has two layers: a thin, fully calcified outer layer, and an osseous layer,
which is a thick, weakly calcified layer (Bereiter-Hahn and Zylberberg, 1993;
Yoshikubo et al, 2005; Suzuki et al, 2007; Ohira et al., 2007; Suzuki et al., 2008a).
Therefore, in previous studies, fish scales were used as a bone model to evaluate
the effects of several physical stimuli, including hypergravity and microgravity
stimuli, and to examine the influence of the bioactive substances (Suzuki et al,
2008a; Suzuki et al,, 2008b; Suzuki et al, 2016; Tkegame et al., 2019). Teleost fish
scales regenerate after being removed (Suzuki er al, 2009; Kakikawa et al,, 2012).
Previous studies have shown that the bone formation in regenerating scale is very
similar to that of the calvarial bone (Yoshikubo et a/, 2005; Thamamongood et al,
2012). These regenerating scales were used to demonstrate that microgravity
stimulates osteoclast multinucleation and resorption activity (Ikegame er al,
2019). The promotion of osteoclast multinucleation and resorption activity in the
regenerating scales was quite similar to the 7n vivo conditions of mammalian bone
in space flight (Tamma et al, 2009; Gerbaix et al, 2017). Microgravity induces
osteoclastic activation by increasing Kank/ mRNA expression levels in the

regenerating scales (Ikegame et al, 2019). However, the location of RANKL-



producing cells in the regenerating scale remains unknown. Therefore, I prepared
antiserum against goldfish RANKL and found RANKL-producing cells in the
regenerating scales of goldfish. In addition, in order to investigate RANKL-
signaling molecules containing NFATcl, I investigated the effect of exogenous

RANKL on osteoclast formation in the regenerating scales of goldfish.
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Materials and Methods

Animals

All goldfish (Carassius auratus) (20-30 g, male) used in this experiment were
purchased from a commercial source (Higashikawa Fish Farm, Yamatokoriyama,
Japan). All experimental procedures were carried out according to the Guide for

the Care and Use of Laboratory Animals of Kanazawa University.

Immunohistochemical analysis of RANKL in the regenerating scales of goldfish
The goldfish RANKL antiserum was synthesized by Medical and Biological
Laboratories Co., Ltd. (Nagoya, Japan). Rabbits were injected with two RANKL
peptide sequences (YLRNHIDMEEAPARAPHC and
CLASPQQSPNEEMHSETL, GenBank ID: AB894120) of Carassius auratus
bound to keyhole limpet hemocyanin to obtain the antiserum.
Normally developed scales were removed from goldfish anesthetized with ethyl
3-aminobenzoate methanesulfonic acid salt (Ms-222, Sigma-Aldrich) to

regenerate the scales. Two weeks later, the goldfish were anesthetized, and the
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regenerated scales were removed and fixed with a 4% paraformaldehyde solution
in phosphate-buffered saline (PBS). After rinsing with PBS, the scales were
incubated for 1 hour at room temperature in a solution containing 0.1% Tween
20, 0.3% glycine, 10% normal goat serum, and 1% bovine serum albumin (BSA).
The scales were then incubated overnight at 4°C with anti-RANKL serum
(2,000x), rinsed with PBS, and incubated with Alexa Fluor 488-labeled anti-rabbit
IgG (1,000x; A11034, Molecular Probes) for 1 hour at room temperature. After
washing again with PBS, the nuclei were stained with 4', 6-diamidino-2-
phenylindole (DAPI). As a negative control, normal rabbit serum was used for
overnight immunostaining at a temperature of 4°C. Samples were evaluated using

a fluorescence microscope (BX51, Olympus).

Effect of exogenous RANKL on osteoclastogenesis in goldfish scales regenerating
in culture

Goldfish were anesthetized with Ms-222, and the scales were collected and cut
in half. Next, half of each piece was put into a 24-well microplate with 1 mL of
Leibovitz’s L-15 medium (Thermo Fisher Scientific) supplemented with mouse
RANKL (150 ng/mL) (R&D Systems), antibiotics, and 2% BSA. The other half of
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the scale was placed as a control in another well of a microplate containing
RANKL-free medium. These scales were incubated in L-15 medium at 15°C for 3
and 6 hours. After incubation, the scales were frozen at -85°C until the next mRNA
analysis by quantitative real-time PCR. The mRNA expressions of the control and

experimental scales from the same fish were compared.

Quantitative real-time PCR analysis

Total RNA was isolated from goldfish scales using a total RNA isolation kit for
fibrous tissue (RNeasy Fibrous Tissue Mini-Kit, Qiagen), followed by
complementary DNA synthesis. PCR amplification was analyzed using a real-time
PCR apparatus (Mx3000pTM, Stratagene) with specific primers for B
Iymphocyte-induced maturation protein-1 (Blimpl), cathepsin K (Ctsk),
dendritic cell-specific transmembrane protein (Dc-stamp), elongation factor-1
alpha (Ef-1a), ephrinB2, Nfatcl, and osteoclast stimulatory transmembrane
protein (Oc-stamp) (Table 1). PCR conditions have been previously described

(Suzuki et al, 2011; Sato et al, 2017; Ikegame et al., 2019).

Statistical analysis
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Data are presented as the means = the standard error of the mean (SEM).
Statistical significance was assessed using the paired Student’s test. The selected

significance level was p < 0.05.
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Results

Immunohistochemical analysis of RANKL in regenerating scales of goldfish
Antiserum against the goldfish RANKL was prepared in rabbits to determine

the localization of RANKL-expressing cells. The presence of positive RANKL

immunostaining was shown by immunohistochemical analysis in some

mononuclear cells located in the grooves of goldfish scales regenerating for 14

days (Fig. 2).

Effects of the addition of exogenous RANKL on osteoclastogenesis in cultured
regenerating scales of goldfish

In order to evaluate the effects of RANKL on the osteoclastogenesis of
regenerating scales, mouse RANKL was added to the medium, and gene
expression was assessed. The mRNA expression of the transcription factor, Nfatcl,
was significantly upregulated by RANKL treatment for 3 hours (Fig. 3A). After 6
hours of incubation with RANKL, the mRINA expression of the osteoclast function

gene Ctskwas significantly upregulated (Fig. 3B). In addition, the mRNA levels
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of factors involved in osteoclast multinucleation, such as Oc-stamp and Dc-stamp,
were elevated after treatment with RANKL (Fig. 4). Significant differences in the
mRNA levels of Dc-stamp and Oc-stamp were observed between the control and
experimental groups after 3 hours of incubation with RANKL (Fig. 4). The 6-hour
incubation with RANKL resulted in a statistically significant difference in Oc-
stamp mRNA expression levels between the treatment and control groups (Fig.
4). After 3 hours of incubation with RANKL, the mRNA expression of Blimpl
significantly increased in the treated group as compared to the control levels (Fig.
5). The mRNA expression of EphrinBZ2 also tended to increase with 3 hours of
treatment of scales with RANKL as compared with untreated controls (p = 0.07,

Fig. 5).
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Discussion

In this study, RANKL-producing cells were detected in the grooves of
regenerating goldfish scales (Fig. 2). Most osteoclasts were also present in the
grooves of regenerating scales. Previous studies have shown that under
microgravity for spaceflight, there are multinucleated cells in the grooves, and
remarkable bone resorption is induced after 86 hours of incubation under
microgravity (Ikegame et al,, 2019). These findings show that RANKL-producing
cells communicate with osteoclasts and induce osteoclastogenesis in the grooves
of regenerating scales. One cause of this osteoclastic activation is the increased
expression of RANKL, as Rank/ mRNA expression actually increased under
microgravity (Ikegame et al, 2019). Based on these findings, I aimed to
investigate the effect of extrinsic RANKL on osteoclastogenesis in cultured and
regenerating scales of goldfish.

[t was found that recombinant mouse RANKL effectively promotes
osteoclastic activation of goldfish osteoclasts (Figs. 3-5). The mRNA expression

of transcription factor Nfatcl, the master regulator of osteoclast formation, was
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significantly increased after 3 hours of incubation with RANKL, as compared with
the level of untreated control cells. In addition, the mRNA expression of Ctsk, the
osteoclastic functional gene, was markedly upregulated after 6 hours of incubation
with RANKL. After incubating with RANKL for 3 and 6 hours, the mRNA
expressions of Dc-stamp and Oc-stamp, which are essential for osteoclast
multinucleation (Yang et al, 2008; Zhang et al., 2014), were also upregulated (Fig.
4). In addition, the mRNA expression of Blimpl, a factor involved in osteoclast
differentiation (Miyauchi et al, 2010), was increased by treatment with RANKL
(Fig. 5). RANKL signaling was induced by the addition of extrinsic RANKL in
both fish scale osteoclasts and mammalian bone. Also, the mRNA expression of
EphrinB2 was elevated (Fig. 5). After bone resorption, coupling and bone
remodeling are induced by EPHRINB2 (Zhao et al, 2006; Matsuo and Otaki,
2012). Therefore, it is suggested that RANKL treatment may promote remodeling
in scales, as well as in mammalian bone. Future plans include determining the
detailed RANKL signaling pathways using regenerating goldfish scales.

