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In mammals distinct steroid hormones termed mineralocorticoids (MCs) and 

glucocorticoids (GCs) regulate hydromineral balance and the stress response, 

respectively.  In contrast, it is thought that a single corticosteroid, 1α-

hydroxycorticosterone (1α-B) serves as both a GC and MC in elasmobranchs.  I 

investigated the putative dual MC and GC roles of 1α-B by examining ex vivo regulation 

of interrenal 1α-B synthesis by osmoregulatory and stress hormones in the euryhaline 

stingray Dasyatis sabina.  A commercial enzyme-linked immunoassay was adapted for 

the quantification of 1α-B.  I also isolated cDNA sequences encoding two rate-limiting 

steroidogenic enzymes, the steroidogenic acute regulatory protein (StAR) and P450 

cholesterol side-chain cleavage (P450scc), and characterized the steroidogenic activity of 

the encoded proteins using a heterologous expression system.  Both the stress hormone 

adrenocorticotropic hormone (ACTH) and the antinatriuretic peptide angiotensin II 

(ANG II) were potently steroidogenic in ex vivo interrenal cultures, whereas C-type 

natriuretic peptide (CNP) inhibited 1α-B synthesis.  StAR and P450scc mRNA levels 
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were increased by 24 h incubation with ACTH and decreased by both ANG II and CNP.  

To examine changes in osmoregulatory hormone systems that impinge upon 1α-B 

synthesis, I also isolated the cDNA sequences of the ANG II and CNP receptors, AT and 

NPR-B.  Both AT and NPR-B mRNA levels were significantly elevated in 

osmoregulatory tissues of freshwater (FW; Lake Monroe, FL) versus saltwater (SW; 

Corpus Christi Bay, TX) populations of D. sabina.  Interrenal StAR and NPR-B mRNA 

levels were also significantly higher in FW individuals.  The physiological roles of 1α-B 

were further investigated in vivo by examining the effects of stress and FW transfer on 

interrenal synthesis of 1α-B.  Plasma 1α-B and glucose were significantly elevated by 

hook-and-line capture stress, indicating that 1α-B acts in classical GC fashion to facilitate 

the stress response.  In contrast, 1α-B was significantly decreased 24 h after SW-FW 

transfer.  In light of the osmotic strategy of euryhaline elasmobranchs, this result is 

consistent with a MC role for 1α-B.  Taken together, the results of this research strongly 

support a dual role for 1α-B in facilitating both hydromineral balance and the stress 

response in elasmobranchs. 
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Chapter 1: Hormonal regulation of rate-limiting steroidogenic enzymes 
and steroid synthesis in interrenal and gonadal tissues of the euryhaline 

Atlantic stingray (Dasyatis sabina) 

 

SUMMARY 

The synthesis of all steroids is controlled through careful regulation of two rate 

limiting steroidogenic enzymes: the steroidogenic acute regulatory protein (StAR) and 

cytochrome P450 cholesterol side-chain cleavage (P450scc).  This study examined the 

hormonal regulation of these enzymes in steroidogenic tissues of the euryhaline 

elasmobranch, Dasyatis sabina.  cDNA sequences encoding D. sabina StAR and P450scc 

were isolated and the steroidogenic activity of the encoded proteins characterized using a 

heterologous expression system.  StAR and P450scc mRNAs were only rarely detected in 

gonadal tissues using quantitative PCR.  Gonadal StAR and P450scc mRNA expression 

were not induced by human chorionic gonadotropin (hCG).  hCG also did not induce 

estradiol synthesis in D. sabina ovarian tissue, and inconsistently elevated testicular 

androgen production.  hCG-stimulated androgen production was blocked by 2-hour 

pretreatment of testicular tissue with the putative elasmobranch glucocorticoid, 1α-

hydroxycorticosterone (1α-B).  To investigate a potential dual physiological role of 1α-B 

as both a glucocorticoid and mineralocorticoid steroid hormone, the regulation of StAR, 

P450scc and steroid production in interrenal tissue (adrenal cortex homolog) was 

examined.  Both the stress hormone adrenocorticotropic hormone (ACTH) and 

osmoregulatory peptide angiotensin II (ANG II) were potently steroidogenic in ex vivo 

interrenal cultures; C-type natriuretic peptide (CNP) inhibited elevated 1α-B production.  

Chronic (24 hr) incubation of interrenal tissue with ACTH also induced significant 
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increases in both StAR and P450scc mRNA expression, whereas both ANG II and CNP 

significantly decreased the expression of both mRNAs.  The induction of interrenal 

steroidogenesis by ACTH and suppression of hCG-induced androgen production by 1α-B 

suggest a glucocorticoid role for the elasmobranch steroid.  In contrast, the opposing 

effects of ANG II and CNP on interrenal steroid production are consistent with potential 

mineralocorticoid properties and support the hypothesis that 1α-B serves a dual 

physiological role in elasmobranchs. 

 

INTRODUCTION 

Steroid hormones are critical regulators of nearly all physiological processes.  

However, because steroids are lipophilic and can therefore easily pass through cell 

membranes, their synthesis must be carefully regulated.  De novo synthesis of all steroid 

hormones requires the activity of the enzyme cytochrome P450 cholesterol side-chain 

cleavage (P450scc or CYP11A), which resides in the inner mitochondrial membrane of 

steroidogenic cells.  P450scc receives electrons for catalytic activity from NADPH via 

the redox partners ferredoxin reductase and ferredoxin, and catalyzes 20α- and 22-

hydroxylation, as well as cleavage of the carbon side-chain of cholesterol at the 20, 22 

carbon-carbon bond (Miller, 1988; 2005).  Cleavage of the cholesterol side-chain results 

in the production of the first active steroid, pregnenolone, from which all other steroid 

hormones are synthesized. 

However, because the inner mitochondrial membrane is practically devoid of 

cholesterol the timely production of steroid hormones is dependant upon the activity of 

the steroidogenic acute regulatory protein (StAR), which transports cholesterol from the 

outer mitochondrial membrane to P450scc located on the inner membrane (Clark et al., 

1994).  StAR is a member of a protein family characterized by a common StAR-related 
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lipid transfer (START) domain capable of binding a single molecule of cholesterol 

(Ponting and Aravind, 1999).  Acting on the outer mitochondrial membrane, a single 

molecule of StAR mediates the import of several hundred molecules of cholesterol per 

minute to P450scc, although the precise mechanism of cholesterol transfer is not fully 

understood (Baker et al., 2007; Miller, 2007a).  However, it is well established that StAR 

is required for proper regulation of steroid production [for review see (Stocco and Clark, 

1996b; a)].  Indeed, mutations in the human StAR gene have been linked to lipoid 

congenital adrenal hyperplasia, a disease in which the production of both adrenal and 

gonadal steroids is significantly diminished (Lin et al., 1995). 

The production of all steroid hormones requires careful regulation of the rate-

limiting conversion of cholesterol to pregnenolone, i.e. by the transcriptional, 

translational and/or posttranslational regulation of StAR and P450scc.  P450scc is 

constitutively expressed in steroidogenic tissues, and it is ultimately P450scc protein 

levels that determine the total steroidogenic potential of a particular cell.  The rate of 

cholesterol transformation is relatively slow, with only six molecules of substrate 

converted per molecule of P450scc per second (Miller, 2007b).  Likewise, changes in 

P450scc transcription occur over a relatively long timescale (hours to days) (Voutilainen 

et al., 1986).  In contrast, short-term stimulation of steroid production requires de novo 

StAR protein synthesis, which is rapidly inducible by trophic hormones (Clark et al., 

1994).  Once synthesized, the 37 kDa StAR protein is transported into mitochondria and 

processed to a mature 30 kDa form by cleavage of an N-terminal mitochondrial import 

sequence.  Subsequently StAR protein is rapidly deactivated through proteolysis within 

the mitochondria (Arakane et al., 1996; Yamazaki et al., 2006b).  The turnover rate of 

mature StAR protein (t1/2 = 4-5 hours) is much faster than that of other mitochondrial 
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proteins, underscoring its role as a rapid regulator of acute steroid synthesis (Granot et 

al., 2002). 

The regulation of StAR and P450scc transcription and translation has been well 

studied in mammals.  The primary signaling pathway regulating StAR activity and gene 

expression in steroidogenic cells is the activation of protein kinase A (PKA).  PKA, 

activated by cAMP, increases StAR activity via two independent pathways.  First, PKA 

increases the steroidogenic activity of available StAR protein by serine phosphorylation, 

although the precise mechanism by which this phosphorylation increases activity is 

unknown (Arakane et al., 1997).  Second, PKA stimulates StAR gene transcription 

through the phosphorylation of specific transcription factors such as steroidogenic factor 

1 (SF-1) and the cAMP response element binding protein (CREB) (Stocco et al., 2005).  

Adrenocorticotropic hormone (ACTH) is the primary stimulator of glucocorticoid 

synthesis in adrenocortical cells, whereby ACTH binding induces increased StAR and 

P450scc gene expression and StAR phosphorylation via cAMP (Penhoat et al., 1996; Le 

Roy et al., 2000; Betancourt-Calle et al., 2001).  ACTH is also required for basal adrenal 

steroidogenesis, as hypophysectomy results in a significant decrease in adrenal StAR and 

P450scc mRNA expression and steroid production in the rat (Ariyoshi et al., 1998).  In 

addition to the cAMP/PKA pathway, adrenal steroidogenesis can also be stimulated via 

the protein kinase C (PKC) pathway as well as by increased intracellular calcium (Clark 

et al., 1995; Yamazaki et al., 2006a). 

Adrenocortical production of mineralocorticoid steroid hormones is regulated by 

similar mechanisms.  Angiotensin II (ANG II) induces mineralocorticoid production by 

stimulation of StAR translation and phosphorylation through both the PKC and calcium 

second messenger pathways, resulting in an increase in aldosterone synthesis (Le Roy et 

al., 2000; Betancourt-Calle et al., 2001).  In contrast to its effects on StAR, ANG II was 
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found to have no effect on P450scc mRNA levels in either human fetal adrenal or bovine 

adrenocortical cells (DiBlasio et al., 1987; Penhoat et al., 1996).  In mammals, the 

physiological effects of ANG II on hydromineral balance are opposed by the natriuretic 

peptide system.  In contrast to both ACTH and ANG II, natriuretic peptides are potent 

inhibitors of ANG II and calcium-induced adrenal steroidogenesis, blocking PKC activity 

as well as StAR transcription and translation (Betancourt-Calle et al., 2001; Calle et al., 

2001). 

In mammalian ovarian and testicular tissue, StAR and P450scc are predominantly 

regulated by gonadotropins through the cAMP second messenger pathway.  Luteinizing 

hormone (LH) stimulates steroid production in gonadal tissues by increasing both StAR 

and P450scc transcription and translation (Clark et al., 1994; Yong et al., 1994; Luo et 

al., 1998; Rekawiecki et al., 2005).  Similar effects have been demonstrated in a variety 

of models using the LH analog human chorionic gonadotropin (hCG) (Voutilainen et al., 

1986; Goldring et al., 1987; Kerban et al., 1999; Espey and Richards, 2002).  In contrast 

to LH and hCG, the effects of follicle stimulating hormone (FSH) in mammals vary, 

ranging from no effect (Yong et al., 1994), moderate stimulation of steroid production via 

P450scc transcription (Voutilainen et al., 1986) or time/stage and dose-dependent effects 

on StAR mRNA expression (Goldring et al., 1987).  In addition to the effects of LH and 

FSH, glucocorticoid steroid hormones (GCs) also regulate gonadal StAR and P450scc in 

mammals.  GCs are a central component of the vertebrate stress response, and direct 

inhibitory actions of GC steroid hormones on StAR and P450scc appear to be a primary 

mechanism of GC-induced suppression of the reproductive axis.  Early research 

demonstrated that both basal and cAMP-induced levels of P450scc mRNA and protein 

are inhibited by GCs (cortisol, corticosterone and dexamethasone) in mouse Leydig cells 

(Hales and Payne, 1989).  Recent studies have shown similar effects of GCs on gonadal 
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StAR, as dexamethasone inhibited LH and cAMP-induced induction of StAR protein and 

mRNA in the rat testis and preovulatory follicles (Huang and Li, 2001; Yu and Li, 2006).  

One mechanism for GC suppression of StAR transcription and translation in gonadal 

tissues appears to be induction of the inhibitory transcription factor DAX-1 (dosage 

sensitive sex reversal adrenal hypoplasia congenital critical region on the X chromosome, 

gene 1).  In the rat testis, dexamethasone increased DAX-1 abundance as well as DAX-

1/SF-1 complexes; an inhibition of SF-1-mediated StAR transcription was therefore 

suggested to be the mechanism for GC-dependent reductions in StAR protein and mRNA 

abundance (Yu and Li, 2006). 

Less is known regarding the regulation of StAR and P450scc in the teleost fishes.  

As in mammals, the expression of StAR and P450scc changes throughout the gonadal 

cycle in teleosts, thereby facilitating changes in steroid production at appropriate stages 

(Kumar et al., 2000; von Hofsten et al., 2002; Nakamura et al., 2005; Kusakabe et al., 

2006).  Artificial induction of oogenesis in the Japanese eel, Anguilla japonica, by chum 

salmon pituitary homogenate (SPH) is accompanied by increased ovarian P450scc 

expression (Matsubara et al., 2003; Kazeto et al., 2006).  P450scc protein and mRNA are 

also induced in the Japanese eel testis by hCG injection (Ijiri et al., 2006).  Recently, our 

laboratory has demonstrated that StAR mRNA expression is stimulated in ovarian tissue 

of the Atlantic croaker by hCG, whereas testicular StAR mRNA abundance is unaffected 

(Nunez and Evans, 2007).  hCG also induced StAR mRNA expression in isolated 

zebrafish follicles, without a concurrent increase in P450scc mRNA abundance.  

Interestingly, in the same study StAR mRNA expression declined over time in control 

follicles, suggesting that gonadotropins are required for maintenance of basal StAR gene 

expression in the teleost ovary (Ings and Van Der Kraak, 2006).  This requirement is not 

without precedence, as hen ovarian follicles require LH in vitro for the maintenance of 
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basal StAR gene expression (Johnson et al., 2002).  Steroid hormones may also regulate 

gonadal StAR and P450scc in teleosts, as 11-ketotestosterone (11KT) increased P450scc 

mRNA expression in the testis of Arctic char; however 11KT had no effect on the 

expression of StAR mRNA in either the testis or head kidney (von Hofsten et al., 2002).  

StAR mRNA abundance was also unaffected by estradiol, testosterone or the maturation-

inducing steroid 17, 20β, 21-trihydroxy-4-pregnen-3-one in Atlantic croaker gonadal 

tissues (Nunez and Evans, 2007). 

It is unclear whether interrenal steroidogenesis in teleosts is regulated in a manner 

similar to mammalian adrenal steroidogenesis, at least with regards to StAR and P450scc.  

While capture stress results in increased StAR and P450scc mRNA in the rainbow trout 

head kidney, ACTH injection (5 IU kg-1) does not affect mRNA abundance within 1 hour 

despite a 4-fold increase in plasma cortisol (Geslin and Auperin, 2004).  Conversely, 

ACTH injection in eels results in increased StAR mRNA expression in the head kidney at 

1.5 and 4.5 hours (Li et al., 2003b).  Incubation of rainbow trout head kidney tissue with 

0.5 IU mL-1 ACTH also increased StAR and P450scc mRNA expression within 3 hours 

(Aluru et al., 2005), but lower ACTH concentrations had no effect in the same species 

(Hagen et al., 2006).  Interestingly, 5 mM dibutyryl cAMP also had no effect on mRNA 

expression even after long term incubation (18 hrs), though cortisol production increased 

significantly (Hagen et al., 2006). 

Few studies to date have investigated the regulation of primary steroidogenic 

enzymes in elasmobranch fishes.  Nunez and Trant (1999) demonstrated that interrenal 

steroidogenesis in the Atlantic stingray is stimulated by ACTH (0.5 IU) at 2 and 24 

hours, and that this response requires translation of new protein but is unaffected by 

inhibition of gene transcription.  It was therefore hypothesized that acute ACTH-induced 

steroidogenesis requires increased StAR and/or P450scc translation and activity, but is 
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not dependent on increased mRNA abundance (Nunez and Trant, 1999).  More recently, 

our laboratory has also shown that increased salinity does not result in changes in 

interrenal StAR or P450scc mRNA abundance in the freshwater stingray, Potamotrygon 

motoro (Nunez et al., 2006). 

