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Abstract To elucidate the physiological role of calcitonin (CT) in stingrays (cartilaginous fish), an enzyme-
linked immunosorbent assay (ELISA) system using a specific antibody against stingray CT has been devel-
oped. Synthetic stingray CT was subcutaneously injected into mice four times—once every 2 weeks—together
with an adjuvant. We purified the IgG antibody fraction using the protein A affinity chromatography from
collected antiserum. Evaluating the antibody titer, we found the antibody’s optimum dilution ratio to be 600
times. Competitive ELISA has been developed using the antibody diluted 600 times. Our antibody did not
cross-react with teleost CTs and muscle extraction, but cross-reacted with stingray plasma and the extract of
the ultimobranchial gland, the secretary organ of stingray CT. Using this ELISA, we measured the plasma CT
level in stingrays and examined its correlation with several mineral concentrations. Plasma CT did not show
significant correlation to calcium, magnesium, inorganic phosphorus, sodium, chlorine, or urea, although there
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was a correlation among the factors involved in osmoregulation, such as sodium, chlorine, and urea. On the
other hand, plasma CT was significantly correlated to body weight and length. Furthermore, there was a
significant correlation between plasma CT and gonad weight. Since plasma CT was correlated with the weight
of liver, which is involved in the synthesis of egg yolk protein, we examined the influence of 17B-estradiol
(E») on CT secretion. After E, injection, the plasma CT level increased significantly. This is the first study to
demonstrate that E, induced plasma CT secretion in cartilaginous fish.

Keywords Calcitonin - Sexual maturation - ELISA - Stingray - Cartilaginous fish

Introduction

Calcitonin (CT) is a peptide hormone that is produced in C-cells of the thyroid glands of mammals and in
ultimobranchial glands (UBG) of non-mammalian vertebrates (Dacke 1979; Wendelaar Bonga and Pang 1991;
Sasayama 1999). This hormone lowers the serum calcium (Ca) concentration when administered to some
mammals, such as rats, rabbits, and humans, by inhibiting osteoclastic activity (Dacke 1979; Azria 1989). In
teleosts as well as mammals, furthermore, it has been demonstrated that CT suppressed osteoclastic activity in
both freshwater and seawater teleosts (Suzuki et al. 2000; Sekiguchi et al. 2009, 2017; Kase et al. 2017).

Cartilaginous fish, as well as other vertebrates, have been reported to possess UBG, and the administration
of shark UBG extraction to rats induces hypocalcemia, as does homologous CT (Copp et al. 1967). We
previously showed by immunohistochemical methods that the stingray, Dasyatis akajei, possesses a pair of
large UBGs that contain abundant CT (Sasayama et al. 1984). Using the stingray, therefore, the amino acid
sequence of CT has been determined (Takei et al. 1991). Stingray CT is more closely related structurally to the
CT of the salmon lineage (sequence homology 65-78%) than those of mammals (31-38%) (Sasayama et al.
1992). In addition, the injection of synthetic stingray CT enables hypocalcemic activity in rats (Sasayama et al.
1992), similar to the effect of extraction from shark UBG (Copp et al. 1967). On the other hand, we examined
the effects of ultimobranchialectomy (UBX) on plasma minerals in the stingray Dasyatis akajei (Suzuki et al.
1995). However, plasma Ca level did not influence by UBX in stingrays (Suzuki et al. 1995). Therefore, the
function of CT in cartilaginous fish has not been clarified until now, although stingray and shark CTs can
regulate the Ca balance in mammals. Cartilaginous fish such as sharks, skates, rays, and chimaeras accumulate
urea and trimethylamine oxide in the body due to osmotic pressure adjustment as an organic osmolyte in
marine and euryhaline elasmobranchs (Dacke 1979; Bentley 1998; Hazon et al. 2003). By this regulation, the
osmotic pressure in the body is almost equal to that of seawater. The osmotic pressure in teleosts is around
one-third that of seawater and is lower than that of cartilaginous fish (Dacke 1979; Bentley 1998). Considering
these physiological conditions, the effect of CT on cartilaginous fish may be different from that on teleosts.