Teleost fish scales are simple calcified tissues that coexist with osteoblasts,
osteoclasts, and bone matrix. Because fish scales have bone-like characteristics,
they are sensitive to microgravity (Ikegame et al, 2019) and hyperloading, such

18



as centrifugation and vibration (Suzuki er al, 2007; Suzuki et al, 2008b; Suzuki
et al., 2009; Kakikawa et al., 2012). Additionally, it was reported that fish scales
respond to low-intensity pulsed ultrasound (LIPUS) (Hanmoto et al, 2017). After
6 hours of incubation with LIPUS treatment, KRank/ mRNA expression was
significantly increased. Due to elevated expression levels of Kank/ mRNA,
transcriptional regulator expression was significantly increased after 6 hours of
ultrasound treatment with LIPUS, and mRNA expression of functional genes was
significantly elevated after 12 hours of incubation with LIPUS. Bone matrix plays
an important role in the response to physical stimuli (Owan et al, 1997; Hoffler
et al., 2006; Watabe et al., 2011). Because fish scales are made up of calcified tissue
that coexists with osteoblasts, osteoclasts, and bone substrates, RANKL
expression may be sensitive to LIPUS stimuli.

In addition to the above physical stresses, some calcium hormones work in
osteoblasts and osteoclasts. Parathyroid hormone (PTH), a hypercalcemia
hormone, acts on the osteoblasts of goldfish scales to activate osteoclasts via the
RANK/RANKL pathway, in a manner similar to that of mammalian osteoblasts
and osteoclasts (Suzuki et a/,, 2011). In goldfish, prostaglandin E, (PGE,) acts on
osteoblasts and increases osteoclast activity in goldfish scales via the

19



RANK/RANKL pathway (Omori et al., 2012). Increased RankI mRNA expression
by PGE, treatment induces hypercalcemia in goldfish.

Based on these previous studies and the results obtained in this study, RANKL
has an important function in the metabolism of fish bone as well as that of
mammals, and I conclude that it is a suitable model for evaluating some physical
stimuli or bioactive substances of fish scales. Hereafter, I plan to investigate the

mechanism of osteoclast activation by microgravity via RANKL in more detail.
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I. Sclerostin expression in regenerating goldfish scales and its change under

microgravity during space flight
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Introduction

Osteoblasts and osteoclasts are two major types of cells that regulate bone
metabolism. Osteoblasts are involved in the formation of new bone, and
osteoclasts are involved in the resorption of aged bone (Henry and Bordoni, 2020).
Sclerostin, a protein encoded by the Sost gene, works as an important negative
regulator of bone formation. Sost mutations cause several bone diseases
characterized by high bone mass, such as sclerosteosis and Van Buchem disease
(Balemans et al,, 2001; Brunkow et al., 2001; Balemans et al,, 2002; Staehling-
Hampton et al, 2002). In bone, SOST is predominantly expressed in osteocytes;
however, osteoblasts and osteoclasts have been found to have very low SOST
expression levels (Collette et al, 2013). At the molecular level, the binding of
sclerostin to the LRP5/6 receptor inhibited the Wnt/ § -catenin signaling pathway
and reduced bone formation (Poole et al., 2005; Li et al., 2005; Ellies et al., 2006).
Both Sost - and osteocyte-depleted mice have been reported to exhibit resistance
to bone loss induced by hindlimb unloading vz tail suspension (Tatsumi er al,

2007; Lin et al, 2009). These previous studies provide evidence that osteocyte-



produced sclerostin plays an important role in responding to mechanical stimuli
(Pajevic et al, 2013; Delgado-Calle et al., 2017; Hinton et al., 2018).

In mammalian bone, osteoblastic cells regulate the differentiation and
activation of osteoclasts (Kondo et al, 2001; Kearns et al, 2008; Lacey et al.,
2012). Several stromal cells, such as osteoblasts and bone marrow cells, expressed
RANKL. RANKL binds to RANK (receptor of RANKL) on osteoclasts and
enhances osteoclast differentiation and activation (Kearns et al, 2008; Kondo et
al., 2001). The effect of RANKL on osteoclasts is inhibited by the decoy receptor
osteoprotegerin (OPG) produced by stromal cells (Kearns et al., 2008; Kondo et
al, 2001). Mammalian sclerostin suppresses OPG production and promotes
osteoclastogenesis by inhibiting Wnt signaling in stromal cells (Kubota er al,
2009; Silva and Branco, 2011; Pajevic et al., 2013; Delgado-Calle et al, 2017).

Several groups have reported that fish scales are morphologically and
functionally similar to mammalian bones in some respects. Fish scales contain
osteoblasts, osteoclasts, and a mineralized matrix (osseous layer on the epithelial
side) with a collagen-rich matrix (fibrous layer on the dermal side) (Bereiter-
Hahn and Zylberberg, 1993; Azuma et al., 2007; Ohira et al., 2007; Suzuki et al.,
2007; Suzuki er al, 2008b; de Vrieze et al, 2014). Fish scales have been
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established as a useful experimental system for in vitro analysis of mammalian
bone metabolism (Suzuki et al., 2000; Suzuki and Hattori, 2002). In this system,
the expression of genes involved in bone metabolism and the activity of osteoblasts
or osteoclasts have been shown to be highly sensitive to various mechanical stimuli,
including static hypergravity due to centrifugation (Suzuki et al, 2008b), dynamic
hypergravity due to vibration (Suzuki et al,, 2007; Suzuki et al., 2009), ultrasound
(Kitamura et al, 2010; Suzuki er al, 2016; Hanmoto et al, 2017), and
microgravity in outer space (Ikegame et al,, 2019). These reports provide evidence
that fish scale is an appropriate experimental model for analyzing the response of
bone metabolism to mechanical stimuli.

The current study revealed for the first time that sclerostin is produced in
goldfish scales at the mRNA and protein levels. I also found evidence that
osteoblast-like cells in the calcification matrix and osteoblasts in scales are
responsible for sclerostin production. Finally, 1 discovered that outer space
microgravity increases the expression of Sost in scales, which may be the

mechanism of osteoclast activation.
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Materials and Methods

Animals

One male and one female goldfish (Carassius auratus) were purchased from
Higashikawa Fish Farm (Yamatokoriyama, Japan). Artificial insemination was
performed at the Tokyo University of Marine Science and Technology, and
fertilized eggs were obtained. The eggs were grown to adult fish with body lengths
of 12-15 cm. After that, adult fish were transferred to the Tokyo Medical and
Dental University and Kanazawa University and adopted for in vitro experiments.
The fish were fed a commercial pellet feed for blowfish every morning and kept in
fresh water at 26°C until used. All experimental procedures were performed
according to the Guide for the Care and Use of Laboratory Animals prepared by

the Tokyo Medical and Dental University and Kanazawa University.

Preparation of regenerating goldfish scales
Goldfish were anesthetized with 0.03% Ms-222 (Sigma-Aldrich), and fully

grown scales were removed to allow scale regeneration. On the 15th day after
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removal, the regenerating scales were removed from the goldfish and used in the

experiment.

In situ hybridization

Using digoxigenin (DIG) RNA Labeling Kits (Roche), DIG-labeled sense and
antisense single-stranded RNA probes for goldfish Sost were prepared according
to the manufacturer's instructions. The cDNA sequence used to prepare the probe
was a 293 bp fragment (AB970730).

The regenerating scales were fixed with 4% paraformaldehyde (PFA) solution
in PBS. After washing with RNAse-free PBS, the scales were applied as whole-
mount samples or embedded in Tissue-Tek® optimal cutting temperature
compound for the preparation of cryosections. After pretreatment with proteinase
K, 0.2 N HCI, and 0.25% acetic anhydride, whole-mount and cryosection samples
were then hybridized with the probes at a final concentration of 1 ug/mL in a
hybridization solution composed of 50% deionized formamide, 5 X saline-sodium
citrate (SSC), 2% blocking reagent, 0.1% N-lauroylsarcosine, 0.02% SDS, and
200 ug/mL tRNA at 55°C overnight. After hybridization, sections were rinsed
with 0.1 X SSC and 2 X SSC and then treated with ribonuclease. The signals of
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the probe were detected with an anti-DIG antibody bound to alkaline phosphatase
in accordance with the manufacturer's protocol (DIG Detection Kit; Boehringer
Mannheim). The samples were counterstained with methyl green and examined

under a light microscope to visualize the nuclei.

Immunohistochemistry

The rabbit anti-human sclerostin antibody (N-terminal 12-42) (ab63097,
Abcam) was used as the primary antibody. Similarly to the method described
above, the regenerating scales were fixed in 4% PFA solution in PBS to prepare
whole-mount or cryosection samples of the scales. The samples were incubated
for 1 hour at room temperature in a blocking solution containing 10% normal goat
serum, 1% BSA, 0.3% glycine, and 0.1% Tween-20. Next, they were incubated
overnight with primary antibodies (x100) at a temperature of 4°C, washed with
PBS, and then incubated with Alexa Fluor® 488-labeled goat anti-rabbit I1gG
(A11034, Molecular Probes; x 1000) for 1 hour at room temperature.
Subsequently, they were rinsed with PBS and then stained with DAPI to visualize
the nuclei. To prepare a negative control sample, the procedure outlined above
was performed using normal rabbit serum instead of anti-sclerostin as the primary
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antibody. Samples were observed using a fluorescence microscope (BX51,

Olympus).