Given the importance of StAR and P450scc for steroid production in mammals, it 

is important to understand the factors that regulate their expression in lower vertebrates 

such as the elasmobranch fishes.  Furthermore, examining the regulation of StAR and 

P450scc in steroidogenic tissues can provide valuable insight into the physiological roles 

of specific upstream hormones, as well as the manner in which such hormones elicit their 

effects on steroid production.  It is thought that the unique elasmobranch steroid 1α-B 

functions as both a GC and MC in a manner similar to the teleost interrenal steroid, 

cortisol.  Regulation of the stress and osmoregulatory axes by a single steroid contrasts 

the situation in higher vertebrates, in which distinct steroid hormones function as GCs 

and MCs.  Therefore teleosts, and perhaps elasmobranchs, provide excellent models for 

examining the regulation of GC vs. MC actions as well as evolution of the stress and 

osmoregulatory axes into more distinct systems.   

As a first step in clarifying the physiological role(s) of 1α-B in elasmobranchs, 

we cloned cDNA sequences for the rate limiting steroidogenic enzymes StAR and 

P450scc from D. sabina, and verified the steroidogenic activities of the encoded proteins 

using heterologous expression in a non-steroidogenic cell line.  We then examined the 

regulation of StAR and P450scc mRNA expression and steroid synthesis in interrenal and 

gonadal tissues of the euryhaline Atlantic stingray, Dasyatis sabina.  To investigate the 

putative GC properties of 1α-B, we examined the in vitro effects of 1α-B on hCG-

induced gonadal steroidogenesis.  To determine factors directly regulating 1α-B 

synthesis, we examined the in vitro effects of the stress peptide ACTH and 
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osmoregulatory peptides ANG II and C-type natriuretic peptide on StAR and P450scc 

mRNA levels and steroid production in interrenal tissue.  

 

MATERIALS AND METHODS 

Animals 

 D. sabina were obtained either by trawl onboard the University of Texas Marine 

Science Institute research vessel RV Katy or using hand nets in local waters near Port 

Aransas, Texas.  Animals were transferred to the laboratory and maintained in a 550 L 

tank with ambient flow-through seawater for at least two weeks prior to sacrifice.  

Stingrays were fed approximately 4 g of frozen shrimp per individual every other day. 

   

Isolation of Atlantic stingray StAR and P450scc cDNA sequences 

 D. sabina were sacrificed by cervical dislocation using methods approved by the 

University of Texas Animal Care and Use Committee.  Immediately following sacrifice 

interrenal tissue was removed, frozen in liquid nitrogen and stored at -80°C until use.  

Total RNA was isolated with Trizol reagent (Invitrogen) following the manufacturer’s 

instructions and used as template for reverse transcription (RT) reactions.  For RT 

reactions, 1 µg of total RNA was added to a volume of 10 µL containing 100 ng random 

hexamer primers, heated to 70 °C for 10 min and then chilled on ice for 2 min.  First-

strand reaction buffer (Invitrogen; 1x final concentration), dithiothreitol (10 mM final 

concentration), dNTPs (1 mM final concentration) and reverse transcriptase (Clontech 

Powerscript; 1µL) were added to a final volume of 20 µL, and reactions incubated for 10 

min at 25 °C.  Reactions were then incubated at 42 °C for 1 h and terminated by heating 
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to 70 °C for 10 min.  RT reactions were subsequently diluted 1:5 and used as template for 

PCR. 

 To obtain cDNA clones encoding D. sabina StAR, one-tenth of an interrenal RT 

reaction was added to a total volume of 25 µL containing 1x reaction buffer (Clontech), 1 

mM dNTPs, 0.5 µL Advantage 2 Polymerase mix (Clontech) and 20 pmol each 

degenerate sense (5’-GCATGGARGCNATGGGNGAGTGGAA-3’) and antisense (5’-

TYTTNGGCAGCCANCCYTTSAGGTC-3’) primers.  PCR cycling parameters were as 

follows: 95 °C for 2 min followed by 35 cycles of 95 °C for 30 s, 45 °C for 30 s and 72 

°C for 30 s.  Products of the appropriate size were ligated into the pDrive cloning vector 

(Qiagen) and used to transform competent Escherichia coli (Top 10 cells; Invitrogen).  

Plasmid DNA from positive clones was isolated using a commercial kit (Qiagen) and 

sequenced to determine the identity of inserted DNA. 

 To obtain the 5’ and 3’ ends of the D. sabina StAR mRNA, rapid amplification of 

cDNA ends (RACE) was used.  5’- and 3’-RACE-ready RT reactions were prepared 

using D. sabina interrenal gland total RNA and a commercial kit (SMART RACE; 

Clontech) following the manufacturer’s instructions.  For 3’ RACE PCR, one-tenth of the 

3’-RACE-ready RT was added to a total volume of 25 µL containing 1x reaction buffer, 

1 mM dNTPs, 0.5 µL Advantage 2 polymerase mix, 20 pmol D. sabina StAR specific 

sense primer (5’-GGAAGCGATAAACGGTGACA-3’) and 2.5 µL 10x SMART RACE 

universal primer mix.  The 5’RACE PCR reactions were similar except one-tenth of the 

5’-RACE-ready RT reaction was used as template with 20 pmol D. sabina StAR specific 

antisense primer (5’-CCTTATTCTGAGGCGGAGATGG-3’).  RACE touchdown PCR 

cycling parameters were as follows: 95 °C for 2 min followed by 5 cycles of 95 °C for 30 

s and 72 °C for 180 s; 5 cycles of 95 °C for 30 s, 70 °C for 30 s and 72 °C for 180 s; and 



 11 

25 cycles of 95 °C for 30 s, 68 °C for 30 s and 72 °C for 180 s.  3’ and 5’ RACE PCR 

products were then cloned and sequenced as described. 

 To obtain cDNA clones encoding D. sabina P450scc, PCR reactions were similar 

to those used for StAR except 20 pmol sense (5’-

CCGAATTCGATGAGGGGAAGTTTCCGACTCTCCT-3’) and antisense (5’-

TTACTCGAGTTTGATGGGCGTAAACTTTAGG-3’) primers were added; these 

primers were designed using the Dasyatis americana P450scc sequence open reading 

frame sequence (Nunez and Trant, 1997).  PCR cycling parameters were as follows: 95 

°C for 2 min followed by 35 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C for 90 s.  

Additional 5’ sequence was obtained using 5’-RACE as described for StAR, except 20 

pmol D. sabina P450scc specific antisense (5’-CCGATGAGGGAACAATGTGAAG-3’) 

primer was used.  For both standard and RACE P450scc PCR reactions, products of the 

appropriate size were cloned and sequenced as described. 

 

Isolation of Atlantic stingray ACTH and CNP cDNA sequences 

 The amino acid sequences of D. sabina ACTH and CNP were isolated to 

determine percent identity between homologous peptides and the heterologous forms 

used in this study.  To determine the amino acid sequence of D. sabina ACTH, a partial 

proopiomelanocortin (POMC) cDNA sequence was isolated from pituitary gland total 

RNA in RT-PCR.  One tenth of a pituitary gland RT reaction was added to a total volume 

of 50 µL containing 1x Amplitaq Gold PCR reaction buffer (Applied Biosystems), 1 mM 

dNTPs, 50 pmol each sense (5’-CAAGCAGAATGATAAAAGGTCC-3’) and antisense 

(5’-CCATGGAGATCCAAGTCACG-3’) primers, and 0.5 µL Amplitaq Gold DNA 

polymerase.  Primers were derived from the Dasyatis akajei POMC sequence and 

designed to span the ACTH-encoding portion of the POMC gene (Amemiya et al., 2000).  
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PCR cycling parameters were as follows: 95 °C for 10 min followed by 35 cycles of 95 

°C for 30 s, 50 °C for 30 s and 72 °C for 45 s.  A single amplicon of the appropriate size 

(approximately 207 bp) was obtained and gel purified.  Purified cDNA was directly 

sequenced using the initial PCR primers. 

 D. sabina cDNA sequence encoding the mature CNP peptide was isolated from 

heart total RNA in RT-PCR.  One tenth of a heart RT reaction was added to a total 

volume of 50 µL containing 1x Amplitaq Gold PCR reaction buffer (Applied 

Biosystems), 1 mM dNTPs, 50 pmol each degenerate sense (5’- 

GGCTGCTTTGGCYTNAARCTGGACMGNAT-3’) and antisense (5’- 

GGGAAGGTCGATGAGCAGGCGG-3’) primers, and 0.5 µL Amplitaq Gold DNA 

polymerase.  Primers were designed based on aligned elasmobranch sequences to amplify 

approximately 140 bp of D. sabina CNP, including the coding sequence for the mature 

peptide. PCR cycling parameters were temperature optimized, resulting in the following 

amplification procedure: 95 °C for 10 min followed by 35 cycles of 95 °C for 30 s, 43 °C 

for 30 s and 72 °C for 30 s.  A single amplicon of the appropriate size was obtained; this 

product was then gel purified and directly sequenced using the initial PCR antisense 

primer. 

 

Sequence Alignments and Molecular Phylogenetic Analysis 

 BLAST analysis of the putative D. sabina StAR and P450scc cDNA sequences 

resulted in strongest similarity to other StAR and P450scc sequences, respectively 

(http://www.ncbi.nlm.nih.gov/BLAST).  The deduced amino acid sequences for D. 

sabina StAR and P450scc were included in molecular phylogenetic analyses to determine 

their relationship to StAR and P450scc proteins from diverse taxa.  StAR protein 

phylogenetic analysis included both StAR and MLN-64 (a closely related START 
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protein) amino acid sequences.  P450scc (CYP11A) phylogenetic analysis included the 

closely related cytochrome P450 enzymes CYP11B1 (11β-hydroxylase) and CYP11B2 

(aldosterone synthase).  Identities and Genbank accession numbers for StAR, MLN-64 

and cytochrome P450 sequences used are provided in figures 4 and 6.  Amino acid 

sequences were aligned using the Clustal W algorithm (Thompson et al., 1994) and 

phylogenetic relationships inferred using the Neighbor-Joining method in Mega version 4 

(Tamura et al., 2007).  Two thousand iterations were used to generate a bootstrap 

consensus tree for each phylogenetic analysis. 

 Conservation of critical amino acid residues and motifs were analyzed by aligning 

D. sabina amino acid sequences with proteins from diverse taxa using the Clustal W 

algorithm in CLC Sequence Viewer 4 (CLC Bio A/S).  D. sabina StAR was aligned with 

StAR amino acid sequences from one elasmobranch (Potamotrygon motoro), two teleost 

(Oncorhynchus mykiss and Anguilla japonica), one amphibian (Xenopus laevis), one 

avian (Gallus gallus) and two mammalian (Bos taurus and Homo sapiens) species.  D. 

sabina P450scc was aligned with P450scc sequences from one elasmobranch (P. 

motoro), three teleost (Danio rerio, A. japonica and Ictalurus punctatus), one avian (G. 

gallus) and one mammalian (H. sapiens) species. 

 

Heterologous Expression of Atlantic Stingray StAR 

 An expression construct was created to characterize the ability of the putative D. 

sabina StAR protein to facilitate steroidogenesis in a mammalian nonsteroidogenic cell 

line.  The D. sabina StAR open reading frame was amplified from an interrenal gland RT 

reaction using a high fidelity DNA polymerase (Platinum Taq High Fidelity; Invitrogen) 

and D. sabina StAR-specific primers.  The sense primer for this reaction (StAR Kozak 

sense: 5’-GCCACCATGGTTCCAGCCACTTTTAAGC-3’; Kozak sequence underlined) 
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was mutated to transform the D. sabina StAR translational start site into a consensus 

Kozak sequence for increased translational efficiency in mammalian cells.  The antisense 

primer used in this reaction (StAR-HSV antisense: 5’-

TTCCGGGGCGAGTTCTGGCTGGCTGTAACTGTTTGC-3’; HSV-tag underlined) 

was designed to destroy the wild-type stop codon and introduce the first 24 nucleotides of 

a sequence encoding the 12 amino acid herpes simplex virus tag (HSV-tag) antigen.  This 

antigen may be used to facilitate detection of expressed D. sabina StAR protein in future 

studies.  To complete the addition of 3’ HSV-tag sequence, this initial PCR reaction was 

diluted 1:100 and used as template for a second PCR reaction with the StAR Kozak sense 

primer and an HSV-tag specific antisense primer (HSV antisense: 5’-

AAGCTTCTAGACTAATCCTCGGGGTCTTCCGGGGCGAG-3’) that includes the 

final 12 nucleotides encoding the HSV-tag antigen (underlined) followed by a stop codon 

(TAG) and HindIII and XbaI restriction sites.  PCR products from this second reaction 

were ligated into the expression vector pcDNA3.1 (Invitrogen) and used to transform 

competent E. coli (DH5α Gold cells; Bioline).  Plasmid DNA was purified from 

pcDNA3.1/D. sabina StAR positive bacteria using a commercial kit (Zymo Research) and 

sequenced to ensure proper sequence orientation and fidelity. 

Non-steroidogenic green monkey kidney (COS-1) cells were seeded into 6-well 

plates to yield 60-80% confluency the following day, at which time three wells each were 

cotransfected (TransIT-COS transfection reagent; Mirus Bio Corporation) with either 1 

µg empty pcDNA3.1 and 0.5 µg of a fusion construct expressing the human side-chain 

cleavage electron transport chain (the F2 construct, a generous gift from Dr. Walter L. 

Miller, University of California, San Francisco; for details regarding the F2 construct see  

Harikrishna et al., 1993), or 1 µg pcDNA3.1/D. sabina StAR and 0.5 µg F2.  COS-1 cells 

were maintained in Dulbecco’s Modified Eagles medium (DMEM; plus 10% fetal bovine 
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serum, 0.2 U mL-1 penicillin and 0.2 µg mL-1 streptomycin) at 5% CO2 and 37 °C.  

Medium was replaced 24 hours after transfection and collected after an additional 24 

hours, at which time pregnenolone was quantified using a commercial EIA (Diagnostics 

Biochem Canada, Inc.) as per the manufacturer’s instructions.  Following the collection 

of medium, cells were lysed in 250 µL reporter lysis buffer (Promega) and total protein 

quantified using a Bradford protein assay (USB Corporation) in order to normalize rates 

of pregnenolone synthesis to total protein per well. 

 

Heterologous Expression of Atlantic Stingray P450scc 

 The ability of the putative D. sabina P450scc protein to catalyze the conversion of 

cholesterol to pregnenolone was also determined via heterologous expression in COS-1 

cells.  For this purpose, two expression constructs were created.  The D. sabina P450scc 

open reading frame was amplified from an interrenal gland RT reaction using a high 

fidelity DNA polymerase (Platinum Taq High Fidelity; Invitrogen) and D. sabina 

P450scc specific primers (P450scc ORF sense: 5’-

ATGATCAGGGGAAGTTTCCGACTC-3’; start codon underlined; and P450scc ORF 

antisense: 5’-TTACTCGAGTTTGATGGGCGTAAAC-3’; stop codon underlined), using 

the following PCR cycling parameters: 95 °C for 2 min followed by 40 cycles of 95 °C 

for 30 s, 55 °C for 30 s and 72 °C for 1 min 30 s.  The resulting PCR product was ligated 

into the pDrive cloning vector (Qiagen), E. coli transformed as described, and positive 

clones sequenced to verify P450scc sequence fidelity and orientation.  Confirmed 

pDrive/D. sabina P450scc constructs were digested with EcoRI, and the liberated 

P450scc insert was gel purified and ligated into EcoRI-digested pCMV5 expression 

vector (Invitrogen).  Positive pCMV5/D. sabina P450scc clones were identified and 

sequenced to verify sequence fidelity and orientation. 
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 A second expression vector was constructed by replacement of human P450scc 

with D. sabina P450scc in the F2 expression construct, which encodes a fusion protein 

consisting of human P450scc, adrenodoxin reductase and adrenodoxin (Harikrishna et al., 

1993).  The pCMV5/D. sabina P450scc expression construct was used as template for a 

PCR reaction resulting in the addition of a 5’ Kozak sequence and KpnI restriction site 

(sense primer: 5’- GGTACCGCCACCATGGTCAGGGGAAGTTTCCG-3’; Kozak 

sequence underlined, KpnI site in bold) and a 3’ SpeI restriction site and five amino acid 

hinge region necessary for P450scc-adrenodoxin interaction (antisense primer: 5’- 

GACTAGTGCCGTCGGTCTCGAGTTTGATGGGCGTAAAC-3’; SpeI site in bold, 

hinge coding region underlined).  Platinum Taq High Fidelity polymerase (Invitrogen) 

was used for this reaction with the following cycling parameters: 95 °C for 2 min 

followed by 10 cycles of 95 °C for 30 s, 50 °C for 30 s and 72 °C for 1.5 min and then 30 

cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 1.5 min.  The resulting product was 

diluted 1:100 and used in a second PCR reaction with primers designed to add sufficient 

base pairs for KpnI and SpeI digestion (sense: 5’-

TGACCTGAAGTCGGTACCGCCACCATGGTCAGG-3’; KpnI site in bold; antisense: 

5’-GATCCGTAATGCGACTAGTGCCGTCGGTCTCGAG-3’; SpeI site in bold). 