To elucidate the physiological role of CT in cartilaginous fish, we started with the stingray. The primary
structure of CT of this cartilaginous fish has been determined (Takei et al. 1991); there is also synthesized CT,
which causes physiological activity in rats (Sasayama et al. 1992). For these reasons, we used the stingray as an
experimental material in the present study. Thus, we first developed an enzyme-linked immunosorbent assay
(ELISA) system using a specific antibody against stingray CT. Using this ELISA, we measured the plasma CT
level in the stingray and analyzed the correlation between CT and several mineral concentrations. Furthermore, the
correlation of CT with body weight, body length, gonad weight, and liver weight were examined. Moreover, we
examined the influence of female sex hormone, 17B-estradiol (E,), on plasma CT secretion.

Materials and methods

Animals

Dasyatis akajei stingrays ranging from 100-3500 g (n = 30) in body weight were caught by fishermen with
fixed nets or gill nets around the Yokata fishing port of Toyama Bay (Fig. 1). In the case of stingrays, sex

distinctions can be made easily by the presence or absence of a clasper, a male feature. Collected stingrays
were carried to the tank by car. Prior to the experiments, fish were acclimatized in an aquarium (120 cm x
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Fig. 1 Map of the area from which stingrays were collected for the present study. This map is based on Digital Map 25000 (Map
Image) provided by Geospatial Information Authority of Japan. Filled triangle: Yokata fishing port; filled circle: Toyama city;
filled square: Kanazawa city

60 cm x 45 cm) for 1-2 days after collection. Thereafter, the experiment was started. To avoid the effects of
sex hormones, juvenile stingrays 100-200 g (n = 10) were used for the experiment regarding the influence of
E, injections on plasma CT concentrations. Experiments with stingrays were performed according to the
recommendations of the ethical guidelines of Kanazawa University and the University of Toyama.

Development of an ELISA system using a specific antibody against stingray CT

Synthetic stingray CT, provided by the Peptide Institute, Inc. (Osaka, Japan), was used in the present study.
Stingray CT (100 pg/ml) diluted with 0.9% NaCl was prepared. Then, an equal volume of polyvinyl
pyrrolidone (0.5 mg/ml) was added to the CT solution, and the mixture was stirred at room temperature for
2 h. After that, adjuvant (Ribi ImmunoChem Research Inc., Hamilton, MT, USA) was added and vigorously
stirred. Finally, a CT solution (50 pg/ml) was prepared.

The prepared CT solution (200 pl/individual) was subcutaneously injected into five mice under ether
anesthesia every 2 weeks for a total of four times. Blood was collected from the tail vein after the second and
third injections, and the titer of antiserum against stingray CT was examined. On day 10, after four doses,
blood was drawn from mice under ether anesthesia. The collected blood was centrifuged at 25,000x g for
10 min at 4 °C. We purified the antibody as an IgG fraction from the collected antiserum using affinity
chromatography with protein A (Bio-Rad Laboratories, K.K., Tokyo, Japan). NaN; (0.1%) was added to the
purified IgG solution. Experiments with mice were performed in accordance with the recommendations of the
ethical guidelines of the University of Toyama.