Transmission electron microscopy

The regenerating scales were fixed overnight at 4°C with 4% PFA and 4%
glutaraldehyde in 0.1 M phosphate buffer. The samples were thoroughly rinsed
with 0.1 M phosphate buffer, fixed with 1% osmium tetroxide (Merck KGaA) at
4°C for 1 hour, dehydrated in the specimens, and dehydrated with graded ethanol.
After treatment with propylene oxide for 5 minutes, the samples were
impregnated with Epon 812 (TAAB Laboratories), and the accelerator DMP-30
was added. The samples were then cured at 60°C for 2 days. Using a diamond
knife, ultrathin sections perpendicular to the scale surface were cut. The sections
were then stained with aqueous lead citrate. Some samples were decalcified with
5% EDTA for 4 days after fixation and treated as described above. The ultrathin
sections obtained from the decalcified samples were stained with 1% tannic acid,
aqueous lead citrate, and alcoholic uranyl acetate. All ultrathin sections were
observed with a transmission electron microscope (H-7100; Hitachi) at an
acceleration voltage of 100 kV.
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Space experiment at the International Space Station

Goldfish were anesthetized with 0.03% Ms-222 (neutralized using NaHCO3),
and following the procedures for scale removal as shown by Suzuki et al. (2009),
scales ware removed one by one using sharp forceps. After that, goldfish were
maintained at 26°C. On the 12th day after scale removal, the goldfish were bred
in water using the anti-infective reagent Green F Gold (Japan Pet Design). The
next day, some regenerating scales were collected from each goldfish. Scales with
similar cellular activity were selected as previously described (Ikegame et al,
2019). Subsequently, on day 14, the regenerating scales were sampled from
goldfish on ice that had been sterilized using fungizone and hypochlorite solutions
and immersed in Leibovitz’s L-15 medium containing 10% FCS, 100 ug/mL
streptomycin, 100 U/mL penicillin, and 200 u g/mL kanamycin. After that, the
sterilized scales were packed in a culture chamber (Cell Experiment Small
Chamber, Chiyoda Corporation). The culture chambers were kept at
temperatures from 2.5 to 4.0°C and sent via the Space Shuttle Atlantis (STS-132)
to the International Space Station (ISS) (Yano, 2011). After arriving at the ISS,
they were cultured for 86 hours under microgravity at the Cell Biology Experiment
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Facility (CBEF) (Yano, 2011). The CBEF is equipped with a centrifuge for
processing samples with a single gravity [artificial microgravity in flight (F-1g)]
(Yano er al, 2012). The facility is capable of culturing biological samples in a
temperature range of 15°C to 40°C (Yano et al, 2012). Differences among the
sensors ranged from 0.1°C to 0.2 °C (Yano et al, 2012). During culturing in the
CBEF, the culture chambers installed in the microgravity section (F-pg) and 1G
section (F-1g) of the CBEF were maintained at 21.9°C to 22.0°C in the
measurement experiment unit (MEU) (Yano, 2011; Yano er al, 2012). The
culture chambers were treated with 1 g of gravity in the 1G section but were
maintained in the microgravity section without gravity treatment. After
incubation, the culture chambers were removed from the MEU. The medium in
the culture chamber was then replaced with RNAlater (Sigma-Aldrich) for gene
expression analysis. Scales processed with RNAlater were stored at -96°C until

STS-132 returned to the Kennedy Space Center in Florida.

Real-time quantitative PCR
Total RNA isolation and cDNA synthesis were performed using a kit (Qiagen)
and in accordance with the manufacturer's instructions (Ishizu et al,, 2018). Each
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quantitative real-time (RT)-PCR reaction was performed using a real-time PCR
device (Mx3000p, Stratagene). In the PCR reaction, a cDNA template mixed with
suitable primers was combined with SYBR Premix Ex Taq (Takara Bio) (Ikegame
et al,, 2019). The elongation factor 1 « (Ef-1a) gene, a house-keeping gene, was
used for normalization. Table 2 shows the PCR primer sequences used in the

current study.

Statistics
All results are expressed as the mean = SEM (n = 4). The control scale values
were compared to the experimental scale values. The data were evaluated using

the Student's ~test, and the significance level selected was p < 0.05.

37



Results and Discussion

Detection of cells expressing mRNA of Sost (sclerostin) and its protein in
regenerating goldfish scales

Whole-mount 7n situhybridization (ISH) was performed using the regenerating
scales of goldfish to obtain insight into whether fish scale cells express Sost mRNA
(Figs. 6 and 7). First, I focused on the peripheral area of the scale where ridges
and grooves exist (Fig. 6A). ISH signals using the antisense Sost probe were
detected in a large number of cells located along the ridges and some cells in the
grooves (Fig. 6B), but not in the sense Sost probe (Fig. 6C). Next,
immunohistochemistry (IHC) was performed using the sclerostin antibody. As
shown in Fig. 6D, IHC signals were detected primarily in cells located along the
medial slope of the ridges and in some cells in the grooves that were not detected
by IHC using normal IgG (Fig. 6E). In summary, I found that cells located along
the grooves and ridges expressed Sost (sclerostin) mRNA and its proteins on
regenerating goldfish scales.

Next, I focused on the central area of the scales in which the grooves form a
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mesh-like structure (Fig. 7A). Using the antisense Sost probe, ISH signals were
detected in cells in the grooves (Fig. 7B) but not in the sense Sostprobe (Fig. 7C).
Next, IHC was performed using sclerostin antibodies to evaluate whether cells
expressing sclerostin protein were present on the scales. As shown in Fig. 7D, [HC
signals were detected in the cells of the grooves, but not with normal IgG (Fig.
7E). Although ISH Sost signals were very weak, IHC signals were also detected in
cells outside the groove (Fig. 7D). The reason for the different expression profiles
between Sost mRNA and the sclerostin protein has not been identified. A possible
explanation is that Sost mRNA and sclerostin protein have different half-lives.
Future studies will test this possibility by assessing the time-dependent expression
of Sost mRNA and sclerostin proteins during goldfish scale regeneration.

[t should be noted that some types of cells that regulate bone metabolism, such
as osteoclasts and osteoblasts, are reportedly present in the furrows and ridges of
regenerating goldfish scales (Yoshikubo er al, 2005; Suzuki et al., 2007; Suzuki et
al., 2008a; Yachiguchi et al, 2014; Ikegame et al., 2019; Yamamoto et al, 2020a).
Therefore, in addition to whole-mount analysis, cryosections were used to further

examine sclerostin-producing cells, as described below.
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Cells containing sclerostin are half-embedded cells, osteoblasts, and bone lining
cells

ISH was performed using cryosections of the regenerating scales to assess the
distribution of cells expressing Sost mRNA separately in the bone and fibrous
layers of scales (Fig. 8A and 9A). In both the central and peripheral areas of the
scale (Fig. 8B and 9C), ISH signals using the antisense Sost probe were detected
in cells covering the fibrous layer, but not in the cells of the osseous layers, with
the exception of a few cells (Fig. 8B) close to the peripheral end of the scale. This
result is inconsistent with the above finding that signals were detected in the cells
on the osseous layers of grooves and along ridges by whole-mount ISH (Figs. 6
and 7). It is speculated that the intracellular ISH signals in the osseous layer are
too weak to be detected in thin cryosections. Signal specificity was confirmed by
ISH using the sense Sost probe, which did not detect the signals (Figs. 8C and
9D). Next, IHC was performed using sclerostin antibodies (Figs. 8D and 9E), and
its specificity was confirmed by IHC using normal IgG (Figs. 8E and 9F).
Similarities were found between the distribution of cells containing sclerostin
protein and the distribution of cells expressing Sost mRNA covering the fibrous
layer. In cells of the osseous layer, IHC signals were also detected. The expression
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of sclerostin was observed in flat lining cells and half-embedded cells of the
mineralization matrix (Figs. 8D and 9E).

Notably, cells with ISH or IHC signals in the fibrous layers were found to have
a rounded shape, suggesting that they produced a matrix of scales (Yoshikubo et
al., 2005; Suzuki et al., 2007; Suzuki et al., 2008a; Ikegame er al,, 2019; Yamamoto
et al., 2020a). In addition to round cells, ISH or IHC signals were also detected in
flat cells lined up in the osseous layer (Figs. 6D, 7B, 7D, 8D, and 9E) along the
surrounding ridges and on the surface of the central mineralized matrix. The
shape and condition of the cells correspond to inactive osteoblasts that line cells
of bone tissue. Therefore, it is shown that scale osteoblasts expressed Sost mRNA.

Furthermore, Sost/sclerostin signals were detected in cells half-embedded in a
groove or calcified matrix (Fig. 9C and 9E). Based on observation with a
transmission electron microscope, two types of half-embedded cells were found in
the osseous layer. One type was found at the bottom of the groove in contact with
the collagen bundle in the fibrous layer (Fig. 10A). The other type was largely
surrounded by the mineralized matrix (Fig. 10B). Therefore, it is speculated that
these half-embedded cells are osteocyte-like cells that eventually differentiate
from osteoblasts and become implanted in the bone matrix (Sawa er al, 2019).
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The basis for this speculation is not just the Sost/sclerostin expression and cell
localization (half-embedded in the calcification matrix). Osteoclasts have been
reported to be present in osseous layers, particularly along grooves, but not in
fibrous layers (Ikegame er al, 2019). Additionally, RANKL expression is
predominantly found in cells within grooves (Yamamoto et al, 2020a). Therefore,
it is speculated that half-embedded osteocyte-like cells in the osseous layers
accelerate osteoclast differentiation and activation due to producing RANKL
(Yamamoto et al,, 2020a), which is similar in mammalian bone (Nakashima et al,

2011).