Platinum Taq High Fidelity polymerase (Invitrogen) was used for this reaction with the 

following cycling parameters: 95 °C for 2 min followed by 40 cycles of 95 °C for 30 s, 

60 °C for 30 s and 72 °C for 1 min 30 s.  The resulting product was then gel purified and 

digested with KpnI (New England Biolabs) and SpeI (Takara Bio).  The F2 construct was 

also digested with KpnI and SpeI, and both cut PCR product and F2 vector were gel 

purified.  The modified D. sabina P450 cDNA was then ligated into cut F2 vector.  

Positive F2/D. sabina P450scc (F2DS) clones were identified and sequenced to verify 

P450scc sequence fidelity and proper F2 open reading frame alignment. 
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For D. sabina P450scc characterization, COS-1 cells were seeded into 6-well 

plates to yield 60-80% confluency the following day, at which time three wells each were 

cotransfected with pcDNA3.1/DsStAR and one of four combinations: a) 1.5 µg empty 

pCMV5 and 0.5 µg of a bovine adrenodoxin expression construct (Adx; a generous gift 

from Dr. Michael R. Waterman, Vanderbilt University; for details please see (Okamura et 

al., 1985)); b) 1.5 µg pCMV5/D. sabina P450scc and 0.5 µg Adx; c) 1.5 µg F2DS and 

0.5 µg empty pCMV5; or d) 1.5 µg F2 and 0.5 µg empty pCMV5.  Media was replaced 

with DMEM containing 25-hydroxycholesterol (25 µM; MP Biomedicals) 24 hours after 

transfection, and the final media samples were collected after an additional 24 hours.  

Cells were then lysed and total protein in cell lysates and pregnenolone in culture media 

were determined as described above.   

 

StAR and SCC gene expression in Atlantic stingray tissues 

To determine the tissue-specific expression of StAR and P450scc mRNAs, three 

male and three female laboratory-adapted D. sabina were sacrificed by cervical 

dislocation and tissues were removed and stored at -80 °C.  Total RNA was extracted 

from interrenal gland, rectal gland, kidney, spiral valve, ventricle, atrium, gill and 

gonadal tissues using TriReagent (Molecular Research Center) as per the manufacturer’s 

instructions.  Total RNA (8 µg) from each tissue was DNase treated for 30 min (Promega 

DNase I) and re-purified using TriReagent.  For reverse transcription reactions, 1 µg of 

DNase-treated RNA was added to a total volume of 10.5 µL containing dNTPs (0.5 mM 

final concentration) and 50 ng of random hexamer primers.  This mixture was heated to 

65 °C for 5 min and then chilled on ice for 1 min.  First-strand reaction buffer 

(Invitrogen; 1x final concentration), dithiothreitol (5 mM final concentration) and reverse 

transcriptase (Stratagene; 2.5 µL) were added to a final volume of 20 µL, and reactions 
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incubated for 5 min at 25 °C to anneal random hexamers.  Reactions were then incubated 

at 50 °C for 1 h and terminated by heating to 70 °C for 15 min.  RT reactions were 

subsequently diluted to 50 µL.  To determine tissue expression specificity, 1 µL of 

diluted RT was added to a total volume of 10 µL containing 1x Amplitaq Gold PCR 

reaction buffer (Applied Biosystems), 1 mM dNTPs, 0.1 µL Amplitaq Gold DNA 

polymerase and 10 pmol each sense and antisense gene-specific primers.  StAR PCR 

reactions (sense: 5’-GGCATTCAGCAATGGCAGC- 3’; antisense: 5’-

GCTGCTGCAAACAGTTACTGAAACGCA-3’; product: 791 bp) were heated to 95 °C 

for 10 min followed by 35 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C for 1 min.  

P450scc PCR reactions (sense: 5’-TTGCACAGAGCAGTATCCAACGGTTCGTG-3’; 

antisense: 5’-CTGCAGCACAGTGTCTTC-3’; product: 740 bp) were heated to 95 °C for 

10 min followed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C for 1 min.  The 

quality of each RT reaction was verified using primers designed to amplify a 240 bp 

fragment of teleost and elasmobranch actin RNA (sense: 5’-

TCGTCATGGACTCTGGTGATGG-3’; antisense: 5’-

CTCCTGCTCAAAGTCCAGTGC-3’) using the following cycling parameters: 95 °C for 

10 min followed by 30 cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s. 

 

Ex vivo gonadal incubations 

 To examine the effects of gonadotropins and 1α-B on gonadal steroidogenesis, 

gonadal tissue from four females (mean gonadosomatic index (GSI) = 0.59 +/- 0.06%) 

and four males (mean GSI = 1.64 +/- 0.37%) sacrificed August 16th to November 16th, 

2007, was incubated with the LH analog hCG and/or 1α-B.  Approximately 50 mg of 

gonadal tissue per treatment was placed in 0.5 mL elasmobranch DMEM (eDMEM; 

DMEM plus 0.2 U mL-1 penicillin, 0.2 µg mL-1 streptomycin, 3.7 g L-1 sodium 
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bicarbonate, 350 mM urea, 188 mM NaCl; pH 7.5) in 12-well plates.  Individual wells 

received either nothing (control), hCG (10 U mL-1), hCG and 1α-B (1 µM), or 1α-B for 2 

h followed by hCG.  0.1% ethanol (steroid vehicle) was added to all wells not receiving 

1α-B.  Tissues were incubated on a plate rocker in ambient air at room temperature for 6 

h, 8 h (i.e. 2 h 1α-B followed by 6 h hCG), 24 h, or 26 h (i.e. 2 h 1α-B followed by 24 h 

hCG); control samples were taken at each time point.  Tissue and medium were placed in 

1.5 mL microcentrifuge tubes, briefly centrifuged and medium transferred to new 1.5 mL 

tubes.  Both media and tissue samples were then frozen on dry ice and stored at -80 °C 

until analysis of mRNA expression (tissue) or steroid production (medium). 

 

cAMP response of interrenal tissue to porcine ACTH 

 To determine the minimum concentration of porcine ACTH (Sigma) required to 

induce a significant increase in intracellular cAMP, the dose-response of D. sabina 

interrenal tissue was examined.  Interrenal glands from SW-adapted D. sabina (n = 4) 

were divided into six approximately equal portions and placed into 0.5 mL eDMEM in 

24-well plates.  After a 2 h preincubation period, media was replaced with fresh eDMEM 

containing either nothing (basal) or one of five increasing concentrations of porcine 

ACTH (0.1, 0.5, 1.0, 5.0 or 10.0 IU mL-1) for an additional 15 min.  cAMP content of 

interrenal tissue was then determined using a commercial cAMP enzyme-linked 

immunoassay (EIA; Cayman Chemical, Ann Arbor, MI).   For EIA preparation, tissue 

samples were immediately frozen in liquid nitrogen and then homogenized in 200 µL of 

5% trichloroacetic acid (TCA) in water.  Samples were then sonicated and cellular debris 

removed by centrifugation at 1,500 x g for 10 min.  The resulting supernatant was then 

removed and the TCA extracted three times with five volumes of water-saturated ether.  

Excess ether was removed by heating to 70 °C for five minutes.  Samples and standards 
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were then acetylated and assayed for cAMP content following the manufacturer’s 

instructions. 

 

Ex vivo interrenal gland incubations 

 To examine the hormonal regulation of interrenal steroidogenesis, interrenal 

tissue was incubated with the stress hormone ACTH or the osmoregulatory peptides 

ANG II and C-type natriuretic peptide (human CNP; Sigma).  Interrenal glands were 

removed from seawater-adapted D. sabina and divided into approximately equal portions 

(5-10 mg; exact mass recorded) in 24-well plates containing 500 mL eDMEM.  Tissues 

were preincubated for 2 h at which time media were changed to fresh eDMEM containing 

either nothing (control), ACTH (0.5 IU mL-1; n = 4), D. sabina ANG II (ANG II; 100 

nM; n = 5), or CNP (100 nM; n = 5).  Tissues were then incubated for either an additional 

24 h (all treatments) or 48 h (second ACTH time point), at which time tissue and media 

were placed in 1.5 mL microcentrifuge tubes, briefly centrifuged and media transferred to 

new 1.5 mL tubes.  Both media and tissue samples were then frozen on dry ice and stored 

at -80 °C until analysis of mRNA expression (tissue) or steroid production (media). 

 

Androgen and 17β-Estradiol Radioimmunoassay 

Concentrations of androgen and 17β-estradiol (E2) present in incubation media 

were measured by direct radioimmunoassay (RIA) by Dr. Matthew Lovern at Oklahoma 

State University. For both the androgen and E2 assays, samples were prepared by mixing 

100 µL of media in 0.5 mL of ddH2O. All samples were equilibrated overnight at 4 °C 

with 2000 dpm of either 3H-T (NET-370, 70 Ci/mmol) or 3H-E2 (NET-317, 72 Ci/mmol) 

from PerkinElmer Life Sciences, Inc. (Boston, MA) for individual recovery 
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determinations.  Each sample was then extracted twice with 2 mL diethyl ether, dried 

under nitrogen gas in a 37 °C water bath, reconstituted in 0.5 mL of phosphate buffer and 

incubated at 4 °C overnight. Competitive binding RIAs were performed using the 

appropriate tritiated steroid tracer, antisera from Biogenesis for E2 (7010-2650; Kingston, 

NH) and Research Diagnostics, Inc. for testosterone (T-3003, Flanders, NJ), and steroid 

standards from Sigma-Aldrich (St. Louis, MO). The testosterone antibody cross-reacts 

substantially with dihydrotestosterone (63%), and therefore we consider our assay to be 

for androgen rather than specifically for testosterone. Androgen and E2 samples were run 

in separate, single assays. Standard curves ranged from 1.95 to 500 pg and were run in 

duplicate. Samples were run singly and adjusted for individual recovery and initial 

sample volume. 

 

Corticosteroid Enzyme-Linked Immunoassay 

 There is no available assay for the direct quantification of 1α-B.  Therefore, 

interrenal corticosteroid production was determined using a commercial 96-well 

corticosterone EIA (Cayman Chemical) with several modifications.  Antibodies directed 

against corticosterone (B) recognize 1α-B and have been utilized to quantify 

elasmobranch plasma corticosteroids in numerous studies (Kime, 1977; Honn and 

Chavin, 1978; Rasmussen and Crow, 1993; Snelson et al., 1997).  While very low titers 

of corticosterone have been identified in the plasma of a few elasmobranch species 

(Truscott and Idler, 1972; Kime, 1977), only 1α-B (Klesch and Sage, 1975) and small 

amounts of 11-dehydrocorticosterone (Nunez and Trant, 1999) are produced by basal or 

ACTH-treated D. sabina interrenal tissue. Therefore, we used purified 1α-B (synthesized 

by Dr. John Rimoldi, University of Mississippi) for the generation of a standard curve (1-

1000 nM) in addition to the corticosterone standards provided by the manufacturer.  
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Media samples were diluted 1:10 in eDMEM and then 1:1 with assay buffer; 1α-B and 

corticosterone standards (in assay buffer) were conversely diluted 1:1 with eDMEM to 

achieve equal concentrations of urea and NaCl in the standards and experimental 

samples.  Corticosteroids were then quantified following the manufacturer’s instructions, 

with steroid titers of unknown samples based on the 1α-B standard curve.  The percent 

coefficient of variation between replicates obtained using this assay is 6.1 to 7.2%.  A 

representative 1α-B standard curve is shown in the Appendix. 

 

Real time quantitative PCR 

 Real time quantitative PCR (qRT-PCR) assays were developed in order to 

quantify relative levels of StAR and P450scc mRNA in D. sabina gonadal and interrenal 

tissues.  Total RNA was DNase treated and used as template for RT reactions as 

described.  RT reactions were diluted (1:2.5) in DNase-free water and 5 µL of each RT 

was added to a 25 µL total volume qRT-PCR reaction containing 12.5 µL Brilliant II 

QRT-PCR 2x master mix (Statagene), 500 nM dual-labeled probe and 600 nM each gene 

specific sense and antisense primers (StAR qRT-PCR reactions: sense: 5’-

GGCATTCAGCAATGGCAGC-3’; antisense: 5’-CCATCTCCGCCTCAGAATAAGG-

3’; probe: 5’-TAAATCTGGTTCGGAGAAGGAACT-3’; P450scc qRT-PCR reactions: 

sense: 5’-GCCAGCACTTATGCACAAAGGG-3’; antisense: 5’-

GCCAGTTCCTTCTCCAGTTGCC-3’; probe: 5’-

CGGAGCATGACTTCACGTTGTTC-3’).  Target gene mRNA levels were normalized 

to 18S RNA levels as determined in separate qRT-PCR reactions (sense: 5’-

GTTAATTCCGATAACGAACGAGACTC-3’; antisense: 5’-

ACAGACCTGTTATTGCTCAATCTCGTG-3’; probe: 5’- 

TTCTTAGAGGGACAAGTGGCGTT-3’).  All probes were labeled at the 5’ end with 6-
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FAM and at the 3’ end with Black Hole Quencher 1 (BHQ1).  Fluorescence was detected 

by cycling reactions in an Eppendorf Realplex2 Mastercycler using the following 

parameters: 95 °C for 10 min followed by 45 cycles of 95 °C for 30 s and 62 °C for 1 

min.  StAR, P450scc and 18S qRT-PCR efficiencies were determined to be 92%, 100% 

and 94%, respectively.  All reactions were run in duplicate, and relative mRNA 

expression determined using the equation described by Fink et al. (1998). 

 

Statistical analysis 

 Statistical analyses were made using Student’s t-test comparisons between control 

and individual treatment groups.  p-values less than 0.05 were considered significant. 

 

RESULTS 

Isolation, phylogenetic analysis and characterization of the Atlantic stingray StAR 
cDNA sequence  

A total of 1208 bp of D. sabina StAR cDNA were obtained in this study, including 

44 bp of 5’UTR (untranslated region) sequence and 491 bp of 3’UTR sequence including 

a polyadenosine mRNA tail.  The DsStAR cDNA open reading frame encodes a 284 

amino acid protein.  Molecular phylogenetic analysis of StAR amino acid sequences from 

diverse taxa clearly segregates StAR proteins from the closely related MLN-64 proteins 

(Figure 4).  StAR proteins further divide into an elasmobranch group (including D. 

sabina StAR) and subsequently teleostean, avian, amphibian and mammalian groups.  

Amino acid sequence alignment of StAR proteins is shown in Figure 5.  Seven of twelve 

amino acids implicated in congenital lipoid adrenal hyperplasia (E169, R182, R193, 

Q212, R217, W250 and R272; numbers correspond to amino acids within the human 

sequence) are conserved among all taxa; the remaining five residues differ in one or more 
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taxa (A203, A218, M225, Q258 and L275) (Stocco, 2002).  Five additional residues 

(D183, F184, D246, K248 and F267) important for steroidogenic function in mammals 

(Watari et al., 1997) are all conserved in D. sabina StAR.  Two consensus PKA motifs 

(R-R/K-X-S/T; where X is any amino acid) are conserved among all StAR proteins and 

both are present in D. sabina StAR (residues 53-57 and 192-195).  Phosphorylation of 

S195 within the second PKA motif is critical for StAR activity; this residue is conserved 

in all taxa including D. sabina (Arakane et al., 1997). 

COS-1 cells cotransfected with D. sabina StAR and the F2 construct produced 

significantly more pregnenolone (15.24 ng mL-1 ± 2.06 SEM) than those transfected with 

F2 and empty expression vector (5.31 ± 1.01 ng mL-1; p < 0.05) (Figure 1).  Non-

transfected COS-1 cells do not synthesize steroids (Zuber et al., 1988). 