Next, the purified antibody titer was examined. The ELISA procedures have been described in detail by
Robertson (1981) and Suzuki (2001). The synthetic stingray CT was diluted in a carbonate/bicarbonate buffer
(0.1 M, pH 9.6) at a concentration of 80 ng/ml. Then, aliquots of 100 ul were transferred to 96 wells of
polystyrene microtiter plates (Corning Inc., New York, NY, USA). The plates were sealed and incubated at
25 °C for 20-28 h. The coated plates were washed four times with a washing solution (10 mM phosphate
buffer solution containing 0.05% Tween 20: PBST, pH 7.4) just before incubation. The aliquots of diluted
antibody (100 pl) were transferred to CT-coated plates and incubated at 4 °C for 24 h. After incubation, the
plates were washed four times with PBST. Aliquots of 100 pl of 1:10,000 dilution of biotinylated goat IgG (E
432, Dako Japan Co., Ltd., Kyoto, Japan) with a diluting solution (PBS without 0.1% NaNj3) were added and
incubated with constant agitation for 2 h at room temperature (around 25 °C). After incubation, biotinylated
goat IgG was discarded, and the plates were washed four times with PBST. Then, aliquots of 100 pl of a
1:10,000 dilution of peroxidase-conjugated streptavidin (P 397, Dako Japan Co., Ltd., Kyoto, Japan) with a
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diluting solution (PBS without 0.1% NaN3) were added and incubated in wells with constant agitation for 1 h
at room temperature. After incubation, the plates were washed four times with PBST. Just before color
development, 8 mg of o-phenylenediamine dihydrochloride (Wako Co., Ltd., Osaka, Japan) was added to
12 ml of 0.1 M citric acid and 0.2 M Na,HPO, solution (pH 4.5) containing 2.4 pl of hydrogen peroxide (30%
solution, Wako Co., Ltd., Osaka, Japan). Aliquots of 100 pl of this solution were added and incubated in wells
with constant agitation at room temperature for 10—15 min. After incubation, the reaction was stopped by the
addition of 50 pl of 3 N sulfuric acid. The optical density of the reaction product in the plates was measured at
492 nm with a microplate reader (MTP-100, Corona Electric Co., Ltd., Tokyo, Japan).

Competitive ELISA has been developed using the determined dilution of the antibody as described in
Robertson (1981) and Suzuki (2001). In separate glass tubes, 250 pl of the antibody with a diluting solution
(10 mM phosphate buffer solution containing 0.1% bovine serum albumin and 0.1% NaN3:PBS, pH 7.4) was
pre-incubated with the same volume of the serial concentration of synthetic stingray CT (12.5-800 ng/ml) or
diluted plasma samples for 3 days at 4 °C. Thereafter, the stingray CT-coated plates were washed four times
with PBST. After pre-incubation, aliquots of 100 pl of diluted stingray CT or diluted plasma samples were
transferred to CT-coated plates and incubated at 4 °C for 24 h. Then, a standard curve was made as described
above. The plasma CT levels of stingrays were calculated using the standard curve.

The specificity of the antibody was checked using teleost CTs, such as synthetic salmon and eel CTs
(Sigma-Aldrich, Inc., St. Louis, MO, USA). In addition, the extraction from the UBG or muscle of stingrays
and the diluted stingray plasma were examined to evaluate the antibody specificity.

Measurement of plasma CT, mineral concentrations, body weight, body length, gonad weight, and liver
weight

Under anesthesia with ethyl 3-aminobenzoate, methanesulfonic acid salt (Sigma-Aldrich) at a dilution of
1/3000, blood was collected from stingray hearts with heparinized syringes. The collected blood was cen-
trifuged at 25,000x g for 10 min at 4 °C. The plasma samples were immediately frozen and kept at — 50 °C
until analysis. Thereafter, the body weight, body length, gonad weight, and liver weight of each stingray were
measured. The Ca, magnesium (Mg), and sodium (Na) levels in stingray plasma samples were determined by
atomic absorption spectrophotometry (180-70 type; Hitachi-Zeeman; Hitachi Co., Ltd., Tokyo, Japan). The
chlorine (Cl) levels in stingray plasma were measured with a chloridemeter (C-50 type, Jookoo Sangyo Co.,
Ltd., Tokyo, Japan). Inorganic phosphorus (Pi) levels in plasma samples were measured using the method of
Fiske and Subbarow (1925). Urease-indophenol (Searcy et al. 1967) was used to measure plasma urea in the
stingray.