Increased Sost expression in regenerating goldfish scales under microgravity in
outer space

Previous experiments in space on board the ISS have shown that the ratio of
osteoclast activity along the grooves and the expression ratio of RanklOpg in
goldfish scales increased under microgravity conditions (Ikegame et al,, 2019). It
has been reported that sclerostin induced RANKL production in osteocytes
(Wijenayaka er al., 2011) and suppressed OPG production in osteoblasts and/or
osteocytes by interfering with the Wnt signaling pathway to activate osteoclasts
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(Kubota et al, 2009; Kobayashi et al, 2016; Delgado-Calle er al, 2017; Figurek er
al, 2020). This fact, along with this finding of the existence of sclerostin-
producing cells in goldfish scales, indicates that sclerostin may contribute to
microgravity-induced osteoclastic activation in goldfish scale. The expression
levels of Sost, as well as Dkk1 and Wifl, suppressors of the Wnt signaling pathway,
in goldfish scales were compared between those kept under microgravity
conditions in outer space (F-pg) and those of goldfish scales treated with 1 g
gravity in outer space (F-1g). Microgravity was found to increase Sost expression,
but it did not affect Dkk1I or Wifl (Fig. 11).

Sost/sclerostin expression is known to be upregulated by mechanical unloading,
and it has an important function in the mechanical response of bone (Robling et
al, 2008; Lin er al, 2009). The results of this research showed for the first time
that the expression of Sostin fish scales is stimulated by microgravity. In support
of the discussions in this study, it was reported that, resulting from 30 days of
space flight, Sostexpression levels in mouse calvaria were significantly higher than
those in ground controls (Macaulay er al, 2017). These facts suggest the
underlying mechanisms of bone loss, such as osteoporosis in outer space:
microgravity increases sclerostin production by promoting the expression of the
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Sost gene. The increase of sclerostin induced the over-activation of osteoclasts

and then led to a loss of bone mass.
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IV. Osteoblastic and osteoclastic response to hypergravity and microgravity in

goldfish scales as a bone model
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Introduction

Bone is a dynamic hard tissue that consists of three types of cells: osteoblasts,
osteoclasts, and osteocytes (Civitelli, 2008; Schaffler and Kennedy, 2012; Chen et
al, 2018). Osteoblasts are bone-forming cells that secrete bone matrix to form
hard bone, while osteoclasts are bone-resorbing cells that elute bone matrix by
several enzymes. Physical stimulation functions directly or indirectly in these bone
cells and plays an important role in the regulation of bone remodeling (Carmeliet
et al., 2001; Civitelli, 2008). However, the process of translating the physical
stimuli into biological responses, called mechanotransduction, is currently poorly
understood due to the lack of a highly sensitive in vitro model system. Also, bone
matrix plays an important role in the response to physical stimuli (Harter er al,
1995; Owan et al, 1997; Hoffler et al, 2006). It is known that a5 1 integrin,
which is involved in the adhesion of cells to the bone matrix, plays an important
role in mechanotransduction (Watabe et al, 2011). Therefore, in order to
accurately analyze the bone metabolic response to physical stimuli such as

hypergravity and microgravity, an in vitro bioassay system coexisting with



osteoclasts, osteoblasts, and bone matrix has been desired.

On the other hand, the teleost scale is a unique calcified bone that has
osteoblasts, osteoclasts, and two layers of calcified matrix, i.e., a fibrillary layer
that possesses both a thick partially calcified layer and a bony layer, which is a thin
calcified external layer (Bereiter-Hahn and Zylberberg, 1993; Suzuki et al., 2007;
Ohira et al, 2007; Tkegame et al., 2019). Calcified bone matrix containing type I
collagen (Zylberberg et al, 1992), osteocalcin (Nishimoto et al, 1992), and
hydroxyapatite (Onozato and Watabe, 1979) exists in teleost scales, which is quite
similar to mammalian bone. Furthermore, our group recently found that
osteocyte-like cells are present in goldfish scales (Yamamoto et al, 2020b).
Osteocytes are known to be major sensors for the mechanical loading of
mammalian bone (Tatsumi er al,, 2007; Lin et al., 2009; Schaffler and Kennedy,
2012; Alford et al, 2015; Smith, 2020); therefore, fish scales can be used to
analyze physical stimuli.

In this study, a previously developed scale organ culture system (Suzuki et al,
2000; Suzuki and Hattori, 2002; Omori et al, 2012) was used to investigate the
effects of hypergravity with a centrifuge and simulated ground microgravity (g-
nG) with a three-dimensional (3D) clinostat on osteoblasts and osteoclasts. To
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confirm the results obtained by simulated microgravity, biological space
experiments were conducted to investigate the effect of flight microgravity (f-uG)
on bone cells. The present study is the first to morphologically demonstrate the
effects of hypergravity and microgravity on osteoclasts, indicating that the Wnt
signaling pathway has an essential function in the response of both osteoblasts and

osteoclasts to both hypergravity and microgravity.
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Materials and Methods

Animals
Goldfish (Carassius auratus) were commercially obtained from Higashikawa
Fish Farm (Yamatokoriyama, Nara, Japan) and artificially fertilized from a pair of
male and female goldfish (20-30 g) at the Laboratory of Fish Culture, Tokyo
University of Marine Science and Technology. Hatched fish were fed brine shrimp
feed as bait, and then a commercially available compound feed to grow up. After
that, fish were fed a commercial pellet feed for sea bream every morning and
maintained in fresh water at a temperature of 26°C. Growing fish (length: 12-15
cm) were transferred to Tokyo Medical and Dental University and Noto Marine
Laboratory of Kanazawa University to use for in vitro mRNA expression analysis
and morphological studies.
All experimental procedures were carried out according to the Guide for the
Care and Use of Laboratory Animals prepared by Tokyo Medical and Dental

University and Kanazawa University.
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Preparation of regenerating goldfish scales

Teleost fish scales regenerate after being removed. It was previously reported
that bone formation in regenerating scales is very similar to osteogenesis in the
calvaria (mammalian head bone) (Yoshikubo et al, 2005). Osteoblast activity in
regenerating scales was also significantly higher than in normal scales (Yoshikubo
et al., 2005; Suzuki et al, 2009; Thamamongood et al., 2012). Therefore, I used
regenerating scales to investigate the effects of hypergravity by centrifugation and
simulated ground microgravity (g-uG) on osteoclasts and osteoblasts.

The grown scales were removed from goldfish anesthetized with 0.03% Ms-
222 (Sigma-Aldrich) to allow scale regeneration. The scales were removed, one
on each of the two horizontal lines, using sharp forceps. The goldfish were then
bred at 26°C for a 12-hour light/12-hour dark cycle (lit at 8 a.m.). On the 12th
day after scale removal, goldfish were bred in water using an anti-infection control
reagent, Green F Gold (Japan Pet Design, Tokyo Japan). Subsequently, on day
14, regenerating scales from goldfish on ice were sterilized with low-concentration
hypochlorous acid and fungizone solutions and then immersed in Leibovitz’s L-
15 medium (Invitrogen) containing 10% FCS (Nichirei Biosciences), 200 u g/mL
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kanamycin, 100 u g/mL streptomycin, and 100 U/mL penicillin.

Hypergravity and simulated g-uG treatments of regenerating goldfish scales

Sterilized scales were placed in 96-well plates (one scale per well). The lines on
the left were used as the experimental group, and the lines on the right were used
as the control group. During loading, various parallel experiments were conducted
using 10 goldfish. A 96-well plate containing the scale was loaded into 3-gravity
(3G) for one day using a centrifuge machine (LIX-130, Tomy Digital Biology)
(Suzuki et al, 2008b). After finishing centrifugation, the incubated scales were
placed in RNAlater (Sigma-Aldrich) and frozen at -80°C for mRNA analysis.

For g-puG simulated with 3D clinostat processing, the regenerating scales were
prepared as above and placed in a 96-well plate (one scale per well). In this study,
[ performed different parallel experiments with 10 goldfish. Plates containing
scales were processed to simulate g-pG using a 3D clinostat (Toray Engineering)
for one day (Fig. 12). After using a 3D clinostat, the scales were stocked in

RNAlater (Sigma-Aldrich) at -80°C until the mRNA expression was analyzed.

Changes in osteoblastic and osteoclastic marker mRNA expression in
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hypergravity- and simulated g-uG-treated scales

Osteoblastic (collagen type I alpha 1: Collal; Dickkopf-related protein 1: Dkkl1;
osteocalcin: Ocn; osteoprotegerin: Opg; receptor activator of NF « B ligand:
Rankl: Wnt inhibitory factor 1: Wifl) and osteoclastic (cathepsin K: Ctsk; cellular-
Src: c-Src; integrin beta-3: Itgh3; osteoclast stimulatory transmembrane protein:
Oc-stamp; tartrate-resistant acid phosphatase: Trap) marker mRNAs that
responded to hypergravity and simulated g-uG were examined.