 

Isolation, phylogenetic analysis and characterization of the Atlantic stingray P450scc 
cDNA sequence 

 A total of 1662 bp of D. sabina P450scc cDNA were obtained, including 99 bp of 

5’UTR sequence.  The DsP450scc cDNA open reading frame encodes a 524 amino acid 

protein.  Molecular phylogenetic analysis of P450scc amino acid sequences demonstrated 

clear separation of CYP11A (P450scc) proteins from the closely related CYP11B1 and 

CYP11B2 cytochrome P450 enzymes (Figure 6).  Elasmobranch and teleost CYP11A 

sequences further segregate from avian and mammalian CYP11A, with elasmobranch 

sequences (including D. sabina) forming a distinct group.  Amino acid sequence 

alignment of P450scc proteins is shown in Figure 7.  While overall homology is low, 

regions of importance to adrenodoxin/steroid substrate binding (8 of 20 amino acids) and 

heme binding (12 of 20 amino acids) are more highly conserved (Picado-Leonard and 

Miller, 1988; Wada and Waterman, 1992).  Two arginine residues (R465 and R466) 
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important for formation of the heme-binding center and electrostatic interaction between 

P450scc and adrenodoxin are conserved in all species including D. sabina (Azeva et al., 

2001).  Conversely, two lysine residues important for association of mammalian P450scc 

and adrenodoxin (K443 and K445) are not well conserved in other taxa.  A tyrosine 

residue involved in substrate binding via interaction with the cholesterol side chain 

(Y132) is conserved in all sequences except for the teleost I. punctatus and the 

elasmobranchs P. motoro and D. sabina (Pikuleva et al., 1995). 

COS-1 cells transfected with adrenodoxin and pCMV5/D. sabina P450scc 

produced significantly more pregnenolone (1.61 ± 0.08 ng mL-1) than cells transfected 

with adrenodoxin alone (1.29 ± 0.04 ng mL-1; p < 0.05) in the presence of 25-

hydroxycholesterol.  Cells transfected with F2DS produced significantly more 

pregnenolone (8.05 ± 0.77 ng mL-1; p < 0.01) than those cotransfected with Adx and 

pCMV5/D. sabina P450scc, and COS-1 cells transfected with the native F2 construct 

produced significantly more pregnenolone than all other treatments (92.42 ± 12.38 ng 

mL-1; p < 0.01; Figure 2).  Considerably higher rates of native F2 steroid production were 

observed in these experiments vs. those for the characterization of D. sabina StAR due to 

the addition of 25-hydroxycholesterol to culture media. 

 

Isolation of the Atlantic stingray ACTH and CNP cDNA sequences 

 BLAST analysis confirmed the identities of the putative D. sabina ACTH and 

CNP cDNAs.  The deduced amino acid sequence of D. sabina ACTH is 64% 

homologous to porcine ACTH.  D. sabina and human CNP are 82% homologous, sharing 

18 of 22 amino acids (Figure 3). 
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Expression of StAR and P450scc mRNA in Atlantic stingray tissues 

RT-PCR indicates that StAR mRNA is expressed in the interrenal gland of all 

animals examined (Figure 8).  StAR mRNA was also detected in other tissues of some 

individuals including rectal gland (1 male and 1 female), ventricle (1 male), testis (1) and 

ovary (1).  P450scc mRNA was present in the interrenal gland of all individuals (Figure 

8), and was rarely detected in other tissues including rectal gland (1 female), spiral valve 

(1 male), ventricle (1 female), atrium (1 female), gill (1 female) and ovary (1). 

 

Effects of hCG and 1α-B on steroid production and steroidogenic mRNAs in Atlantic 
stingray gonadal tissues 

 No significant differences in ovarian steroid production were found between any 

treatment or timepoint, as 17β-estradiol was only detected in 2 of 52 ovarian media 

samples and was not inducible by hCG.  StAR and P450scc mRNA levels were also 

undetectable in all samples using qRT-PCR.  Androgen titers in testicular media samples 

were highly variable (Figure 9).  Significant differences in steroid production were only 

detected following the longest incubation (2 h pretreatment with stimulus 1, followed by 

24 hr treatment with stimulus 2), where untreated tissue produced significantly less 

androgen (14.33 ± 2.09 ng 50 mg-1) than tissue treated with hCG (26.33 ± 3.67; p < 0.05); 

this increase was blocked by 2 h pretreatment with 1α-B (11.79 ± 4.22; p < 0.05).  A 

similar trend was observed in samples pretreated for 2 h followed by 6 h of stimulation, 

but the differences among treatments were not significant.  StAR mRNA was 

undetectable in testicular samples using qRT-PCR; P450scc mRNA levels were 

considerably lower (average of 12-fold) than interrenal expression, and did not change 

significantly with treatment.  Samples from the longest incubation time were re-run with 

increased template and cycling (50 cycles), and StAR was again undetectable. 
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cAMP response of interrenal tissue to porcine ACTH 

 D. sabina interrenal tissue responded to porcine ACTH in a dose-dependent 

manner.  ACTH concentrations of 0.5 IU mL-1 (p < 0.01) and higher elicited significantly 

elevated levels of interrenal cAMP (Figure 10).  0.5 IU mL-1 porcine ACTH was 

therefore selected as the concentration used in subsequent ex vivo tissue culture 

experiments. 

 

Effects of peptide hormones on steroid production and steroidogenic mRNAs in 
Atlantic stingray interrenal tissue 

 In matched samples (n = 3 per treatment), both the stress hormone ACTH and the 

osmoregulatory peptide ANG II significantly increased corticosteroid production of ex 

vivo interrenal tissue after 24 h (p < 0.01; Figure 11).  ACTH was significantly more 

potent than ANG II in inducing steroid production (p < 0.01).  A separate set of animals 

was used for CNP incubations (n = 5).  Corticosteroid quantification revealed 

considerably higher basal rates of steroidogenesis (over 200 nM 1α-B mg-1) in three of 

these samples vs. all others.  For analysis CNP-treated interrenal glands were therefore 

separated into categories based on either low (< 200 nM mg-1; n = 2) or high (> 200 nM 

mg-1; n = 3) rates of basal steroidogenesis; basal steroid output is significantly different 

between these two groups (p < 0.05).  There was no significant effect of CNP on 

interrenal tissue with low basal rates of steroidogenesis, whereas CNP significantly 

decreased corticosteroid production in tissue with high basal rates (p < 0.05; Figure 12). 

 As determined by qRT-PCR, ACTH (n = 4) induced a significant increase in both 

StAR and P450scc mRNA expression over basal levels, whereas both ANG II (n = 5) and 

CNP (n = 3) significantly reduced the expression of both mRNAs (Figure 13).  Relative 
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mRNA expression as calculated by the Fink et al (1998) equation was converted to a 

percentage of each matched control to account for variations in basal StAR and P450scc 

mRNA expression.  In a separate set of interrenal glands (n = 4), both StAR and P450scc 

mRNA levels remain elevated following an additional 24 h of ACTH stimulation (Figure 

14). 

 

DISCUSSION 

 Molecular phylogenetic analysis supports the identification of the putative D. 

sabina StAR and P450scc proteins.  mRNAs for both proteins are expressed primarily in 

the interrenal gland and gonads of seawater-adapted D. sabina, consistent with their role 

in de novo steroid hormone synthesis in steroidogenic tissue.  More importantly, the 

steroidogenic activity of D. sabina StAR and P450scc were verified by their ability to 

increase pregnenolone synthesis in non-steroidogenic COS-1 cells.  There is considerable 

homology between the D. sabina amino acid sequence and StAR proteins from diverse 

taxa, with complete conservation of many residues particularly important for 

steroidogenic function (Watari et al., 1997).  It is interesting to note that while the 

majority of residues implicated in lipoid congenital adrenal hyperplasia in humans are 

conserved across taxa, several are not (A203, A218, M225, Q258 and L275).  Mutations 

of these amino acids are therefore unlikely to preclude the ability of StAR to facilitate 

steroid production, but may affect the efficiency of the protein.  For example, mutation of 

A203 to aspartic acid in human StAR decreases StAR/F2 pregnenolone production in 

COS-1 cells from 12- to 3-fold (Katsumata et al., 2006).  This position is occupied by a 

serine in most non-mammalian vertebrates including the D. sabina and M. undulatus 

proteins, which increase steroid production approximately 3- and 5-fold, respectively, in 

the same expression system (Nunez and Evans, 2007).  Interestingly, P. motoro StAR 
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shares A203 with the human protein and facilitates a 16-fold increase in COS-1 

pregnenolone synthesis (Nunez et al., 2005).  It would be interesting to examine potential 

steroidogenic effects of altering this residue in the D. sabina and P. motoro StAR 

proteins in direct comparison.  The crystal structure of the MLN-64 START domain 

reveals a corresponding alanine residue (A366) as part of a hydrophobic tunnel thought to 

accommodate cholesterol; it is therefore possible that replacement of the non-polar A203 

by a polar serine residue significantly alters the binding kinetics of the START substrate 

binding pocket in StAR (Tsujishita and Hurley, 2000). 

Mammalian StAR protein can be phosphorylated by cAMP/PKA at two serine 

residues, S57 and S195, both of which are conserved in D. sabina (Arakane et al., 1997).  

While mutation of S195 in human StAR to an alanine residue significantly reduces StAR 

activity, aspartic acid substitution enhances activity above that of phosphorylated wild 

type StAR.  It is therefore suggested that a negative charge at this position increases 

StAR activity (Arakane et al., 1997).  Interestingly, there are two consensus serine 

residues in the first PKA motif (S56 and S57) one of which is occupied by an aspartic 

acid in D. sabina, conferring a negative charge at this position.  In the hamster, mutation 

of this first serine (human S56) to alanine significantly decreases basal StAR activity 

(Fleury et al., 2004).  While the phosphorylation of S57 is not required for human StAR 

activity, in fact deletion of the first 62 N-terminal amino acids does not affect 

steroidogenesis, this phosphorylation site may be important for mitochondrial import 

(Arakane et al., 1996). 

 While overall homology among P450scc sequences is low, amino acids within 

critical motifs such as the adrenodoxin / steroid-binding and heme-binding regions are 

more highly conserved.  D. sabina P450scc has low activity in COS-1 cells when 

cotransfected with bovine adrenodoxin, and catalytic activity increases significantly when 
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D. sabina P450scc is expressed as a fusion protein with human adrenodoxin and 

adrenodoxin reductase (F2DS).  It is therefore likely that interaction with cotransfected 

adrenodoxin and/or native COS-1 renodoxin (adrenodoxin homolog) is weak, either due 

to differences in cell sorting or electrostatic association between heterologous proteins.  

Catalytic rates of P450 enzymes are directly related to the efficiency and rate of electron 

transfer from redox partners (Cao and Bernhardt, 1999; Miller, 2005).  Specific arginine 

residues known to interact with adrenodoxin in human P450scc (R465 and R466) are 

conserved in D. sabina.  While additional amino acids thought to be critical for this 

interaction (K443 and K445) are absent in the stingray protein, they are also not 

conserved in the majority of non-mammalian sequences (Azeva et al., 2001; Usanov et 

al., 2002).  The activity of F2DS in the current study is comparable to that of O. mykiss 

P450scc, which increases COS-1 pregnenolone synthesis approximately 4.5-fold above 

basal in the presence of 25-hydroxycholesterol (Takahashi et al., 1993).  A. japonica 

P450scc has considerably higher activity in the presence of 25-hydroxycholesterol, 

converting 39% of available substrate within 6 h in COS-7 cells, over 40-fold above basal 

rates (Kazeto et al., 2006).  Differences in the efficiencies of these proteins may be 

explained by their respective affinities for added substrate.  Two tyrosine residues (Y132 

and Y133) in mammalian P450scc are critical for substrate binding: Y132 forms a 

hydrogen bond with the cholesterol side-chain, whereas Y133 binds to the side-chain of 

both cholesterol and 25-hydroxycholesterol molecules (Pikuleva et al., 1995).  There is 

no corresponding tyrosine residue at either position in D. sabina P450scc, whereas Y132 

is conserved in both trout and eel.  It is interesting to note that Y132 and Y133 are also 

absent in the freshwater stingray and channel catfish (Kumar et al., 2000; Nunez et al., 

2006).  Therefore, while D. sabina P450scc is clearly able to catalyze the synthesis of 

pregnenolone, 25-hydroxycholesterol may be a poor substrate for the elasmobranch 
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protein.  This possibility is supported by the fact that addition of 25-hydroxycholesterol 

to culture media does not increase steroid output in isolated D. sabina interrenal glands 

(Nunez and Trant, 1999). 

Classical glucocorticoid actions include the suppression of physiological systems 

nonessential for immediate survival such as immunity, growth and reproduction.  

Therefore in our efforts to examine the putative GC role of 1α-B, we examined the 

effects of 1α-B on hCG-stimulated steroidogenesis and gene expression in gonadal 

tissues.  Individuals of low GSI were selected for this study with the intent of obtaining 

ovarian tissue with low levels of basal steroidogenesis in order to facilitate hCG-

induction of 17β-estradiol synthesis.  However, while basal steroid production as well as 

StAR and P450scc mRNA expression were undetectable at this stage of reproductive 

development, neither could be induced by hCG.  StAR and P450scc mRNA abundances 

are often positively correlated with GSI in teleosts, and may be expressed below the level 

of detection at some stages of the reproductive cycle (Kusakabe et al., 2002; von Hofsten 

et al., 2002; Ings and Van Der Kraak, 2006).  Female D. sabina serum estradiol titers are 

low throughout much of the year in other populations, with large increases during 

ovulation/fertilization (March to April) and just prior to parturition (July to August) 

(Snelson et al., 1997).  Following parturition development of new oocytes does not begin 

until December; animals used for this study (September to November) were therefore 

likely sampled during a period of ovarian senescence (Snelson et al., 1997) and incapable 

of an hCG response. 

In contrast, in other populations of D. sabina male serum titers of testosterone and 

dihydrotestosterone (DHT; primary D. sabina androgen) peak during late summer to 

early fall (August to October), with peak GSIs observed in November (Snelson et al., 

1997; Tricas et al., 2000).  Maximal spermatocyte density and Sertoli cell proliferation is 
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also observed during this period (Tricas et al., 2000).  In the current study testicular 

incubations were more successful and several trends were observed.  When hCG and 1α-

B are added simultaneously (6 and 24 h) androgen production is similar to that of tissue 

treated with hCG alone; unfortunately the high variation in basal steroidogenesis 

precludes additional conclusions.  Basal rates of pre-incubated tissue are more uniform, 

however, and androgen production does appear to be stimulated by hCG.  This increase is 

inhibited by a 2 h pre-incubation with the putative elasmobranch GC, 1α-B.  While this is 

the first evidence of an effect of 1α-B in elasmobranch gonadal tissue, this conclusion is 

tentative due to variation in basal steroid production.  It is also important to note that the 

concentration of 1α-B used in this study (1 µM) represents a supraphysiological dose, 

based on baseline plasma titers subsequently quantified in D. sabina (20 to 25 nM; data 

presented in Chapter 3).  Furthermore, StAR transcripts were undetectable even in tissue 

treated with hCG, which is known to induce large increases in ovarian StAR mRNA 

expression in other vertebrate models (Ijiri et al., 2006; Nunez and Evans, 2007).  In 

testicular tissue, however, hCG increases StAR mRNA expression in Japanese eel (Ijiri et 

al., 2006) but not Atlantic croaker (Nunez and Evans, 2007).  Also, in the current study 

P450scc mRNA expression was uniformly low and unaffected by treatment.  It is 

therefore possible that the animals used for this experiment were incapable of a robust 

hCG response, and the trends in steroid production observed may be due to changes in 

StAR or P450scc translation or activity (i.e. phosphorylation).  Conversely, transient 

changes in mRNA expression may have been missed in the current experiment.  Ovarian 

StAR mRNA levels peak 4 h following hCG stimulation in the rat (Espey and Richards, 

2002).  Likewise a 3-fold increase in hCG-induced StAR is observed in zebrafish ovarian 

follicles at 3 h, but mRNA expression returns to basal levels prior to 8 h (Ings and Van 

Der Kraak, 2006).  It would be of value to repeat the current study using animals of 
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higher GSI and / or transient culture of isolated Leydig cells to decrease sample variation 

and examine additional time points. 