Influence of E, injection on plasma CT levels in the stingray

Juvenile stingrays (100-200 g) were weekly anesthetized with ethyl 3-aminobenzoate, methanesulfonic acid
salt (Sigma-Aldrich) in chilled seawater (4 °C) at a dilution of 1/10,000. Thereafter, blood was initially
sampled from the tail vein. E, was melted by ethanol and then mixed with oil. The prepared E, (1 pg/g body
weight) was injected intraperitoneally into six stingrays. The control stingrays (n =4) were injected
intraperitoneally with vehicle solution in the same manner. During the experimental period of 5 days, seawater
was exchanged at least once a day to prevent the accumulation of NH*". Five days after injection, both groups
were anesthetized again, and blood was collected from the tail vein. The collected blood was centrifuged at
25,000x g for 10 min at 4 °C. Plasma samples were immediately frozen and kept at — 50 °C until analysis.
Plasma CT and Ca levels were measured as described above.

Statistical analysis
The statistical significance of the correlation was examined using linear regression analysis (Figs. 5, 6, and

Table 1). The statistically significant difference from the initial values in the control or experimental group
was assessed by paired ¢ test (Figs. 7 and 8). In all data, the selected significance level was p < 0.05.
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Table 1 Relationships among plasma calcitonin (CT), calcium (Ca), magnesium (Mg), inorganic phosphorus (Pi), sodium (Na),

chlorine (Cl), and urea

CT Ca Mg Pi Na Cl Urea
CT -
Ca 0.136
Mg 0.176 0.346
Pi 0.084 0.348 0.192
Na 0.154 0.451* 0.328 0.263
Cl 0.055 0.407* 0.383* 0.216 0.695%**
Urea 0.246 0.204 0.124 0.541%* 0.659%%#%* 0.608%** -

Data indicate each r value

* %% and *** indicate statistically significant differences at p < 0.05, p < 0.01, and p < 0.001, respectively

Results

The titration curve of a specific antibody against stingray CT

Using the purified IgG by an affinity chromatography with protein A, the antibody titration curve against
stingray CT was examined. The data of the antibody titration curve are shown in Fig. 2. Since it is known that
around 40% of the maximum color development is the optimum dilution concentration, we decided to use a
600-time dilution in the following experiment.

Analysis of the antibody specificity

The antibody specificity was examined using salmon (Fig. 3a) and eel CTs (Fig. 3b). This antibody was not
cross-reacted with teleost CTs. The antibody was cross-reacted with both the extraction of UBG (Fig. 4a) and
plasma (Fig. 4b) in the stingray but was not cross-reacted with the extraction from muscle in the stingray

(Fig. 4a). The variances of intra- and inter-assays were within 5% and 10%, respectively.
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Fig. 2 The titration curve of the specific antibody against stingray CT. Synthetic stingray CT was subcutaneously injected into
mice, together with an adjuvant. We purified the IgG antibody fraction using protein A affinity chromatography from the collected
antiserum. Thereafter, the antibody titration curve against stingray CT was examined. The data indicate the mean of triplication
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Fig. 3 Cross-reaction of the antibody against stingray CT (filled circle) to salmon (unfilled circle) (a) and eel (unfilled triangle)
(b) CTs. Our purified antibody did not cross-react with salmon and eel CTs. The standard curve shows mean £ SE (n = 3). The
data for salmon and eel CTs indicate the mean of triplication
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Fig. 4 Analysis of the specificity of the antibody. The extraction from the ultimobranchial gland (UBG) (unfilled triangle) or
muscle (unfilled circle) of the stingray (a), and the diluted stingray plasma (unfilled triangle) (b) were examined to evaluate the
specificity of the antibody. The standard curve (filled circle) shows mean £ SE (n = 3). The data for the UBG, muscle extraction,
and plasma of the stingray indicate the mean of triplication

Correlation of plasma CT with mineral concentrations, body weight, body length, gonad weight, and liver

weight

The data for the correlation between plasma CT and mineral concentrations are shown in Table 1. There was
no significant difference in the plasma CT concentration between males and females. Therefore, we analyzed
the data of both sexes together. Plasma CT did not have a significant correlation to Ca, Mg, Pi, Na, Cl, urea,
although there was a close correlation among the factors involved in osmoregulation, such as Na, Cl, and urea.
Plasma Ca had a significant correlation with plasma Na and Cl. Also, a significant correlation was obtained
between plasma Mg and Cl. Plasma Pi had a significant correlation with plasma urea.