Total RNA isolation and cDNA synthesis were performed using a kit (Qiagen
GmbH) in accordance with the manufacturer's instructions (Suzuki ez a/, 2011;
Ishizu et al., 2018). Each quantitative real-time PCR reaction was performed using
a real-time PCR device (Mx3000p, Stratagene). In the PCR reaction, a cDNA
template was combined with appropriate primers and SYBR Premix Ex Taq
(Takara Bio) (Ikegame et al., 2019). The conditions for PCR amplification were
as follows: 40 cycles of denaturation for 10 seconds at 95°C and annealing for 40
seconds at 60°C.

Elongation-factor 1a (Ef-I1a) was used for normalization in qPCR
experiments. The PCR primer sequences used in the current study are shown in
Table 3.
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Morphological analysis of osteoclasts in hypergravity- and simulated g-uG-treated
scales

Treatment of hypergravity and simulated g-uG on the regenerating scales. After
sterilizing the regenerating scales by the method described above, they were put
into 96-well plates (one scale per well) with Leibovitz's L-15 medium (Invitrogen)
containing 10% FCS (Nichirei), 200 ug/mL kanamycin, 100 ug/mL
streptomycin, and 100 U/mL penicillin. In 3G loading, various parallel
experiments were conducted using 10 goldfish. The 96-well plates containing the
scales were loaded into 3G for 86 hours (Suzuki et a/, 2008b) using a centrifuge
machine (LIX-130, Tomy Digital Biology). This loading time was set to be the
same as that of a previous biological space experiment (Ikegame et al, 2019).
After centrifugation, the scales were fixed overnight at 4°C with 4% PFA in 0.1 M
phosphate buffer (pH 7.4). Next, the fixed samples were transferred to PBS.
Unloading was done by 3D clinostat machine (Toray Engineering). For the
simulated g-pG process, the regenerating scales were also prepared as described
above, placed in a 96-well plate (one scale per well), and processed in a 3D
clinostat for 86 hours. The various parallel experiments were performed with 10
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goldfish, as had been done with hypergravity loading by centrifuge. After
unloading with a 3D clinostat, the scales were fixed overnight at 4°C with 4% PFA
in 0.1 M phosphate buffer (pH 7.4). Next, the fixed samples were placed in PBS.
Actin staining. The fixed specimens were incubated with 0.1% Triton X-100 for
10 minutes. F-actin was stained with 1% Alexa Fluor® 488 phalloidin (Molecular
Probes) in PBS in the dark at 4°C for 4 days. After washing with PBS, nuclear
staining was performed using DAPI (Dojindo) and observed with a fluorescence
microscope (BX51, Olympus).

TRAP staining: The fixed specimens were stained for TRAP enzyme activity in
accordance with the modified method of Cole and Walters (1987). Briefly, the
scales were incubated in a solution containing 50 mM tartrate, fast red violet (0.7
mg/ml; Sigma-Aldrich) as a diazonium-coupling salt, and naphthol AS-BI (0.1 mg
ml; Sigma-Aldrich). The specimens were observed under a microscope (SZX10,
Olympus).

Histomorphometry. Using randomly selected scales, histomorphometric analysis
was performed in six 0.31 mm? observation areas. Average measurements from
the six areas were considered as representative of each scale. The number of
osteoclasts per mm? was recorded, and the average number of osteoclasts per
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multinucleated osteoclast and the proportion of osteoclasts with actin rings were
calculated. The ratio of the width of the grooves in the center of each groove, the
size of the actin ring, and the percentage of groove lengths covered with actin

rings were measured by NIH Image ] (https://imagej.nih.gov/ij/) software.

Biological space experiment at the International Space Station

The goldfish were anesthetized, and sharpened forceps were used to extract the
scales, one on each of the two horizontal lines. The goldfish were then bred at
26°C for a 12-hour light/12-hour dark cycle (lit at 8 am every day). On the 12th
day after the scales were removed, goldfish were bred in water using an anti-
infection reagent, Green F Gold (Nippon Pet Design). The next day, 8
regenerating scales were collected from each goldfish (7= 40) to measure alkaline
phosphatase (ALP) for osteoblast activity (n=4) and TRAP for osteoclast activity
(n = 4). As mentioned above, individual goldfish with similar ALP and TRAP
activity were selected from the 40 prepared goldfish. Subsequently, on day 14,
regenerating scales were sterilized with hypochlorous acid and fungizone
solutions and transferred to Leibovitz’s L-15 medium (Invitrogen) containing
10% FCS (Nichirei Biosciences), 200 ug/mL of kanamycin, 100 ug/mL of
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streptomycin, and 100 U/mL of penicillin. Sterilized goldfish scales were packed
in a Cell Experiment Small Chamber culture chamber (Chiyoda Corporation) (60
scales/chamber) and stored at 4°C for 86 hours before space shuttle STS-132
(ULF4) was launched to the ISS. The culture chambers were kept at between 2.5
and 4.0°C and sent to the ISS vza the Space Shuttle Atlantis (STS-132) (Yano,
2011) (Fig. 13). After arriving at the ISS, they were cultured for 86 hours under
microgravity at the CBEF (Yano, 2011). The CBEF is equipped with a centrifuge
for processing samples with a single gravity [artificial microgravity in flight (f-
1G)] (Yano et al, 2012). The facility is capable of culturing biological samples in
a temperature range of 15 to 40°C (Yano et al, 2012). During culture in the CBEF,
the incubation chamber placed under microgravity (f-pG) and the 1G section (f-
1G) of the CBEF were incubated in the Measurement Experiment Unit (MEU) at
between 21.9 and 22.0°C (Yano, 2011; Yano er al, 2012). The culture chambers
were treated with 1G gravity in the 1G section but were maintained without
gravity treatment in the microgravity section. After the process of incubation, the
culture chambers were removed from the MEU. The medium in the culture
chambers was then replaced with RNAlater (Sigma-Aldrich) for gene expression
analysis. The above procedure was performed precisely by astronaut Soichi
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Noguchi of the Japan Aerospace Exploration Agency. The RNAlater-treated scales
were stored at -96°C until STS-132 returned to the Kennedy Space Center in
Florida, and then its biological properties as determined by space experiments

were analyzed.

Global gene expression and pathway analysis

In order to extract genes that respond to microgravity, the deposited RNA-
sequencing (RNA-seq) read DRA008502 was reanalyzed. The RNA-seq raw reads
were deposited at the DNA Data Bank of Japan (DDB]J) under accession number
DRAO009118. Details of such methods for building libraries, sequencing, de novo
transcriptome assembly, mapping, and quantification followed those of previous
reports (Ikegame et al, 2019). Differentially expressed genes (DEGs) with a
logarithm of twofold change > [0.58| from the comparison of f-1G and f- u G were
selected. Using Ingenuity® Pathway Analysis tools (Qiagen), the DEGs were

further analyzed (Tabuchi et al, 2006).

Statistical analysis
All results are presented as the means = SE. The statistical significance of
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differences between the control and experimental groups was assessed using the

paired Student’s rtest. In all cases of the present experiments, the significance

level selected was p < 0.05.
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Results

Effect of centrifuge hypergravity (3G) on the mRNA expression of osteoclast and
osteoblast markers

In Figures 14 and 15, the results of osteoclasts and osteoblasts by 3G loading
are shown. The expression of osteoclastic markers Ctsk and Trap were reduced
significantly by 3G loading. By 3G loading, the mRNA expressions of Oc-stamp,
Itgh3, and c-Src were not changed significantly. On the other hand, the mRNA
expressions of osteoblastic markers Ocn, Rankl, and Opg were significantly
upregulated by 3G loading on scale. DkkI mRNA expression was significantly
downregulated by 3G loading. However, with 3G treatment, the values of Co/lal
and WifImRNA expression were not changed as compared with the control values

in the regenerating scales.

Eftect of simulated g-uG on mRNA expression of osteoclastic and osteoblastic

markers using a 3D clinostat
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In Figures 16 and 17, the effects of simulated g-pG on osteoclasts and
osteoblasts are shown. All osteoclastic markers (Ctsk, Trap, Oc-stamp, Itgh3, and
c-Src) investigated in this study were significantly upregulated. On the other hand,
in osteoblasts, the expression of Co//al mRNA was significantly suppressed under
simulated g-puG, but the expression of Ocn mRNA was not altered by simulated g-
pG loading. The expression of Rank/l mRNA was upregulated remarkably,
although the expression of Opg mRNA was not changed by simulated g-pG

treatments. The mRNA expression of Wifl and Dkk1 was increased significantly.

Changes in the ratio of Rankl/Opg under hypergravity and simulated g-uG

The Rankl/Opg ratios were analyzed to examine the regulation of osteoclastic
function (Fig. 18). The ratio of Rankl/Opg was significantly reduced by 3G
hypergravity. However, under simulated g-uG, the Rankl/Opg ratio was

significantly upregulated.