 This study is the first to investigate the role of StAR and P450scc mRNA 

expression in the synthesis of the unique elasmobranch steroid, 1α-B.  The ability of 

mammalian ACTH to induce interrenal steroidogenesis in elasmobranchs is well 

established and has been demonstrated in several species (Honn and Chavin, 1978; 

Hazon and Henderson, 1985) including D. sabina (Klesch and Sage, 1975; Nunez and 

Trant, 1999).  In D. sabina 2 and 24 h induction of 1α-B by porcine ACTH is blocked by 

cycloheximide (inhibitor of translation) but not actinomycin D (inhibitor of 

transcription), suggesting that changes in primary steroidogenic mRNAs are not required 

for acute steroid production (Nunez and Trant, 1999).  The current study demonstrates 

that mRNA expression of both StAR and P450scc are significantly increased by ACTH 

within 24 h, and remain elevated at 48 h.  Therefore as in mammals increased gene 

transcription may play a critical role in chronic stress-induced GC elevation in 

elasmobranchs. 

 In the rainbow trout head kidney, heterologous ACTH significantly elevates 

cortisol production after 18 h at concentrations as low as 5 ng mL-1 (Hagen et al., 2006).  

However, considerably higher concentrations of ACTH (1500 to 5000 ng mL-1) are 

required to induce significant changes in StAR mRNA in the same species (Aluru et al., 

2005; Hagen et al., 2006).  The concentration of porcine ACTH used in this study (0.5 IU 

mL-1; approximately 5000 ng mL-1) was selected based on the dose-response of D. sabina 

interrenal tissue; 0.5 IU mL-1 was the lowest concentration to elicit a significant increase 

in cAMP.  Significant increases in interrenal 1α-B production are achieved at similar 

concentrations in D. sabina (0.2 IU mL-1) and other elasmobranch species (0.1 IU mL-1; 

blue and mako shark) (Klesch and Sage, 1975; Honn and Chavin, 1978).  Peptide 
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sequence differences are a likely explanation for the low potency of mammalian ACTH 

in teleosts and elasmobranchs, as D. sabina and human ACTH are only 64% similar.  

While amino acid conservation is considerably higher within the first 24 residues (83%), 

which exhibit full biological activity in mammals, C-terminal differences may affect 

receptor binding and/or second messenger signaling pathways (Bentley, 1998).  

Conversely, it is possible that extremely high or long term ACTH stimulation is 

necessary to induce steroidogenic gene transcription in teleost and elasmobranch 

interrenal tissue.  Because corticosteroids also play a critical role in osmoregulatory 

homeostasis in fishes, such a mechanism may act to prevent inappropriate long-term 

changes in interrenal steroidogenesis in response to acute stress. 

The results of this study strongly suggest that ANG II and CNP have opposing 

effects on the synthesis of 1α-B in D. sabina, similar to the effects of ANG II and 

natriuretic peptides on aldosterone synthesis in mammals.  In D. sabina physiologically 

relevant concentrations of ANG II are potently steroidogenic, inducing a more than 18-

fold increase in ex vivo interrenal 1α-B production.  This is in contrast to an earlier study 

in which neither human nor salmon ANG II stimulated 1α-B synthesis in this species 

(Nunez and Trant, 1999).  The results of this study reveal that chronic stimulation of 

interrenal tissue with homologous ANG II negatively regulates steroidogenic enzyme 

gene transcription, as 24 h incubation with 100 nM ANG II significantly decreased 

mRNA expression of both StAR and P450scc.  A similar effect has been observed in 

mammals, whereby ANG II induces increased StAR mRNA expression within 1.5 to 3 h 

followed by a decline to nearly undetectable levels of both mRNA and protein (Le Roy et 

al., 2000).  Decreased StAR mRNA and protein are proposed to facilitate ANG II-induced 

desensitization of mammalian adrenal tissue to ACTH stimulation (Penhoat et al., 1996; 

Le Roy et al., 2000), and it appears likely that a similar mechanism exists in the 



 35 

elasmobranch interrenal gland.  Considering the contrasting effects of ANG II on 24 h 

steroid production and mRNA expression, it would be interesting to examine ANG II-

stimulated D. sabina interrenal tissue on both a shorter and longer timescale. 

Despite longstanding uncertainty regarding the potential mineralocorticoid 

properties of 1α-B, the effects of CNP on interrenal steroidogenesis have not been 

investigated.  Although other vertebrates possess multiple forms, CNP is the only 

natriuretic peptide in the elasmobranch fishes (Kawakoshi et al., 2001) and the direct 

effects of CNP on elasmobranch ion excretion are well documented (Gunning et al., 

1993; Gunning et al., 1997; Silva et al., 1999).  In light of results from the current study 

it is important to note that the interrenal effects of CNP in D. sabina are similar to those 

of atrial natriuretic peptide (ANP) in mammalian adrenal tissue.  ANP is a potent 

repressor of synthesis of the mammalian mineralocorticoid, aldosterone, acting in part by 

inhibiting both StAR phosphorylation and protein synthesis.  Furthermore, ANP inhibits 

calcium-induced StAR transcription thereby blocking ANG II stimulation of aldosterone 

synthesis (Cherradi et al., 1998; Calle et al., 2001).  This study demonstrates that CNP 

significantly downregulates mRNA expression of both StAR and P450scc in D. sabina 

interrenal tissue within 24 h.  In contrast to ANG II, CNP has no effect on interrenal 

tissue with low levels of basal steroidogenesis, but dramatically suppresses elevated 

levels of 1α-B synthesis.  CNP therefore appears to act in a manner similar to ANP, 

suppressing both acute and long-term adrenal steroidogenesis. 

In summary, the cDNA sequences of StAR and P450scc have been isolated from 

the euryhaline Atlantic stingray and the steroidogenic activity of the encoded proteins 

verified by heterologous expression.  Interrenal synthesis of the elasmobranch 

corticosteroid 1α-B is regulated by trophic hormones through changes in both StAR and 

P450scc mRNA expression.  As in mammals, transcriptional regulation of StAR and 
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P450scc are strongly correlated in D. sabina adrenal tissue (Geslin and Auperin, 2004).  

Finally, the disparate effects of stress (ACTH) and osmoregulatory (ANG II and CNP) 

hormones provide critical insight into the potential dual role of 1α-B as both a 

glucocorticoid and mineralocorticoid steroid hormone in the elasmobranch fishes. 
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Chapter 2:  Isolation of cDNAs encoding angiotensin, the angiotensin 
receptor and the natriuretic peptide (NP) receptor from the euryhaline 

stingray Dasyatis sabina: unique aspects of the elasmobranch renin-
angiotensin and NP systems 

 

SUMMARY 

 The antagonistic actions of the renin-angiotensin system (RAS) and natriuretic 

peptides (NPs) facilitate hydromineral balance in mammals.  In this study we examined 

primary components of the elasmobranch RAS and NP system in the euryhaline Atlantic 

stingray, Dasyatis sabina.  To determine the effects of environmental salinity on these 

two hormonal systems, we compared salt water D. sabina from local Texas waters with 

an isolated freshwater population in Lake Monroe, Florida.  Specifically, we isolated 

cDNA sequences encoding the D. sabina angiotensin receptor (AT) and natriuretic 

peptide type B receptor (NPR-B), determined the tissue-specific expression of their 

mRNAs and examined differences in steady state levels of AT and NPR-B mRNA 

between saltwater (TX) and freshwater (FL) individuals.  NPR-B mRNA levels were 

significantly higher in the rectal gland, interrenal gland and gill of freshwater D. sabina.  

AT mRNA levels were also significantly higher in the rectal gland and gill of freshwater 

animals, suggesting that both the RAS and NP systems of D. sabina from Lake Monroe 

are more sensitive to circulating ligand.  In this study we also isolated cDNAs encoding 

unique angiotensin II (ANG II) peptide sequences from three species of elasmobranch 

revealing considerable heterogeneity among the elasmobranch peptides at the first amino 

acid position.  Potential implications of this heterogeneity were investigated by 

examining the effects of homologous and heterologous ANG II peptides on ex vivo 

interrenal steroid production and levels of mRNAs encoding NPR-B, AT and 
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steroidogenic enzymes.  Interrenal steroid production was significantly affected by the 

absence of the elasmobranch-specific proline residue at position three, but was unaffected 

by changes in position one.  Conversely, levels of steroidogenic mRNAs were 

significantly decreased by incubation of interrenal tissue with homologous (Asp1) but not 

heterologous (Asn1) elasmobranch ANG II. 

 

INTRODUCTION 

 Among the most conserved osmoregulatory hormone systems in vertebrates are 

the renin-angiotensin system (RAS) and the natriuretic peptides (NPs).  These opposing 

physiological systems facilitate the maintenance of homeostasis through direct regulation 

of blood pressure and hydromineral balance.  The RAS and NPs also indirectly elicit 

osmoregulatory effects through the regulation of adrenocortical synthesis of 

mineralocorticoid steroid hormones. 

The RAS involves an enzyme cascade beginning with the enzyme renin and 

resulting in the synthesis of several angiotensin peptides.  Renin is synthesized in the 

juxtaglomerular cells of the kidney and reacts with angiotensinogen, a glycoprotein 

produced in the liver, to produce the decapeptide hormone angiotensin I.  Angiotensin I is 

further cleaved via angiotensin-converting enzyme (ACE) resulting in an eight amino 

acid peptide, angiotensin II (ANG II).  Although subsequent enzymatic reactions produce 

additional peptides (ANG III and IV), ANG II is the most biologically active and the 

molecular and physiological effects of ANG II in mammals have been well characterized.  

ANG II is a potent vasoconstrictor, facilitating increased systemic blood pressure as well 

as local changes in blood flow and circulation patterns (Bentley, 1998; Berry et al., 

2001).  Activation of ANG II synthesis also results in vascular hypertrophy, increased 

thirst/drinking (dipsogenesis) and sodium retention (Lehoux et al., 1997).  Sodium 
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retention is achieved both through modulated Na+/K+-ATPase activity (Muscella et al., 

2000) and increased adrenocortical secretion of the mineralocorticoid aldosterone 

(Mulrow, 1999).  ANG II induces aldosterone synthesis in part by increased transcription 

of aldosterone synthase (Clyne et al., 1997); however the primary mechanism by which 

ANG II  increases adrenocortical steroidogenesis is increased transcription, translation 

and activation of the steroidogenic acute regulatory protein (StAR; details provided in 

Chapter 1). 

ANG II elicits its effects in mammals via two distinct seven-transmembrane, G-

protein coupled receptors termed AT1 and AT2 (Bottari et al., 1993; Berry et al., 2001).  

AT1 and AT2 receptors are characterized based on their affinity for specific non-peptide 

receptor antagonists and signaling pathways, and have very low sequence homology 

(Daviet et al., 2001).  AT2 receptors are involved in cell differentiation, tissue repair and 

programmed cell death, with functions and signaling pathways antagonistic to those of 

AT1 receptors (Kaschina and Unger, 2003).  Specifically, AT2 couples to Gi proteins, 

activates extracellular signal-regulated kinase (ERK) and may also signal via cyclic GMP 

(Daviet et al., 2001; Kaschina and Unger, 2003).  Classical ANG II physiological effects 

are mediated by AT1 receptors, which are well characterized in mammals due to their 

significant role in vasoconstriction and stimulation of aldosterone synthesis in the adrenal 

cortex.  ANG II binding to AT1 activates two separate signaling pathways (Figure 15).  

G-protein (Gq) signaling activates phospholipase C, increasing intracellular 

concentrations of the secondary messengers 1,4,5-inositol triphosphate (IP3) and 

diacylglycerol (DAG), subsequently leading to an increase in intracellular calcium 

(Ambroz and Catt, 1992; Baukal et al., 1994).  DAG also activates protein kinase C 

(PKC), which in adrenocortical tissue activates PKC and increases intracellular calcium, 

subsequently inducing the transcription, translation and activation of steroidogenic genes 
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and proteins (Mulrow, 1999).  As a second signaling pathway, ANG II-bound AT1 

interacts directly with Janus kinase 2 (Jak2), a member of the Janus family of tyrosine 

kinases, which leads to activation and translocation of signal transducers and activators of 

transcription (STAT) complexes to the nucleus (Ali et al., 1998).  Both the calcium and 

Jak2/STAT pathways are required for ANG II induction of StAR transcription in 

mammals via AT1 (Li et al., 2003a). 

Physiological effects of the teleost RAS are similar to those in mammals, as ANG 

II increases drinking rates (Okawara et al., 1987) and is positively correlated with plasma 

cortisol levels (Wong et al., 2006).  For these reasons ANG II is considered a seawater-

adapting osmoregulatory peptide in teleosts.  Indeed, fresh water to seawater transfer of 

several euryhaline species is accompanied by increased plasma ANG II (Okawara et al., 

1987; Cobb and Brown, 1994; Wong et al., 2006).  Angiotensin receptors (ATs) have 

been cloned from several species of teleosts, and ANG II binding increases intracellular 

calcium (Cobb and Brown, 1993; Marsigliante et al., 1997; Cobb et al., 1999).  However, 

different affinities for classical mammalian AT antagonists suggest a novel receptor 

conformation (Cobb and Brown, 1993). 

The presence of a functional RAS has only recently been established in 

elasmobranchs (Takei et al., 1993), and therefore there are few studies regarding the role 

of ANG II and angiotensin receptors in elasmobranch osmoregulation.  ANG II has been 

shown to have vasoconstrictive properties in a number of elasmobranch species (Hazon et 

al., 1989; Hamano et al., 1998; Bernier et al., 1999).  Additionally, a dipsogenic effect of 

the RAS has been demonstrated in the stenohaline dogfishes Scyliorhinus canicula and 

Triakis scyllia (Hazon et al., 1989; Anderson et al., 2001; Anderson et al., 2002b).  ANG 

II binding sites have been identified in the interrenal gland, gill and rectal gland of T. 

scyllia (Tierney et al., 1997), and in the heart of S. canicula (Cerra et al., 2001).  
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Although binding by non-peptide antagonists suggest the presence of AT2-like receptors 

(Tierney et al., 1997), classical mammalian peptide antagonists actually induce increased 

blood pressure in vivo (Hazon et al., 1995) and arterial constriction ex vivo (Hamano et 

al., 1998).  It is therefore likely that the structure of the elasmobranch AT is considerably 

different from mammalian AT1 or AT2.  High levels of ANG II binding sites in the 

interrenal gland (nearly three-fold higher than any other tissue) strongly suggest an 

important role for ANG II in the regulation of interrenal steroidogenesis.  Early studies 

demonstrated that homologous renal extracts and heterologous ANG II increased plasma 

levels of 1α-hydroxycorticosterone (1α-B; the primary corticosteroid in elasmobranchs) 

in S. canicula (Hazon and Henderson, 1985).  Heterologous ANG II also induces 

steroidogenesis in isolated, perfused interrenal tissue in S. canicula (O'Toole et al., 1990; 

Armour et al., 1993a); both extra- and intracellular calcium are required for this response. 

We have also demonstrated that homologous ANG II increases ex vivo interrenal 1α-B 

production in D. sabina (this study, Chapter 1). 

Isolation of the elasmobranch ANG II peptide from T. scyllia revealed a 

significant amino acid substitution (proline at position 3) that likely induces a folded 

tertiary structure in contrast to the linear conformation of all other ANG II peptides 

(Takei et al., 1993).  This unique tertiary structure is the most likely reason that many 

antibodies directed against mammalian ANG II fail to recognize the elasmobranch form, 

necessitating the development of a homologous radioimmunoassay (Tierney et al., 1998).  

Furthermore, the vasoconstrictive potency of homologous ANG II was found to be 23 

times greater than rat ANG II in T. scyllia, and the peptides had reversed potency when 

assayed in the rat (Takei et al., 1993).  The disparate effects of homologous vs. 

heterologous ANG II peptides and receptor antagonists have led to the hypothesis that the 



 42 

elasmobranch angiotensin receptor has co-evolved to accommodate the unique structure 

of the elasmobranch ANG II peptide (Hamano et al., 1998; Nishimura, 2001). 