On the other hand, plasma CT had a significant correlation with body weight (r = 0.625, Fig. 5a) and body
length (r = 0.543, Fig. 5b). In addition, there was a significant correlation between plasma CT and gonad
weight (r = 0.471, Fig. 6a). Plasma CT was also significantly correlated with liver weight (r = 0.514, Fig. 6b).

Effect of E, injection on plasma CT levels in the stingray
Five days after the injection of E,, the plasma CT level increased significantly (Fig. 7). In the case of vehicle

injection, there was no significant difference between the initial and final values (Fig. 7).
On the other hand, plasma Ca levels did not change after E, injection, at least in present conditions (Fig. 8).
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Fig. 5 Correlation of plasma CT with body weight (a) or body length (b). Plasma CT has a significant correlation with body
weight (n = 30, r = 0.625, p < 0.001) and body length (n = 30, r = 0.543, p < 0.01)
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Fig. 6 Correlation of plasma CT with gonad weight (a) or liver weight (b). Plasma CT has a significant correlation with gonad
weight (n = 30, r = 0.471, p < 0.01) and liver weight (n = 30, r = 0.514, p < 0.01)
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Fig. 7 Effect of vehicle (a) or E;, (b) injection on plasma CT levels in the stingray. E; (1 pg/g of body weight) was injected
intraperitoneally after initial blood sampling. Stingrays in the control group were injected with vehicle in the same manner as
experimental stingrays. Blood sampling was then performed on day five. The asterisk indicates a statistically significant
difference, at p < 0.01, from the initial values in the control (n = 4) or experimental group (n = 7). The data show mean £+ SE
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Fig. 8 Effect of vehicle (a) or E, (b) injection on plasma Ca levels in the stingray. E, (1 pg/g of body weight) was injected
intraperitoneally after initial blood sampling. Stingrays in the control group (n = 4) were injected with vehicle in the same manner
as experimental stingrays (n = 7). Blood sampling was then performed on day five. There were no significant differences between
initial and final values. The data show mean + SE

Discussion

We developed an ELISA system using a specific antibody against stingray CT. This antibody did not cross-
react with teleost CTs because the amino acid identities of stingray CT to salmon CT and eel CT were 66 and
75%, respectively (Suzuki et al. 1999a). In addition, our antibody cross-reacted with the stingray plasma and
the extraction of UBG. Thus, this ELISA system is useful for analyzing stingray plasma CT levels.

Using this ELISA system, we measured stingray plasma CT concentrations. As a result, plasma CT did not
show a significant correlation with Ca, Mg, Pi, Na, Cl, or urea. We previously reported that the effects of UBX
on plasma minerals and urea concentrations were examined in the stingray Dasyatis akajei (Suzuki et al.
1995). Our previous study indicated that plasma Ca, Mg, Pi, Na, Cl, and urea concentrations were not
influenced by UBX in stingrays (Suzuki et al. 1995). In eels, Anguilla japonica (Suzuki et al. 1999b), and
goldfish, Carassius auratus auratus (Suzuki et al. 2004), we reported that plasma CT had a significant
correlation with plasma Ca. Therefore, the function of CT in stingrays (cartilaginous fish) may be different
from that in teleosts. On the other hand, divalent salts, such as Ca and Mg, correlated with Cl because they
exist in the form of CaCl, or MgCl, in seawater. Furthermore, there was a very strong correlation among Na,
Cl, and urea directly related to osmotic pressure. The correlation between phosphorus and urea is unknown.
We think that there may be new regulatory mechanisms.