Morphological changes in osteoclasts by hypergravity and simulated g-uG loading
Osteoblasts were not significantly changed by either hypergravity (3G) or
simulated g-pG treatment, at least under current conditions. In this study, I
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focused on osteoclasts, investigating the morphological changes of osteoclasts in
detail.

Osteoclasts with actin rings were observed primarily along the scale grooves
(Fig. 19A-19D). In these osteoclasts, both the number of actin rings and the
percentage of lengths of grooves associated with the actin rings were remarkably
lower in the 3G-loaded scales than in the control scales (Fig. 19E and 19F).
However, the actin ring size, the number of nuclei in multinucleated osteoclasts,
and number of osteoclasts were not changed significantly (Fig. 19G-191).

Under simulated g-uG loading, the groove widths of scales were enlarged
significantly more than in the control scales (Fig. 20A-20C).

The osteoclasts appeared larger, and the number of nuclei of multinucleated
osteoclasts was upregulated remarkably by simulated g-pG treatment (Fig. 20F).
The number of mononuclear osteoclasts was downregulated (Fig. 20D) in
correlation with this increase in the number of nuclei in multinucleated osteoclasts
(Fig. 20F). In addition, there was no significant difference in the number of
multinucleated osteoclasts between the simulated g-uG group and the control
group (Fig. 20E). The percentage of actin ring-positive multinucleated osteoclasts
and the actin ring size in simulated g-pG loading scales were upregulated
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significantly (Fig. 20G and 20H) more than in the control scale. In addition, the
lengths of grooves associated with the actin rings were upregulated because actin

rings were mostly observed along scale grooves under simulated g-nuG loading (Fig.

200).

Changes in osteoclastic markers during space flight
During the space flight experiment, mRNA expressions of the osteoclastic
markers Oc-stamp, Itgh3, and c-Src were elevated (Fig. 21). There was a

significant difference in the expression of /tgh3 mRNA between f-pG and f-1G.

Global gene expression and pathway analysis during space flight

The obtained data were enriched with Ingenuity® Pathway Analysis tools to
identify standard routes associated with space flight. As a result, it was predicted
that the Wnt/ 8 -catenin pathway is involved in the f-pG response.

Figure 22 shows the canonical Wnt/ 8 -catenin pathway, in which green-shaded
shapes indicate downregulated genes by f-puG. During space flight, the canonical
Wnt/ 8 -catenin pathway-related genes were downregulated. In particular, the
expression of 8 -catenin-related genes was suppressed under f-pG.
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Discussion

In this study, it was found that osteoclasts and osteoblasts in goldfish scales
quite sensitively respond to hypergravity and simulated g-nG because the in vitro
scale organ culture systems—which consist of osteoclasts, osteoblasts, and an
intact bone matrix—were used for analyzing gravities. This is the first study to
simultaneously examine the functions of both osteoclasts and osteoblasts in
response to hypergravity by centrifugation and simulated g-pG by 3D clinostat,
respectively. In other words, it was found that 3G loading changes the mRNA
expression of osteoclast and osteoblast markers and functions to induce bone
formation (Figs. 14 and 15). On the other hand, in simulated g-pG by 3D clinostat,
the expression of osteoclastic marker mRNA was significantly upregulated (Fig.
16), but the expression of osteoblastic marker mRNA was downregulated (Fig. 17).
Under simulated g-pG, the markers indicated above functioned to induce bone
resorption in goldfish scales. Moreover, morphological observations indicated that

osteoclastic inactivation was induced by 3G loading (Fig. 19), and osteoclastic
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activation was enhanced under simulated g-pG by 3D clinostat (Fig. 20). These
changes in goldfish scale osteoclasts and osteoblasts due to hypergravity and
simulated g-pG by 3D clinostat were consistent with those observed in
mammalian 7 vivo investigations (Kawao et al, 2016; Chatziravdeli et al., 2019;
Smith, 2020). I concluded that the in vitro organ culture system of the goldfish
scale is an excellent model for analyzing bone metabolism under gravity.

Several investigations of hypergravity using mammalian osteoblasts have been
reported. Osteoblastic responses for high-G loading of 5 to 50 G have been
studied, and the activation of osteoblasts by high-G loading has also been reported
(Gebken et al, 1999; Saito et al, 2003; Searby et al, 2005; Zhou et al., 2015).
Similarly to mammalian osteoblasts, scale osteoblasts (Gebken er al., 1999; Saito
et al, 2003; Searby et al., 2005; Zhou et al., 2015) responded sensitively and were
activated by relatively low-G (3G) loading in my study (Fig. 15). Mammalian
osteoclasts did not show a clear response to hypergravity (Nemoto and Uemura,
2000). Specifically, osteoclasts isolated from rabbits were cultured on ivory and
then exposed to 30 G for 2 or 18 hours by placing the culture tubes in a swinging
bucket rotor. As a result, no effect of hypergravity was observed on the number of
activated osteoclasts with actin ring formation (Nemoto and Uemura, 2000). The
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effects of various gravity loading conditions on mammalian osteoclasts need to be
considered. Interestingly, in an 7n vivo investigation of mice, the mineral content
of the trabecular bone was increased significantly by 3G loading centrifugation,
and bone formation was induced (Kawao et al, 2016). Therefore, it was indicated
that osteoclasts and osteoblasts respond to hypergravity without the application
of high gravity. For this reason, an organ culture system using fish scales can
analyze bone metabolism in a state close to that in vivo because the scale
osteoclasts and osteoblasts responded to 3G hypergravity loading in a manner
similar to that of mammals in 7n vivo studies. In addition, under simulated g-uG
by 3D clinostat, osteoclastic and osteoblastic responses of mammalian cell cultures
did not agree with those of the in vivo investigation during space flight (Makihara
et al.,, 2008; Chatziravdeli et al., 2019; Smith, 2020). It has been reported that the
activation of osteoclasts did not occur due to the suppression of Rank/ mRNA
expression under simulated g-uG by 3D clinostat (Makihira er al, 2008).
Interestingly, my ground-based results of the simulated g-pG by 3D clinostat were
in good agreement with the results of space experiments (Ikegame et al, 2019;
Smith, 2020). Considering these results and those obtained in the present study,
the organ culture of fish scales is very similar to that of 7n vivo studies of mammals
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and shows an excellent response to both hypergravity and microgravity.
Osteoclasts are known to be regulated by interaction with osteoblasts (Kondo
et al, 2001; Kearns et al., 2008; Lacey et al., 2012). In other words, osteoclasts
(active type) multinucleated by the fusion of pre-osteoclasts are produced by
binding RANKL expressed in osteoblasts to RANK existing in osteoclasts.
Additionally, OPG produced by osteoblasts is a decoy receptor for RANKL and,
thereby, suppresses osteoclastogenesis (Kubota et al, 2009; Silva and Branco,
2011; Lacey et al, 2012). As described above, osteoclastic activation is regulated
by RANK, RANKL, and OPG systems. Therefore, in this study, we analyzed the
expression of genes encoding these molecules. The Rankl/Opg ratio was reduced
significantly by 3G hypergravity, while the ratio was increased by simulated g-pG
by 3D clinostat (Fig. 18). Therefore, this difference depends on the fact that Opg
expression was increased by hypergravity (Fig. 15), but simulated g-pG was not
(Fig. 17). Therefore, the Wnt/ 8 -catenin signaling pathway inhibitors ( Wif1 and
Dkk1), which are important signaling pathways that regulate OPG expression
(Kubota er al, 2009; Silva and Branco, 2011), were analyzed in this study. The
expression of Dkk1 mRNA was reduced by 3G loading with a centrifuge machine
(Fig. 15), while the expression was significantly increased under simulated g-nG
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by 3D clinostat (Fig. 17). The expression of Wifl mRNA was significantly
increased in simulated g-nG by 3D clinostat (Fig. 17), but it did not change under
3G hypergravity conditions (Fig. 15).

It was found that the expression of Rank/ mRNA is enhanced by both
hypergravity and simulated g-pG by 3D clinostat. This result indicates that the
Rank1 gene may be generally sensitive to changes in gravity. Following this idea,
the differentially expressed genes were investigated in both microgravity by 3D
clinostat and hypergravity by centrifugation, and it was shown that the expression
of the G protein—coupled receptor OR12D3 is suppressed by both microgravity
and hypergravity as well as levels of three non-coding RNAs (RNUD-1,
SNORD®63, and AC083843.1) (Thiel er al, 2017).

In order to confirm the results obtained by simulated g- u G treatments by
3D clinostat, biological space experiments were performed, and the influence of
f- u G on bone metabolism was investigated. During space flight, the mRNA
expressions of osteoclastic markers Oc-stamp, Itgh3, and c-Src were increased.
Changes in gravity alter the expression levels of various genes, and interactions
among bone marker genes have been reported to play an important role in the
cellular response to gravity loading or unloading (Cavanagh er a/, 2005; Smith,
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2020). Therefore, the effect of cosmic microgravity on gene expression in fish
scales (bone model) was investigated comprehensively. The results showed that
the Wnt/ 8 -catenin pathway was involved in the response of bone cells in the bone
model fish scale to f-pG. In particular, the Wnt/ S8 -catenin pathway has been
shown to play an important role in the response of bone cells to gravity (Lin et al,
2009). Several genes involved in the Wnt/f -catenin pathway were
downregulated during space flight. These results were in agreement with the
simulated g-pG results (Figs. 16-18).