In vertebrates the actions of natriuretic peptides (NPs) are antagonistic to those of 

the RAS and include decreased drinking, inhibition of intestinal ion uptake, vasodilation 

and decreased blood pressure as well as direct and indirect stimulation of sodium 

excretion (Atarashi et al., 1985; Brenner et al., 1990; Loretz and Pollina, 2000; Calle et 

al., 2001).  NPs have also been shown to inhibit PKC activity as well as calcium-induced 

StAR gene transcription in mammals, thus directly inhibiting mineralocorticoid synthesis 

in adrenocortical tissue (Cherradi et al., 1998; Calle et al., 2001).  NPs are primarily 

synthesized in the heart and brain, and may act as either circulating hormones or 

paracrine factors.  Several NP isohormones have been identified in vertebrates: atrial 

natriuretic peptide (ANP), brain natriuretic peptide (BNP), ventricular natriuretic peptide 

(VNP) and C-type natriuretic peptide (CNP) (Loretz and Pollina, 2000).  BNP has only 

been identified in tetrapods, whereas VNP appears to be restricted to the teleost fishes 

(Takei et al., 1991).  Phylogenetic analysis suggests that a CNP-like molecule is the 

ancestral vertebrate NP; indeed CNP is the only NP present in the elasmobranchs 

(Schofield et al., 1991; Suzuki et al., 1991; Suzuki et al., 1992; Kawakoshi et al., 2001) 

and is present at concentrations far exceeding that of any NP in other taxa (Suzuki et al., 

1994).  As in other vertebrates, elasmobranch CNP is synthesized primarily in the heart 

and brain (Donald et al., 1992; Anderson et al., 2005).  Circulating elasmobranch CNP is 

derived from the cardiac endocrine secretion of a 115-amino-acid prohormone (proCNP / 

CNP-115); the processed, mature hormone consists of the final 22 residues (CNP-22) 

(Suzuki et al., 1992; Suzuki et al., 1994).  Similar to their actions in other vertebrates, 

both heterologous NPs and homologous CNP have vasodepressor and antidiuretic effects 

in elasmobranchs (Benyajati and Yokota, 1990; Evans et al., 1993).   
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CNP elicits its effects via a membrane bound receptor, NPR-B.  NPR-B is the 

only NPR identified in the elasmobranch fishes, whereas additional NPRs exist in teleosts 

and higher vertebrates including NPR-A, -C and -D (Loretz and Pollina, 2000).  NPR-A 

and –B are guanylyl cyclase-coupled membrane receptors that mediate ligand-dependent 

increases in intracellular cyclic GMP (cGMP).  NPR-A is activated by both ANP and 

BNP, but not CNP, whereas NPR-B is only activated at physiological concentrations of 

CNP (Koller et al., 1991; Potter and Hunter, 2001).  In contrast, NPR-C and the novel 

teleost receptor NPR-D lack an intracellular guanylyl cyclase catalytic domain, and have 

relatively weak affinity for ANP and CNP (Loretz and Pollina, 2000).  NPR-B signaling 

in the elasmobranch rectal gland has been well studied.  In addition to direct activation of 

chloride excretion via a classical NPR-B-mediated cGMP / PKC pathway, CNP also 

indirectly enhances chloride secretion by eliciting the release of vasoactive intestinal 

peptide (VIP) from nerve terminals in the elasmobranch rectal gland; VIP then increases 

intracellular cAMP and chloride channel activation (Silva et al., 1987; Silva et al., 1999).  

Specific binding assays indicate that NP receptors are present in the gills, intestine, rectal 

gland and interrenal gland of elasmobranchs, and in vitro NP stimulation of cGMP has 

been demonstrated in these tissues as well (Gunning et al., 1993; Gunning et al., 1997; 

Sakaguchi and Takei, 1998).  In multiple studies, CNP-stimulated chloride secretion has 

been demonstrated in isolated, perfused rectal gland preparations (Solomon et al., 1992; 

Anderson et al., 2002a).  More recently, NPR-B has been cloned from S. acanthias rectal 

gland tissue and characterized in Xenopus oocytes with regards to cGMP generation and 

the stimulation of chloride secretion in response to nanomolar concentrations of CNP 

(Aller et al., 1999).   

Few studies have examined the in vivo role of CNP in elasmobranchs, with only a 

single published report on a truly euryhaline species, C. leucas.  In that study, circulating 
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levels of CNP significantly increased following acclimation to seawater (Anderson et al., 

2005).  Similar studies in teleosts report increased plasma ANP concentrations following 

adaptation to elevated salinity and decreased levels in reduced salinities (Westenfelder et 

al., 1988; Evans, 1990; Smith et al., 1991; Kaiya and Takei, 1996). 

It is well known that NPs inhibit ANG II-induced aldosterone synthesis and that 

complex interactions of ANG II and NPs regulate water and ion balance in mammals 

(Atarashi et al., 1985; Brenner et al., 1990).  Evidence to date strongly suggests that the 

RAS and NP system also play significant and antagonistic roles in elasmobranch 

osmoregulation.  In this study we isolated cDNA sequences encoding D. sabina NPR-B 

and AT, and examined the tissue-specific expression of their mRNAs.  Steady state levels 

of NPR-B and AT mRNAs were also compared between seawater-adapted D. sabina and 

individuals from an isolated freshwater population in Lake Monroe, FL.  Lake Monroe is 

part of the St. John’s River system and is 258 km (∼160 mi) from the Atlantic Ocean; it is 

therefore thought that there is little gene flow between brackish or saltwater D. sabina 

and those in Lake Monroe, the latter of which may have been isolated in fresh water since 

the late Pleistocene (Johnson and Snelson, 1996).  Finally, it was determined that 

sequence differences exist among ANG II peptides from several species of 

elasmobranchs, and therefore the significance of this heterogeneity for interrenal 

steroidogenesis and steroidogenic gene expression was also examined. 

 

MATERIALS AND METHODS 

Animals 

 D. sabina were captured, laboratory-adapted and maintained as described 

previously in Chapter 1.  Additional individuals were obtained using hand nets in local 
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waters and sampled in the field immediately following capture (< 5 min).  Freshwater D. 

sabina were captured using long lines in Lake Monroe, FL, in collaboration with Dr. Jim 

Gelsleichter (Mote Marine Laboratory, Sarasota, FL) and sampled in the field as soon as 

possible (< 30 min). 

   

Isolation of Atlantic stingray NPR-B and AT cDNA sequences 

 D. sabina were sacrificed and tissue-specific reverse transcription (RT) reactions 

synthesized as described previously.  To obtain cDNA clones encoding D. sabina NPR-

B, RT-PCR was conducted as described in Chapter 1 except that a rectal gland RT was 

used as template and 20 pmol degenerate sense (5’-

TGGAACAGTATGCCAATAACYTGG-3’) and antisense (5’-

GCATCAAARCAGGTGTACAG-3’) primers were added; these primers were designed 

to conserved regions of available NPR-B sequences.  PCR cycling parameters were as 

follows: 95 °C for 2 min followed by 35 cycles of 95 °C for 30 s, 55 °C for 30 s and 72 

°C for 60 s.  Additional 3’ sequence was obtained using a D. sabina-specific sense primer 

(5’-GCACACCGCTGCAGGTTGTGA-3’) and antisense primer designed from S. 

acanthias NPR-B sequence (Aller et al., 1999) to include the open reading frame “stop” 

codon (5’-TTAGATGTCGGGAACATCCTTTTGC-3’).  PCR cycling parameters were 

as follows: 95 °C for 2 min followed by 35 cycles of 95 °C for 30 s, 63 °C for 30 s and 72 

°C for 60 s.  The complete 3’ untranslated region including a poly-adenosine mRNA tail 

was obtained using 3’-RACE as described, except that 20 pmol D. sabina NPR-B 

specific sense (5’-ACCTCACTCAGTGGCAGAACAACTG-3’) primer was used.  5’-

RACE reactions were unsuccessful.  Therefore 5’ sequence was obtained using a sense 

primer designed to include the S. acanthias open reading frame “start” site (5’-

ATGAAGGTGGGATGTTTCTTTCTT-3’) and a D. sabina-specific antisense primer 
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(5’-TACCTCACTCTGTGGCAGAACAGTTG-3’) with the following cycling 

parameters: 95 °C for 2 min followed by 35 cycles of 95 °C for 30 s, 58.5 °C for 30 s and 

72 °C for 180 s.  For both standard and 3’-RACE PCR reactions, products of the 

appropriate size were cloned and sequenced as described. 

 Initial PCR reactions for the isolation of D. sabina AT cDNA included 20 pmol 

each degenerate sense (5’-GTSATTTAYTKYTAYATGAA-3’) and antisense (5’-

GCYGTGWARRYIGCCCA-3’) primers designed to conserved regions of available AT1 

sequences, with the following cycling parameters: 95 °C for 2 min followed by 35 cycles 

of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s.  Additional 5’ sequence was obtained 

using 5’-RACE as described, except 20 pmol D. sabina AT specific antisense (5’-

CCAGGGCAAGGTTCAGCAGGAAAAT-3’) primer was used.  3’-RACE was used to 

obtain additional 3’ sequence as described, except 20 pmol D. sabina AT specific sense 

(5’-CTGAAATTGACGACAGTTGCC-3’) primer was used.  For all reactions, products 

of the appropriate size were cloned and sequenced as described. 

 

Isolation of elasmobranch angiotensinogen cDNA sequences 

 In order to examine potential heterogeneity among elasmobranch ANG II peptide 

sequences, angiotensinogen (ANGT) cDNA fragments including the coding region for 

ANG II were isolated from the euryhaline D. sabina as well as two stenohaline 

freshwater stingray species Potamotrygon motoro and P. hystrix.  ANGT cDNA sequence 

was isolated from liver total RNA in RT-PCR as described including 50 pmol each sense 

(5’-GATCCTCGCCCTCCTCTGGAT-3’) and antisense (5’-

GCTGGGCTTCACCTGTTCCTC-3’) primer.  Primers were derived from the Dasyatis 

akajei ANGT sequence (Dr. Yoshio Takei, University of Tokyo, personal 

communication).  PCR cycling parameters were as follows: 95 °C for 10 min followed by 
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45 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C for 30 s.  A single amplicon of the 

appropriate size (approximately 224 bp) for each species was obtained and gel purified.  

Purified cDNA was directly sequenced using the initial PCR primers. 

 

Sequence Alignments and Molecular Phylogenetic Analysis 

 BLAST analysis of the putative D. sabina NPR-B and AT cDNA sequences 

resulted in strongest similarity to other NPR-B and AT type 1 sequences, respectively 

(http://www.ncbi.nlm.nih.gov/BLAST).  In the DsAT BLAST search, AT1 sequences 

provided the highest E-values (6e-54 to 3e-51) and maximum identities (65%); BLAST hits 

(n = 109) did not include AT type 2 sequences.  The deduced amino acid sequences for 

D. sabina NPR-B and AT were included in molecular phylogenetic analyses to determine 

their relationship to NPR and AT proteins from diverse taxa.  NPR protein phylogenetic 

analysis included NPR-A, NPR-B, NPR-C and NPR-D amino acid sequences.  AT 

phylogenetic analysis included both AT1 and AT2 protein sequences.  Identities and 

Genbank accession numbers for NPR and AT sequences used are provided in figures 16 

and 18.  Amino acid sequences were aligned using the Clustal W algorithm (Thompson et 

al., 1994) and phylogenetic relationships inferred using the Neighbor-Joining method in 

Mega version 4 (Tamura et al., 2007).  Two thousand iterations were used to generate a 

bootstrap consensus tree for each phylogenetic analysis. 

 Conservation of critical amino acid residues and motifs were analyzed by aligning 

D. sabina amino acid sequences with proteins from diverse taxa using the Clustal W 

algorithm in CLC Sequence Viewer 4 (CLC Bio A/S).  D. sabina NPR-B was aligned 

with NPR-B amino acid sequences from one elasmobranch (Squalus acanthias), one 

teleost (Anguilla japonica) and two mammalian (Rattus norvegicus and Homo sapiens) 

species.  D. sabina AT was aligned with an unpublished elasmobranch AT sequence 
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(Scyliorhinus canicula) and AT1 sequences from one avian (G. gallus) and two 

mammalian (Bos taurus and H. sapiens) species.  For comparative purposes, D. sabina 

and S. canicula AT sequences were also aligned with AT2 sequences from two 

mammalian (R. norvegicus and H. sapiens) species.  

 

NPR-B and AT gene expression in Atlantic stingray tissues 

To determine the tissue-specific expression of NPR-B and AT mRNAs, total RNA 

isolated from a suite of tissues (interrenal gland, rectal gland, kidney, spiral valve, 

ventricle, atrium, gill and gonadal tissues) from three male and three female saltwater, 

laboratory-adapted D. sabina were used as template for RT-PCR as described previously.  

NPR-B PCR reactions (sense: 5’-GAGTGAAGGCAACCGGACAG- 3’; antisense: 5’-

TGCCTGGTGAGGTCAATCCT-3’; product: 897 bp) were heated to 95 °C for 10 min 

followed by 40 cycles of 95 °C for 30 s, 65 °C for 30 s and 72 °C for 1 min.  AT PCR 

reactions (sense: 5’-ATGGGAGAAAGCACGTCCAA-3’; antisense: 5’-

AGGATGGGGTTGAGGCAACT-3’; product: 916 bp) were heated to 95 °C for 10 min 

followed by 40 cycles of 95 °C for 30 s, 65 °C for 30 s and 72 °C for 1 min.  The quality 

of each RT reaction was verified using primers designed to amplify a 240 bp fragment of 

teleost and elasmobranch actin RNA (sense: 5’-TCGTCATGGACTCTGGTGATGG-3’; 

antisense: 5’-CTCCTGCTCAAAGTCCAGTGC-3’) using the following cycling 

parameters: 95 °C for 10 min followed by 30 cycles of 95 °C for 30 s, 55 °C for 30 s and 

72 °C for 30 s. 
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Salt water vs. fresh water population comparison 

 In collaboration with Dr. Jim Gelsleichter of Mote Marine Laboratory, Sarasota, 

FL, potential differences in steady state NPR-B, AT, StAR and P450scc mRNA levels 

between salt water and fresh water populations of D. sabina were investigated.  Saltwater 

individuals were collected using hand nets near Port Aransas, TX (salinity during 

sampling: 30 to 38 ppt), and fresh water individuals were captured using long lines in 

Lake Monroe, FL (salinity: 0.9 ppt).  Animals were sacrificed within 5 min (TX) or 45 

min (FL) as described previously and tissues involved in osmoregulation (interrenal 

gland, rectal gland, kidney and gill) were removed and immediately preserved either on 

dry ice (TX) or in RNA-Later (FL) for subsequent RNA extraction and qRT-PCR 

analysis of steady state mRNA levels.  Following analysis using the method of Fink et al 

(1998), relative mRNA expression was log transformed for comparison between tissues 

and D. sabina populations. 

 

Ex vivo interrenal gland incubations 

 To examine the effects of different ANG II sequences on interrenal 

steroidogenesis and AT, NPR-B, StAR and P450scc mRNA levels, interrenal tissue was 

incubated with D. sabina (Asp1-Pro3-Ile5), Triakis scyllia (Asn1-Pro3-Ile5) or teleost 

(salmon; Asn1-Val3-Val5) ANG II peptides.  These treatments were included in the 

interrenal gland incubation experiments presented in Chapter 1.  As for the previously 

described adrenocorticotropin (ACTH) and CNP treatments, tissues were preincubated 

for 2 h at which time media were changed to fresh eDMEM containing either nothing 

(control; n = 5), D. sabina ANG II (100 nM; n = 5), T. scyllia ANG II (100 nM; n = 5) or 

salmon ANG II (100 nM; n = 5).  Tissues were then incubated for an additional 24 h, at 

which time tissue and media were placed in 1.5 mL microcentrifuge tubes, briefly 
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centrifuged and media transferred to new 1.5 mL tubes.  Both media and tissue samples 

were then frozen on dry ice and stored at -80 °C until analysis of mRNA expression 

(tissue) or steroid production (media).  Peptides were either custom synthesized (T. 

scyllia: Institute for Cellular and Molecular Biology Core Facility, University of Texas at 

Austin; D. sabina: Biomatik Corporation, Cambridge, Ontario, Canada) or purchased 

from Sigma (salmon). 

 

Corticosteroid Enzyme-Linked Immunoassay 

 Interrenal corticosteroid production was determined from incubation media using 

a corticosterone enzyme-linked immunoassay as described previously (Chapter 1). 