On the other hand, we found that plasma CT levels in large stingrays were higher than those in small
stingrays, and that plasma CT has a significant correlation with body weight and body length. These results
indicate that CT may play some role related to body growth. In addition, there was a significant correlation
between plasma CT and gonad weight. Since plasma CT was correlated with liver weight and involved in the
synthesis of egg yolk protein, vitellogenin (Hiramatsu et al. 2015), we examined the influence of E; on CT
secretion in an in vivo experiment. Five days after E, injections, plasma CT levels had increased. There was a
significant difference between the initial and final values. Previously, using Scatchard analysis, immunoblot
analysis, and gel chromatography, we demonstrated that two forms of estrogen receptor protein were present
in the cytosol of stingray UBG (Yamamoto et al. 1996). Therefore, we believe that E, directly functions in
stingray UBG and promotes CT secretion from UBG. It has been reported that CT plays some roles in the
reproductive physiology of quail (Dacke et al. 1976), rats (Lu et al. 1998), and mice (Wang et al. 1998). In
female fish, also, the plasma CT level increases in sockeye salmon (Oncorhynchus nerka) (Watts et al. 1975),
eels (Anguilla japonica) (Yamauchi et al. 1978), rainbow trout (Salmo gairdneri) (Bjornsson et al. 1986), and
brown trout (Salmo trutta) (Norberg et al. 1989) during the reproductive period. In the case of goldfish
(Carassius auratus auratus), three subtypes of estrogen receptor were expressed in the UBG (Suzuki et al.
2004). After E, administration, plasma CT levels increased in goldfish (Carassius auratus auratus) (Suzuki
et al. 2004) as well as stingrays. Thus, CT has some significant function in the reproductive physiology of
stingrays as well as other vertebrates.
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We previously reported that plasma CT levels of teleosts such as eels (Anguilla japonica) and goldfish
(Carassius auratus auratus) ranged from undetectable to 2599 pg/ml (Suzuki et al. 1999b, 2004). The plasma CT
level in the stingray was higher than those of eels (Anguilla japonica) and goldfish (Carassius auratus auratus). In
the bonnethead shark (Sphyrna tiburo), a high level of plasma CT has been also reported (Nichols et al. 2003). In
this shark, the developing embryo is the principal target of maternally produced CT during gestation (Nichols et al.
2003). During lactation, plasma CT levels increased in mammals such as humans (Greer et al. 1984) and deer
(Chao et al. 1985). As stingrays are ovoviviparous fish, CT may be involved in an action (fetal growth) different
from that in oviparous teleosts such as eels (Anguilla japonica) and goldfish (Carassius auratus auratus).

In female teleosts, E, promoted the synthesis of vitellogenin, which is a major component of egg protein, and a
Ca-binding protein (Kwon et al. 1993; Tinsley, 1985). At the same time, E, activated osteoclasts in their scales and
promoted Ca resorption from the scales (Persson et al. 1995; Suzuki et al. 2000). Consequently, plasma vitellogenin
and Ca levels increased in a manner corresponding to the increase in the E, level (Norberg et al. 1989). In female
goldfish (Carassius auratus auratus) and nibbler fish (Girella punctate), CT has a significant function in protecting
scales from the excess degradation of Ca at vitellogenesis (Suzuki et al. 2000). However, our present data indicated
that plasma Ca levels did not change after E, injection. Since the stingray itself does not possess hard bones and
osteoclasts as do teleosts, the function of CT may be different from that of teleosts. The purpose of this study is to
investigate the secretagogue action of CT by estrogen. Therefore, small individuals were used in order to eliminate
the influence of endogenous hormones, whereas it is necessary to use mature females to investigate the correlation
among vitellogenin, CT, and Ca. Furthermore, in the case of leopard sharks (7Triakis semifasciata), Glowacki et al.
(1985) reported that the administration of salmon CT produced hypercalcemia, although the injection of salmon CT
to bass (teleost) produced hypocalcemia. Therefore, these results indicate that CT has some function in carti-
laginous fish under several physiological conditions.
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