Due to the distribution of osteoblasts and osteoclasts on the surface, fish scales
have the helpful feature of facilitating a full morphological analysis (Kobayashi et
al., 2016; Suzuki et al, 2016; Ikegame et al., 2019). The size of osteoclasts and the
number of nuclei in multinucleated osteoclasts were significantly upregulated
more than those of 1G control scales (Fig. 20). Most osteoclasts of the active form
were distributed along the edges of the scale grooves (Fig. 20). Interestingly, it
was reported that RANKL-producing cells were distributed in contact with
multinucleated osteoclasts in the grooves of the regenerating scales (Yamamoto
et al., 2020a). This strongly implied that osteoclasts were activated by RANKL
that was secreted from RANKL-producing cells. Increased Oc-stamp mRNA

75



expression associated with osteoclast multinucleation (Yamamoto er al., 2020b)
(Fig. 16) under simulated g- u G treatment by 3D clinostat was supported by the
above results. So far, there have been several reports on the activation of
osteoclasts under microgravity, including simulated g- u G (Rucci et al, 2007;
Tamma et al., 2008; Smith, 2020). However, no studies have investigated in detail
the morphological changes of osteoclasts under hypergravity. This is the first
study to morphologically show hypergravity and g- u G responses to osteoclasts
using the same method.

In addition to the response to gravity changes, it was previously shown that
low-intensity pulsed ultrasound (LIPUS) stimulation promoted scale
regeneration in goldfish (Hanmoto et al, 2017). Using LIPUS, the expression of
osteoblastic genes in the scales of zebrafish was upregulated, and the apoptosis of
osteoclasts was induced at the same time (Suzuki et al, 2016). In addition,
previous studies have shown that the activities of both osteoclasts and osteoblasts
change in response to hypergravity on the scales of medaka (Yano et al, 2013).
Current research results, along with the above findings using fish scales, provide
evidence that the organ culture system of teleost fish scales, in which osteoclasts
and osteoblasts coexist on the intact bone matrix and are sensitive to gravitational
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changes, is a suitable experimental system for investigating the responses of bone

cells to changes in gravity during space flight.

Fig. 12. Photograph of three-dimensional clinostat.
Three-dimensional (3D) clinostats are valuable devices
for simulating micro-gravity environments. By rotating
the sample three-dimensionally, the sample can eliminate

the dynamic stimulus of gravity in all directions.
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Fig. 13. Space shuttle STS-132 launched to the International Space Station.
On May 14, 2010, the Space Shuttle STS-132 (ULF4) carrying our specimens
(goldfish scales) was launched on the ISS. JAXA astronaut Soichi Noguchi

works at the International Space Station.

78



"(3s91-2 pailred) GO0 > d, (0T =u) 'IN'A'S F ueaw oy juasaxdal
BIB(] '9U93 [DIBS I0J [ S 19s sem d[dwes [011U0D S|} 10 SN[BA JY ], ‘SOUS3

I9YIBW O1)ISB[D093S0 JO uoissaidxs uo (DY) AnaeidrodAy jo s109yyq "§1 81

2IG-0 £qsy dwejs-o0 deif Y51

T
—
[2A9] UOISSaI dxs SANIE[9Y

r)H 01 pasodxy W
[onuo) O

79



"(3593-7 paire])

100°0 >d s PUB ‘(38917 PAITR]) 100 > 4y ‘(35932 PaIIE]) GO'0 >d 4, (0T =¥) ‘NH'S

F Ueowr 29Ul juasardar Ble EYie):] [Ooeo I0J T Sk 19§ Sem QMQENm [011U0D 2U1 I0J onjea

9 [, "SOUS3 I9yIeW J1)SB[O3ISO Jo uolssaidxs uo (HH) LaeirdradAy jo $30954 ST S

Ra _N.&&\_

3dp puey  us()

* % %k

DH 01 pasodx; ] W
[onuo) 0O

* %k %k

E[[00

[9AS] UO01SSa1dX3 SATIR[OY

80



'(3593-2 PAIIR{) 10000 > sessese PUB ‘(38932 PAIIRY) 10°0 >
wx (38932 paate]) 600 >d (01 =U) 'I'A'S F uesw oy jussardar eye(y -ouss
[oBd 10J T Sk 19s sem o[duwres [011U0D 9] 10J 9N[BA 9Y ], ‘SOUSS I9IBW DIISB[I091SO

jo uoissardxe uo (Du-3) Lraeidororw punoid paje[nwiIs Jo sHY ‘9] "SI

2IQ-D £qs5y  dweys-o0 deig Y819

*

*

* %k %k k

) 1 -3 01 pasodxyg - . %

I
i
[9AS] uoIssa1dxa aAnIR[OY

[o11u0D) O

31



"(3891-7 palted) 10°0 > d .. pue (3s91-2 paire )
G00>d (0l =U) 'WH'S F Uesw ay3 Juasaxdar eye( "9us8 Yyoes 10§ |
se 19s sem S[dwes [011U0D 9Y) 10J AN[BA Y ], "SOUF IIBW JIISB[q0ISO JO

uotssardxe uo (Hrl-8) A 1AIZ0IOIW PUNOIZ PIIB[NWIIS JO I LT 81

PAa M 8dp nuEy WO FI[o)

0

J

o,

&

* ik

ol S

&

* % o

* % p~

w

2.

- N @)

* nuﬂ.

077 -3 01pasodxy g M.F.
[onauo) O

82



"(3s91-7 palred) 10°0 > d .. (0T =u) 'INd'S F uesw oy juasaxdal eie(g
"9U98 Yoea 10§ | Sk 19s sem sjdures [013u0d Y3 10F anjea 3y [, *(DH1-3) LyraeiZordrw

punoig pajenuwis pue (HH) AyaeidradAy repun soner 8dp jyuey 9Y]J, ‘81 "1

ou-3 OH
| 0

kk T - [ =

S

<

S

g

= N m

=L
* ainsodxy W
[oxauo)H O

83



"(3s91-7 palted) 10°0 > d ., (0T =u) 'IN'A'S F ueaw oy juosaxdar eleg anDgdwvu $9A0013
9)edIpUl SpeaymoLIy (D) L11aei8rodAy yam pajeas) sISe[0091s0 9y} Jo sisA[eue drrpwoydIowolsiy ‘6] "SI

1 0 o Z
@) M.Jﬂ. va
m :
m.. = i m
8 I Z F E
| =f S
il 44 - g0 L oz ]
1 Uv _ 2
08 0 2.
- f
= c
L m i
S g
T S h <
S g
- 01 - 015 0
Gl q Idvg+uhoe unoe



"(38937 Pa11Rd) 10000 > @ sssese PUB ‘(38937 PIIIRY) 1000 > @ s “(38937 PIIIRJ) 100 > d
wx (38932 parte]) 600 >d , (01 =) ‘IN'A’S F uesw ay3 yuasardar eye *(DHrl-3) Laeigororw

-punoid poje[NWIS [IIM PIIBaI) SISB[D091SO 9yl Jo sisA[eue ounowoydiowoisiy ‘gz ‘81

gu-8 O -8 DI pu-8 o1 > D4 91
omv 0 o 0 : onN
- = ~ -
C VS - 81 — 07z - ¥§
Q @. E. o
S 5 3 :
< ek sk .\H/ _N ~
$dkskk WW = Aok w ek m
-8 X - 9¢~— - 083 - 8
I H D d
on-3 0y - on-3 0y ni-83 D
: 0% : 0 = : 0
& : X
g - : |
0 Q m
- 812 . - 81z -V E
3 g &
T S T T =
< _ S £
8 2 A
- 9¢8, - 9¢ 3. - g
q d 9)

85



"(38937 pIrRd) GO0 > d (0T =U) 'WHA'S F uedw
oY1 Juasaxdal eie(] "oua3 Yoed 10J T S 19S Sem d[dwes [011U0D JYI 10J dN[BA Y],
[D1-(3)3yS1{] 9ords 193no ut durpeol O) | 1opun pue [Hrl-(§) 1yB1]] 9oeds 19100

ur A)JIARISOIDIW I9pPUN SOUS3 ISIBW DIISB[D091SO JO S[OAJ[ uolssaxdxy ‘Tz 31

2IG-2 £q31y  dweis-20)

S

I
i
[9A9] UOISSIdXd 9ATIR[IY

O1-30

|
9\

86



Extracellular space

Cytoplasm

Nucleus

Plufipotene
o

Fig. 22. Down-regulated genes linked to the canonical Wnt/ B -catenin pathway

during space flight. Genes that were differentially expressed in goldfish scales

during space flight were analyzed using Ingenuity® Pathway Analysis tools.
Expression levels of genes in the calél%)nical Wnt/ B -catenin pathway were

down-regulated in goldfish scales cultured during space flight. Green-filled

symbols indicate down-regulated genes. p-value: 8.53 X 10™.
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V. General Discussion
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(1) Detection of RANKL-producing cells and the activation of osteoclasts by
adding exogenous RANKL to goldfish scales