 

Real time quantitative PCR 

 Real time quantitative PCR (qRT-PCR) assays were developed in order to 

quantify relative levels of NPR-B, AT, StAR and P450scc mRNA in D. sabina interrenal 

and osmoregulatory tissues from salt water (TX) and fresh water (FL) populations as well 

as ex vivo interrenal tissue incubations.  Total RNA was DNase treated and used as 

template for RT reactions as described.  20 µL RT reactions were diluted to 50 µL (rectal 

gland, kidney and gill) or 70 µL (interrenal gland) in DNase-free water and 5 µL of each 

RT was added to a 25 µL total volume qRT-PCR reaction containing 12.5 µL Brilliant II 

QRT-PCR 2x master mix (Statagene), 500 nM (NPR-B) or 250 nM (AT) dual-labeled 

probe and 600 nM each gene specific sense and antisense primers (NPR-B qRT-PCR 

reactions: sense: 5’-GGCCAGAGGCATTTGATAGTGT-3’; antisense: 5’-

TGCAGCGGTGTGCTTTCAG-3’; probe: 5’-

TCAGCGATATCGTTGGATTCACTTCA-3’; AT qRT-PCR reactions: sense: 5’-
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GGTGCAGACGTACCAGATTAGAC-3’; antisense: 5-

GACACGACAACGGCAATGATG-3’; probe: 5’-

AAACAAGCCAGCAAGCAATGAAGCG-3’).  Target gene mRNA levels were 

normalized to 18S RNA levels as determined in separate qRT-PCR reactions (sense: 5’-

GTTAATTCCGATAACGAACGAGACTC-3’; antisense: 5’-

ACAGACCTGTTATTGCTCAATCTCGTG-3’; probe: 5’- 

TTCTTAGAGGGACAAGTGGCGTT-3’).  StAR and P450scc reactions were set up as 

described previously.  All probes were labeled at the 5’ end with 6-FAM and at the 3’ end 

with Black Hole Quencher 1 (BHQ1).  Fluorescence was detected by cycling reactions in 

an Eppendorf Realplex2 Mastercycler using the following parameters: 95 °C for 10 min 

followed by 45 cycles of 95 °C for 30 s and 62 °C for 1 min.  NPR-B, AT and 18S qRT-

PCR efficiencies were determined to be 93%, 92% and 94%, respectively.  All reactions 

were run in duplicate, and relative mRNA expression determined using the equation 

described by Fink et al (1998).  A third replicate was run when duplicate threshold cycle 

(CT) values differed by more than 10%. 

 

Statistical analysis 

 Statistical analyses were made using Student’s t-test comparisons between control 

and individual treatment groups, or between populations.  p-values less than 0.05 were 

considered significant. 
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RESULTS 

Isolation and phylogenetic analysis of the Atlantic stingray NPR-B cDNA sequence  

A total of 3743 bp of D. sabina NPR-B cDNA were obtained in this study, 

including 572 bp of 3’UTR sequence and a 21 bp polyadenosine mRNA tail.  5’-RACE 

reactions were unsuccessful; therefore the furthest 5’ sense primer used to obtain D. 

sabina cDNA was identical to the first 24 bp of the dogfish open reading frame.  The 

DsNPR-B cDNA open reading frame encodes a 1049 amino acid protein.  Molecular 

phylogenetic analysis of NPR-A, -B, and –C/D amino acid sequences from diverse taxa 

clearly identified DsNPR as a B-type natriuretic peptide receptor (Figure 16).  NPR-B 

proteins further divide into elasmobranch, teleost and mammalian groups.  Amino acid 

sequence alignment of NPR-B proteins is shown in figure 17.  Six extracellular cysteines 

common to all NPR-B receptors are conserved in D. sabina (Aller et al., 1999).  Five 

residues known to be phosphorylated in mammals (S513, T516, S518, S523 and S526; 

numbers correspond to amino acids within the human sequence; (Potter and Hunter, 

1998) are also conserved in D. sabina, as well as a valine residue (V358) present in NPR-

B, but not the closely related NPR-A (Duda et al., 1995).  A glutamic acid residue (E332) 

required for CNP binding and guanylyl cyclase activity in mammals is not conserved 

(glycine in D. sabina) (Duda et al., 1994). 

 

Isolation and phylogenetic analysis of the Atlantic stingray AT cDNA sequence  

A total of 1468 bp of D. sabina AT cDNA were obtained in this study, including 

240 bp of 5’UTR (untranslated region) sequence and 105 bp of 3’UTR sequence.  The 

DsAT cDNA open reading frame encodes a 360 amino acid protein.  Molecular 

phylogenetic analysis of AT1and AT2 amino acid sequences from diverse taxa clearly 
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segregates type 1 and type 2 AT proteins, and suggests that teleost and elasmobranch 

receptors are AT1-like (Figure 18).  Amino acid sequence alignment of the elasmobranch 

angiotensin receptors and AT1 proteins is shown in figure 19.  Four extracellular 

cysteines involved in the formation of two disulfide bonds are conserved across all taxa 

(Nishimura, 2001).  Also conserved in D. sabina are a DRY (aa 125 -127) motif involved 

in G-protein coupling (Ohyama et al., 2002), an NPxxY (aa 298-302, where x is any 

amino acid) motif required for signal transduction (Laporte et al., 1996), and a 

serine/threonine-rich region (aa 326-338) involved in receptor desensitization and 

internalization (Smith et al., 1998; Kule et al., 2004).  Four residues critical to ligand-

receptor interaction and subsequent activation of mammalian AT1 are also present in D. 

sabina: D74, N111, D281 and Y292 (Groblewski et al., 1997; Le et al., 2002); D74 and 

Y292 are also required for Gq and PLC coupling, respectively (Bihoreau et al., 1993; 

Marie et al., 1994).  Less well conserved is the YIPP motif (aa 319-322; CIPP in D. 

sabina) involved in PLC phosphorylation, ligand binding and Jak2 association/activation 

in mammals (Ali et al., 1997; Venema et al., 1998; Inada et al., 2003).  An additional 

motif involved in Gq coupling and activation, YFL (aa 312-314; Sano et al., 1997), is not 

conserved in D. sabina.  For comparison, amino acid sequence alignment of the 

elasmobranch sequences and AT2 proteins is also shown in figure 20.  The four 

extracellular cysteine residues as well as the DRY and NPxxY motifs are shared across 

AT1 and AT2 proteins.  Three of the four amino acids critical to AT1 activation by 

angiotensin peptides are also common to both types (D74, N111 and D281), but AT2 

proteins lack Y292.  The serine/threonine-rich region, YIPP motif and YFL motif are 

absent in AT2 proteins. 
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Isolation of elasmobranch angiotensinogen (ANGT) cDNA sequences 

 BLAST analysis confirmed the identities of the putative D. sabina, P. motoro and 

P. hystrix ANGT cDNA fragments.  Amino acid sequence alignment of elasmobranch 

ANGT cDNA fragments including the coding region for ANG II is shown in figure 21.  

ANG II amino acid position one shows considerable heterogeneity, whereas all 

elasmobranch sequences share proline at position 3. 

 

Expression of NPR-B and AT mRNA in Atlantic stingray tissues 

RT-PCR indicates that NPR-B mRNA is expressed in the rectal gland and kidney 

of all animals examined (Figure 22).  NPR-B mRNA was also detected in other tissues of 

some individuals including spiral valve (1 male), ventricle (1 male and 1 female), atrium 

(1 male and 1 female) and gill (1 female).  AT mRNA was present in all tissues of nearly 

every individual (Figure 22), with the exception of two animals in which AT mRNA was 

not detected in several tissues (1 male: kidney, ventricle, atrium and gill; 1 female: spiral 

valve, ventricle, atrium and gill).  

 

Steady state NPR-B, AT, StAR and P450scc mRNA levels in salt water vs. fresh water 
populations 

 In both populations of D. sabina, relative NPR-B mRNA levels were highest in 

the rectal gland followed by kidney, interrenal gland and gill (Figure 23).  Between 

populations NPR-B mRNA levels were significantly higher in the rectal gland (p < 0.01), 

interrenal gland (p < 0.01) and gill (p < 0.05) of freshwater individuals.  For both 

populations AT mRNA levels were considerably higher in the interrenal gland than any 

other tissue (70- and 200-fold higher in FW and SW, respectively) (Figure 24).  AT 

mRNA levels were significantly higher in the rectal gland (p < 0.01) and gill (p < 0.05) of 
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freshwater individuals.  Interrenal StAR mRNA levels were significantly higher in 

freshwater individuals (p < 0.05), whereas steady state P450scc mRNA levels did not 

significantly differ between populations (Figure 25). 

 

Effects of homologous and heterologous ANG II peptides on steroid production and 
steady state NPR-B, AT, StAR and P450scc mRNA levels in Atlantic stingray 
interrenal tissue 

 In matched samples (n = 5 per treatment), all three ANG II peptides tested 

significantly increased corticosteroid production of ex vivo interrenal tissue after 24 h (p 

< 0.01; Figure 26).  Elasmobranch peptides were significantly more potent than teleost 

ANG II in inducing steroid production (p < 0.05); there was no significant difference in 

steroidogenic potency between homologous (Asp1-Pro3-Ile5) and heterologous (Asn1-

Pro3-Ile5) elasmobranch ANG II. 

As determined by qRT-PCR, NPR-B mRNA levels were not significantly affected 

by treatment of interrenal tissue with ACTH, CNP or any of the ANG II peptides (data 

not shown; ACTH and CNP treatments discussed in Chapter 1).  In contrast, AT mRNA 

levels were significantly (p < 0.05) reduced by 24 h treatment with T. scyllia ANG II 

whereas neither D. sabina nor teleost ANG II had a significant effect (Figure 27).   

As described in Chapter 1, homologous ANG II significantly reduced both StAR 

(p < 0.01) and P450scc (p < 0.05) mRNAs.  However, steroidogenic mRNAs were not 

affected by either heterologous elasmobranch or teleost ANG II (Figures 28 and 29).  For 

all genes and treatments, relative mRNA expression as calculated by the Fink et al (1998) 

equation was converted to a percentage of each matched control to account for variations 

in basal mRNA expression. 
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DISCUSSION 

 The identity of the putative D. sabina NPR as a type-B natriuretic peptide 

receptor is supported by phylogenetic analysis, in which both elasmobranch proteins are 

grouped with other NPR-B sequences.  Furthermore NPR-B mRNA expression is highest 

in the elasmobranch rectal gland and kidney, tissues in which the direct effects of CNP 

have been well studied.  More sensitive quantitative PCR methods also demonstrate 

NPR-B mRNA in the interrenal gland and gill of D. sabina.  As indicated by amino acid 

alignment, the intracellular domain of NPR-B receptors is highly conserved, with even 

greater amino acid conservation within the catalytic (13 of 17 aa) and GTP-binding 

domains (31 of 32 aa).  While the intracellular domains of NPR-B and NPR-A proteins 

are highly similar, a serine residue (S523; phosphorylated in mammals) only present in 

NPR-B proteins is conserved in D. sabina (Potter and Hunter, 1998).  The identification 

of the elasmobranch receptor as a B-type NPR is further supported by conservation of 

specific residues in the extracellular domain, including six cysteines required for disulfide 

bond formation and the NPR-B-specific valine-358.  Mutation of the corresponding 

residue in human NPR-A (L364) to valine confers CNP binding and signal transduction 

activity to the NPR-A protein (Duda et al., 1995).  While a glutamic acid residue (E332) 

thought to be necessary for CNP binding is replaced by glycine in D. sabina (Duda et al., 

1994), the same position is also occupied by a neutral, non-polar residue (alanine) in the 

functionally characterized S. acanthias NPR-B (Aller et al., 1999). 

 As indicated by RT-PCR, AT mRNA is expressed in all tissues examined; this is 

likely due to the ubiquitous expression of angiotensin receptor mRNA in the vasculature, 

which was not separated from surrounding tissues prior to RNA extraction.  Quantitative 

RT-PCR reveals that AT mRNA levels are considerably higher in the interrenal gland vs. 

all other tissues, consistent with earlier results demonstrating maximum 125I-ANG II 
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binding to T. scyllia interrenal gland membrane preparations (Tierney et al., 1997).  

Results from the current study further indicate that the putative D. sabina angiotensin 

receptor is an AT1-like protein.  This conclusion is supported by phylogenetic analysis 

grouping teleost and elasmobranch AT proteins with AT1 proteins from other vertebrates.  

Furthermore, alignment of the D. sabina amino acid sequence with AT1 and AT2 

sequences reveals greater similarity to type-1 proteins.  In particular, AT2 proteins lack 

the serine/threonine-rich region present in AT1 and the elasmobranch proteins; this region 

is involved in desensitization and internalization of activated AT1 in mammals (Smith et 

al., 1998; Kule et al., 2004).  Furthermore, the third intracellular loop of mammalian AT 

proteins determines the signaling pathways activated by ANG II binding and may 

therefore be used to classify type-1 vs. type-2 receptors (Wang et al., 1995; Daviet et al., 

2001).  This region of D. sabina AT is 43% and 24% similar to the corresponding region 

in human AT1 and AT2, respectively.  Also, specific amino acids critical for activation of 

AT1 by ANG II, including D74, N111, D281 and Y292, are conserved in D. sabina AT.  

It has been proposed that N111 interacts with Y292 in the inactivated state of AT1; 

subsequent interaction between R2 of ANG II and D281 of AT1 results in a 

conformational change that allows Y292 to then interact with D74 (Le et al., 2002).  In 

this new conformational state, Y292 initiates the calcium signaling pathway by coupling 

to and activating PLC (Marie et al., 1994).  Because all four of these critical amino acids 

are conserved in D. sabina AT, it is likely that the calcium second messenger pathway is 

involved in elasmobranch ANG II signaling.  This suggestion is supported by the fact that 

ANG II-induced production of 1α-B requires both extra- and intracellular calcium in S. 

canicula (Armour et al., 1993a).  An amino acid motif required for AT1-specific 

signaling (YIPP; aa 319-322) is also partially conserved in D. sabina.  The YIPP motif of 

mammalian AT1 proteins has been studied extensively, and is implicated in ligand 
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binding, PLC phosphorylation and activation of the Jak/STAT signaling pathway (Ali et 

al., 1997; Venema et al., 1998; Inada et al., 2003).  Specifically, mutations in the proline 

pair (PP) decrease both ligand binding and the intracellular calcium signal (Inada et al., 

2003) and phosphorylation of the tyrosine residue is required for AT1-PLC interaction 

(Venema et al., 1998).  Mutation of any amino acid in the YIPP motif also decreases 

interaction of activated AT1 with Jak2 as well as Jak2 phosphorylation (Ali et al., 1997).  

The tyrosine residue of the YIPP motif is replaced by a cysteine in the elasmobranch 

proteins, potentially precluding interaction with PLC as well as activation of the 

Jak/STAT signaling pathway.  While other modes of PLC activation via AT1 exist (i.e. 

Y292), Jak2-AT1 interaction is thought to be dependent upon the YIPP motif; it would 

therefore be interesting to examine whether or not the Jak/STAT pathway is involved in 

elasmobranch ANG II signaling.  Finally, a defining characteristic of type-1 angiotensin 

receptors is the specific activation of Gq proteins, mediated by at least two amino acid 

motifs: DRY (aa 125-127) and YFL (aa 312-314).  The arginine residue of the DRY 

motif has specifically been identified as being essential for coupling to Gq proteins 

(Ohyama et al., 2002); this motif is completely conserved in D. sabina.  All three 

residues of the YFL motif are also involved in Gq coupling and activation by AT1 (Sano 

et al., 1997).  This motif is not conserved in D. sabina (KLF) or S. canicula (KFF), 

although both leucine and phenylalanine residues are present.  For full characterization of 

the elasmobranch AT protein as a type-1 receptor, it will be necessary to demonstrate 

association with Gq. 

 The presence of a proline residue (Pro3) in the elasmobranch ANG II peptide is 

thought to confer a significantly different tertiary structure vs. all other ANG II peptides 

(Val3) (Takei et al., 1993).  The significance of this substitution is supported by a 

vasoconstrictive potency ratio of 22.6:1 for homologous vs. heterologous ANG II in T. 
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scyllia (Takei et al., 1993).  Also, in the current study elasmobranch ANG II peptides 

induced significantly higher rates of ex vivo interrenal 1α-B production than teleost ANG 

II.  Position five (isoleucine) may also be important for ANG II-AT interaction, as [Asn1-

Val3-Ile5] ANG II stimulated a 3-fold greater increase in 1α-B production than [Asn1-

Val3-Val5] ANG II in S. canicula interrenal tissue (O'Toole et al., 1990).  ANGT cDNA 

isolation in the current study revealed significant species-specific heterogeneity in 

position one among elasmobranch ANG II peptides, with unique ANG II sequences 

isolated for the euryhaline D. sabina (Asp1) and fresh water Potamotrygon spp (Val1).  