In the present study, RANKL-producing cells were detected in the grooves of
regenerating goldfish scales. Several osteoclasts were also present. These findings
suggest that RANKL-producing cells interact with osteoclasts and induce
osteoclastogenesis in the grooves of regenerating scales. Therefore, I investigated
the effect of exogenous RANKL on osteoclast formation in the cultured
regenerating scales of goldfish. I found that recombinant mouse RANKL
effectively promotes osteoclast activation in goldfish osteoclasts. The mRNA
expression of the transcription factor Nfatcl, the master regulator of osteoclast
formation, significantly increased after 3 hours of incubation with RANKL as
compared to the expression level of untreated control cells. In addition, the mRNA
expression of the osteoclast function gene, Ctsk, was significantly upregulated
after 6 hours of incubation with RANKL. After incubating with RANKL for 3 and
6 hours, respectively, the mRNA expressions of Dc-stamp and Oc-stamp, which

are essential for osteoclast multinucleation (Yang et al., 2008; Zhang et al., 2014),



were also upregulated. In addition, the mRNA expression of Blimpl, a factor
involved in osteoclast differentiation (Miyauchi et al, 2010), increased with
RANKL treatment. RANKL signaling was induced by extrinsic RANKL in the
osteoclasts of goldfish scales as in mammalian bone. Also, the expression of
Ephrinb2 mRNA increased significantly. After bone resorption, I estimate that
EPHRIN B2 induces coupling and bone remodeling, as it does in mammalian bone
(Zhao et al, 2006; Matsuo and Otaki, 2012). Therefore, RANKL treatment can

possibly promote the remodeling of fish scales as well as mammalian bone.

(2) SCLEROSTIN expression in the regenerating scales of goldfish and its
increase due to microgravity during space flight

Whole-mount ISH and IHC were performed using regenerating goldfish scales
to investigate the expression of Sost mRNA and SCLEROSTIN proteins in the
cells of fish scales. I found that cells located along the grooves and ridges express
Sost mRNA and its proteins on regenerating goldfish scales. Next, ISH and THC
were performed using frozen sections of regenerating scales. Signals were
detected in cells covering the fibrous layer in both the central and peripheral
regions of scales. Cells with ISH or IHC signals in the fiber layer were found to
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have a rounded shape, suggesting that they produced a matrix of scales
(Yoshikubo et al, 2005; Suzuki et al., 2007; Suzuki et al, 2008; Ikegame er al,
2019; Yamamoto et al.,, 2020). In addition to round cells, ISH or IHC signals were
detected in the flat cells lining both the bone layer along the surrounding ridge
and the central mineralization matrix surface. Therefore, these results show that
scale osteoblasts expressed Sost mRNA. In addition, a Sost/ sclerostin signal was
detected in cells half-embedded in the groove or calcification matrix. Using a
transmission electron microscope, two types of semi-embedded cells were found
in the bone layer. One type was observed at the bottom of the groove in contact
with the collagen bundle in the fibrous layer. The other type was mostly
surrounded by a mineralization matrix. Therefore, it is speculated that these half-
embedded cells are osteocyte-like cells that eventually differentiate from
osteoblasts and become implanted in the bone matrix, as mammalian osteocyte
does (Sawa et al,, 2019).

Finally, outer space microgravity (F-pg) exposure increased Sost mRNA
expression but did not affect the expression of Dkkl and Wifl mRNA. These
results show for the first time that the expression of Sostin fish scales is stimulated
by microgravity, suggesting that SCLEROSTIN is involved in the mechanisms of
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bone loss in outer space.

(3) Response of osteoblasts and osteoclasts to hypergravity and microgravity using
goldfish scales as a bone model

In the present study, for the first time, the responses of osteoclasts and
osteoblasts to hypergravity and simulated g-pG were investigated simultaneously
using goldfish scales. Results indicate that the mRNA expression of marker in
osteoclasts and osteoblasts was changed to induce bone formation under 3G
loading, but to induce bone resorption under simulated g-pG. These results were
supported by morphological observations. The obtained findings using goldfish
scales were consistent with those of mammalian 7n vivo studies (Kawao et al,
2016; Chatziravdeli er al, 2019; Smith, 2020).

In my study, the Rankl/ Opg ratio significantly decreased with 3G loading,
while the ratio increased under simulated g-pG. It was suggested that inhibitors
of the Wnt/  -catenin signaling pathway ( Wif1 and DkkI), which are important
signaling pathways regulating Opg expression (Kubota et al, 2009), are involved
in this phenomenon. Both hypergravity and simulated g-uG treatments function
to increase Rankl/ expression. These results indicate that the Rank/ gene may be
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generally sensitive to changes in gravity. During space flight, the expression of
osteoclast marker genes increased, and several genes involved in the Wat/ B -
catenin pathway were downregulated. These results were in agreement with the
simulated g-pG results.

Under the simulated g-pG, the size of osteoclasts was enlarged, and the
number of multinucleated osteoclasts increased significantly. Most of the
activated osteoclasts were distributed along the edges of the scale grooves. This
strongly suggests that osteoclasts activated by RANKL secreted from RANKL-
producing cells are present in grooves. This is the first morphological
demonstration of the response of osteoclasts to hypergravity and g-pG using the
same method.

Current research results, along with the above findings using fish scales, provide
evidence that an organ culture system of fish scale in which osteoclasts and
osteoblasts coexist on an intact bone matrix and sensitively respond to changes in
gravity, is an excellent experimental system for studying the response of bone cells

to changes in gravity loading or unloading.
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VI. Conclusion

95



Detection of RANKL-producing cells and the activation of osteoclasts by adding
exogenous RANKL in goldfish scales

This study is the first to detect RANKL-producing cells in regenerating
goldfish scales by preparing antiserum against goldfish RANKL in rabbits.
Furthermore, 1 investigated the effects of exogenous RANKL on
osteoclastogenesis in regenerating goldfish scales. As a result, the localization of
RANKL immunopositive cells was mainly detected in the grooves of regenerating
scales. In addition, treatment of regenerating scales with mammalian RANKL
significantly increased the mRNA levels of both Nfatcl and Ctsk, which are
molecules associated with osteoclastic multinucleation and differentiation.
Therefore, I conclude that RANKL plays an important role in osteoclastogenesis

in fish scales as well as mammalian bone.

SCLEROSTIN expression in regenerating scales of goldfish and its increase due
to microgravity during space flight

The present study is the first to demonstrate the existence of SCLEROSTIN-



containing cells in goldfish scales. SCLEROSTIN expression in goldfish scales was
shown at both mRNA and protein levels using ISH and IHC, respectively. An
analysis of the shape and situation of SCLEROSTIN-expressing cells was
performed in the osteoblasts of goldfish scales. In addition, osteocyte-like cells
were detected in goldfish scales, which also produced SCLEROSTIN. Finally, the
mRNA level of Sostin goldfish scales was increased by microgravity in outer space.
Therefore, SCLEROSTIN is an important factor for analyzing osteoclastogenesis

under microgravity.

Response of osteoblasts and osteoclasts to hypergravity and microgravity using
goldfish scales as a bone model

This study for the first time investigated the responses of osteoclasts and
osteoblasts to both hypergravity and simulated g-pG simultaneously using
goldfish scales. An analysis of each marker mRNA expression in osteoclasts and
osteoblasts showed that bone formation is enhanced by 3G loading, while bone
resorption increases by simulated g-pG loading. Furthermore, morphological
osteoclast activation was induced by simulated g-pG, although osteoclast
deactivation was observed in 3G-treated scales. In the space experiment, the
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results obtained by the g-pG simulation were reproduced. RNA-sequencing
analysis revealed that osteoclastic activation was induced by the downregulation
of Wht signaling under flight microgravity. Therefore, I conclude that goldfish
scales can be used as a bone model for analyzing the response of osteoclasts and

osteoblasts to gravity.
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Abbreviation

BLIMP1: B-lymphocyte-induced maturation protein 1
BSA: bovine serum albumin

CBEF: Cell Biology Experimental Facility

COLI1A: collagen type I alpha 1

CTSK: cathepsin K

C-SRC: cellular-Src

DAPI: 4',6-diamidino-2-phenylindole

DC-STAMP: dendritic cell-specific transmembrane protein
DDBJ: DNA Data Bank of Japan

DIG: digoxigenin

DKK1: Dickkopf-related protein 1

EF1 a: elongation factor 1

EDTA: ethylenediaminetetraacetic acid

FCS: foetal calf serum

[HC: immunohistochemistry
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ISH: in situ hybridization

ISS: International Space Station

LIPUS: low intensity pulsed ultrasound

MEU: measurement experiment unit

Ms-222: ethyl 3-aminobenzoate methanesulfonic acid salt

NFATc1: nuclear factor of activated T cells

OC-STAMP: osteoclast stimulatory transmembrane protein

OCN: osteocalcin

OPG: osteoprotegerin

PBS: phosphate-buffered saline

PCR: polymerase chain reaction

PFA: paraformaldehyde

PGE;: prostaglandin E,

PTH: parathyroid hormone

RANK: receptor activator of NF x B

RANKL: receptor activator of NF « B ligand

SDS: sodium lauryl sulfate

SEM: standard error of the mean
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SOST: sclerostin

SSC: saline-sodium citrate

STS-132: Space Shuttle Atlantis-132
TRAP: tartrate-resistant acid phosphatase

WIF1: Wnt inhibitory factor 1
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