These sequences differ from other elasmobranch species including T. scyllia (Asn1) and 

Raja spp (Tyr1; Dr. Yoshio Takei, University of Tokyo, Japan, personal communication).  

One explanation for this heterogeneity is that position one is not required for the 

biological actions of elasmobranch ANG II peptides.  This hypothesis is supported by 

mammalian studies in which ANG III (lacking the first ANG II residue) is a potent 

agonist of the AT1 receptor (Le et al., 2002).  Furthermore, only Arg2, Tyr4 and Phe8 have 

been specifically implicated in ANG II-AT1 interactions (Noda et al., 1996).  However, it 

is unknown how the tertiary structure of elasmobranch ANG II affects the spatial 

alignment and interaction of ANG II and AT amino acid residues.  Furthermore, in the 

present study homologous [Asp1-Pro3-Ile5] ANG II significantly altered levels of 

steroidogenic mRNAs in D. sabina interrenal tissue whereas heterologous elasmobranch 

[Asn1-Pro3-Ile5] ANG II had no effect.  In mammals, ANG II transiently increases the 

mRNA expression of both StAR and aldosterone synthase (Clyne et al., 1997); however 

long-term incubation of adrenocortical tissue with ANG II decreases both StAR mRNA 

and protein to nearly undetectable levels (Le Roy et al., 2000).  In contrast to the current 

study, ANG II does not affect P450scc mRNA expression in mammals (DiBlasio et al., 

1987; Penhoat et al., 1996).  Based on the effects of homologous versus heterologous 
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elasmobranch ANG II peptides on interrenal 1α-B production, amino acid differences at 

position one do not appear to affect steroidogenic potency.  However, it appears that only 

homologous peptide [Asp1-Pro3-Ile5] is capable of desensitizing interrenal tissue to 

continued ANG II-stimulation, as observed in mammals.  It is therefore possible that the 

position one residue is required for transcriptional effects, and future studies should 

examine the significance of position-one heterogeneity among elasmobranch ANG II 

peptides. 

 It was expected that there would be significant differences in steady state AT and 

NPR-B mRNA levels between freshwater and saltwater populations of D. sabina due to 

the importance of the RAS and NP system in elasmobranch osmoregulation.  The major 

osmoregulatory organs in elasmobranchs are the rectal gland, kidney and gills, which 

directly regulate osmolyte concentrations and subsequently water balance.  It is not 

surprising that the highest levels of NPR-B mRNA were detected in the rectal gland and 

kidney of D. sabina, as these tissues facilitate osmolyte excretion in hyperosmotic 

environments.  The potent stimulatory effects of CNP on rectal gland chloride secretion 

have been well studied (Solomon et al., 1992; Silva et al., 1999; Anderson et al., 2002a), 

and CNP also directly increases plasma clearance of sodium, chloride and urea by the 

kidney (Wells et al., 2006).  ANG II elicits the opposite effects in both tissues, increasing 

vascular resistance (and presumably decreasing chloride secretion) in the rectal gland 

(Anderson et al., 2001) and directly inhibiting plasma clearance of sodium, chloride and 

urea by the kidney (Wells et al., 2006).  The effects of CNP and ANG II on the 

elasmobranch gill have not been investigated. 

In the current study the greatest variation in mRNA steady state levels was 

observed in the rectal gland, in which both NPR-B and AT mRNA levels were 

significantly higher in freshwater individuals.  Contrary to our expectations, increased 
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steady state levels of NPR-B mRNA suggest that the freshwater rectal gland is more 

sensitive to circulating CNP.  Increased AT mRNA (62-fold) in freshwater individuals 

was expected and may greatly increase the sensitivity of the rectal gland to ANG II, 

inhibiting unnecessary chloride excretion.  Gill tissue is likely more sensitive to both 

ANG II and CNP in freshwater D. sabina, as NPR-B and AT mRNA levels were 

significantly higher than in saltwater animals.  Therefore while the elasmobranch gill is 

not thought to be a major site of salt exchange in stenohaline saltwater species, changes 

in blood flow and/or Na+/K+-ATPase activity may in fact play a role in euryhaline 

osmoregulation.  Indeed, gill Na+/K+-ATPase-rich cells and enzyme activity are higher in 

fresh water vs. salt water-adapted D. sabina (Piermarini and Evans, 2000).  There is 

precedence for ANG II-AT modulation of Na+/K+-ATPase activity, as direct effects of 

ANG II on Na+/K+-ATPase have previously been demonstrated in both mammals 

(Muscella et al., 2000) and teleosts (Wong et al., 2006).  Furthermore the expression of 

several other ion exchange proteins is higher in gill tissue from freshwater vs. saltwater 

D. sabina including vacuolar H+-ATPase (Piermarini and Evans, 2001), pendrin (Cl-

/HCO3
- exchanger; Piermarini et al., 2002), H+/K+-ATPase (Choe et al., 2004) and the 

Na+/H+ exchanger NHE3 (Choe et al., 2005).  In contrast to stenohaline marine 

elasmobranch species, it therefore appears that the gill plays a significant role in ion 

uptake in euryhaline D. sabina from hypoosmotic environments. 

 By far the highest levels of AT mRNA were observed in the interrenal gland, 

consistent with a steroidogenic role of ANG II.  Interrenal AT mRNA levels were not 

significantly different between freshwater and saltwater populations.  It is therefore 

possible that circulating ANG II levels are not different between the two populations, as 

significant auto-downregulation of AT mRNA by ANG II was observed in ex vivo 

interrenal cultures.  These results are consistent with mammalian studies in which long-



 62 

term stimulation by ANG II decreases AT1 mRNA, thus desensitizing tissues to continued 

effects of elevated hormone (Richard et al., 1997; Zhang and Sun, 2006).  Conversely, 

elevated steady state NPR-B mRNA levels indicate that interrenal tissue in freshwater 

adapted individuals is potentially more sensitive to changes in circulating CNP.  In 

addition to increased NPR-B mRNA levels in freshwater rectal gland tissue, this result 

was unexpected and may indicate that the NP system in the Lake Monroe population is 

less active (i.e. lower levels of circulating CNP) than in saltwater animals.  In this 

scenario tissue-specific CNP activity may be regulated by receptor expression rather than 

changes in circulating ligand, necessitating the maintenance of high levels of NPR-B 

mRNA in target tissues for rapid regulation via translation.  It is thought that the D. 

sabina population in Lake Monroe has been at least partially genetically isolated from 

saltwater D. sabina since the late Pleistocene (Johnson and Snelson, 1996).  D. sabina are 

also known to have a high degree of site fidelity (Schmid, 1988), and therefore it is likely 

that the results of the current study represent consistent genotypic and/or phenotypic 

differences between the two populations due to environmental pressures.  It is important 

to note that D. sabina from the St. John’s River system have retained the ability to fully 

acclimate to seawater environments (Piermarini and Evans, 1998), and therefore are 

likely to possess a functional NP system. 

In the interrenal gland, StAR mRNA levels are significantly higher in freshwater 

D. sabina.  It is therefore possible that freshwater individuals also have higher basal 

levels of plasma 1α-B and/or an increased capacity for rapid induction interrenal 

steroidogenesis. This would be consistent with a putative mineralocorticoid role for 1α-

B.  However, it is also possible that interrenal StAR mRNA levels increased in freshwater 

individuals in the current study due to capture stress, as the time between capture and 

sampling was greater for these animals.  Regardless, results from this study indicate that 
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the RAS and NP system play significant roles in salinity adaptation in the euryhaline D. 

sabina.  Furthermore, increased NPR-B and AT mRNA levels in osmoregulatory tissues 

suggests that freshwater-adapted D. sabina are highly sensitive to minor variations in 

hydromineral balance. 
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Chapter 3:  The effects of stress and salinity transfer on interrenal 
synthesis of 1alpha-hydroxycorticosterone (1α-B) in the euryhaline 

Atlantic stingray Dasyatis sabina 

 

SUMMARY 

 In mammals distinct steroid hormones regulate hydromineral balance and the 

stress response (aldosterone and cortisol/corticosterone, respectively).  It is thought that 

teleosts (cortisol) and elasmobranchs (1α-hydroxycorticosterone; 1α-B) utilize a single 

steroid to regulate both processes, though this has not been rigorously tested in 

elasmobranchs.  In this study we examined the effects of stress and fresh water (FW) 

transfer on interrenal synthesis of 1α-B in the euryhaline stingray Dasyatis sabina.  

Hook-and-line capture significantly increased plasma 1α-B, glucose and osmolality; 1α-

B returned to baseline concentrations following a 16 h recovery period.  Transfer from 

salt water (SW) to FW transiently decreased plasma 1α-B.  Decreased mineralocorticoid 

levels during FW acclimation is consistent with the unique strategy of euryhaline 

elasmobranchs, whereby plasma osmolality is significantly decreased in FW vs. SW 

environments to minimize hydromineral imbalances.  During SW-FW transfer, we also 

examined potential regulation of mRNAs encoding rate-limiting steroidogenic enzymes 

in the interrenal gland as well as the angiotensin and natriuretic peptide receptors in 

osmoregulatory tissues (rectal gland, kidney and gill).  No differences in mRNA levels 

between SW and FW D. sabina were observed in any tissue examined.  The results of 

this study strongly indicate that 1α-B plays a significant role in both stress and ion 

regulation in elasmobranchs, and warrants additional studies examining the manner in 
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which the glucocorticoid and mineralocorticoid actions of this unique corticosteroid are 

regulated. 

 

INTRODUCTION 

Organisms inhabiting aquatic environments face significant osmotic gradients due 

to direct contact with fluids of varying osmolality, and several major taxa have therefore 

evolved complex osmoregulatory systems to facilitate maintenance of the cellular milieu.  

In the marine environment, teleost fishes drink seawater and actively secrete salt via 

chloride cells in the gills to combat the osmotic loss of water and diffusive salt gain from 

a hyperosmotic medium (Foskett et al., 1983; Karnaky, 1998).  In contrast, 

elasmobranchs maintain an iso-osmotic or slightly hyperosmotic plasma relative to the 

surrounding medium in saltwater (SW) environments.  This is achieved by renal 

synthesis and retention of nitrogenous compounds, i.e. urea and trimethylamine oxide 

(TMAO) (Boylan, 1972; Forster et al., 1972).  Elasmobranch plasma, however, is 

hypoosmotic to the surrounding medium with regards to sodium and chloride ions 

(Karnaky, 1998).  Therefore this distinctive osmoregulatory strategy results in a net gain 

of both water and sodium chloride across branchial tissue via osmosis and diffusion, 

respectively.  Excess salt gained either by branchial diffusion or direct ingestion is 

excreted by the rectal gland in a fluid iso-osmotic to the plasma but almost entirely 

composed of sodium chloride (Burger and Hess, 1960).  In fresh water (FW), both 

teleosts and elasmobranchs are faced with a net ion efflux and water influx due to 

diffusive and osmotic gradients.  In general, the FW teleost osmoregulatory strategy 

includes decreased branchial ion permeability, increased ion uptake and retention by the 

gills, kidneys and gut, and the production of large quantities of dilute urine (Karnaky, 

1998).  Elasmobranchs employ a similar strategy in FW that also includes decreased 
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plasma osmolality and a significant decrease or complete cessation of rectal gland 

secretion (de Vlaming and Sage, 1973; Karnaky, 1998; Pillans and Franklin, 2004). 

 In contrast to stenohaline species that require only periodic tuning of the 

osmoregulatory system in response to minor changes in salinity, euryhaline teleost and 

elasmobranch species are capable of physiological acclimation to a wide range of 

salinities.  Euryhalinity provides aquatic organisms with several distinct advantages 

including predator avoidance, increased prey resources and diversity, unique reproductive 

strategies (i.e. anadromy and catadromy) and utilization of otherwise inaccessible nursery 

areas.  However, acclimation to large salinity fluctuations results in significant energetic 

expenses including the regulation of proteins involved in ion transport and membrane 

permeability, blood pressure and volume, and renal and extrarenal salt secretion or 

retention.  These complex regulatory mechanisms are themselves regulated by hormonal 

systems; among the most conserved osmoregulatory hormone systems in vertebrates are 

the renin-angiotensin system (RAS) and the natriuretic peptides (NPs).  As discussed in 

detail in Chapter 2, the RAS and NPs elicit their osmoregulatory effects in part through 

the regulation of mineralocorticoid steroid hormone synthesis.   

In mammals, distinct steroid hormones regulate ionoregulation (mineralocorticoid 

{MC}; aldosterone) and the stress response (glucocorticoids {GC}; cortisol and 

corticosterone).  In contrast, it is thought that teleosts and elasmobranchs utilize a single 

steroid to regulate both processes, though this has not been rigorously tested.  In 

elasmobranchs this steroid is 1α, 11β, 21-trihydroxy-4-pregnene-3, 20-dione (1α-

hydroxycorticosterone; 1α-B), produced in the interrenal gland (Idler and Truscott, 1966). 

Central to the vertebrate response to stress is the timely production of GCs by 

adrenocortical tissue.  In response to stress, the sympathetic nervous system induces the 

release of corticotropic releasing hormone (CRH) and catecholamines (primarily 
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epinephrine); catecholamines increase the supply of glucose and oxygen to the brain and 

muscles, preparing an organism for a “fight or flight” response.  CRH initiates the 

hypothalamus-pituitary-adrenal axis, ultimately inducing the synthesis and secretion of 

GCs from adrenal tissue.  GCs potentiate the initial catecholamine response via increased 

adrenal epinephrine synthesis and facilitate a sustained stress response by directly 

increasing blood glucose levels, metabolic rate, and blood pressure.  It is also thought that 

GCs limit the stress-induced inflammatory reaction thereby minimizing tissue damage 

(Bamberger et al., 1996).  Additionally, elevated corticosteroid levels facilitate the 

suppression of physiological systems nonessential for immediate survival such as 

immunity, growth and reproduction (Mommsen et al., 1999).  GC synthesis thereby 

serves to help an organism adapt to environmental challenges, enhancing survival.  

Inappropriate or incomplete responsiveness of the stress system results in many adverse 

effects, including impaired growth and development, abnormal behavior and ultimately 

decreased survival (Charmandari et al., 2005).  In elasmobranchs, the stress hormone 

ACTH (adrenocorticotropic hormone) stimulates interrenal synthesis of 1α-B in vitro 

(Klesch and Sage, 1975; Hazon and Henderson, 1985; O'Toole et al., 1990; Armour et 

al., 1993a).  Furthermore, stress or injections of ACTH increase plasma titers of 

corticosteroids and glucose (DeRoos and DeRoos, 1973; Rasmussen and Crow, 1993). 

There is also evidence that 1α-B functions as a MC and plays a significant role in 

elasmobranch osmoregulation.  MCs elicit most of their effects by binding to specific 

nuclear receptors in target cells and directly regulating the transcription of genes involved 

in ion transport (Funder, 2005).  However, it is well established that MCs also have acute 

and nongenomic effects on ion transport including the rapid stimulation or inhibition of 

ion channels, Na+/K+-ATPase and other proteins involved in osmoregulation (Funder, 

2005).  The ability to stimulate sodium transport across isolated toad bladders provided 
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initial evidence of 1α-B MC activity (Grimm et al., 1969).  More recently, elevated 

plasma 1α-B concentrations have been observed in dogfish (Scyliorhinus canicula) fed a 

low protein diet (and therefore unable to synthesize urea as an osmolyte) or following 

acclimation to reduced salinities (Hazon and Henderson, 1984; Armour et al., 1993b).  

Furthermore, interrenalectomy significantly reduces plasma osmolality in the Atlantic 

stingray (de Vlaming et al., 1975). 

With the exception of studies examining the in vitro stimulation and suppression 

of 1α-B synthesis in stenohaline models, the majority of osmoregulatory research in 

elasmobranchs has focused on organs other than the interrenal gland such as the gills, 

kidneys and rectal gland.  If 1α-B functions as both a GC and MC, the elasmobranch 

interrenal gland would provide an excellent experimental model in which to study the 

evolution of corticosteroid synthesis and regulation by both stress and osmoregulatory 

endocrine systems.  A central question in teleost physiology is how the disparate effects 

of a single corticosteroid (cortisol) are mediated to facilitate an appropriate physiological 

response to a particular challenge.  The presence of a single steroidogenic pathway and 

unicellular nature of the elasmobranch interrenal gland make this tissue an excellent 

model for addressing this question.  Furthermore, it is important to understand the 

derivation of distinct GC and MC steroids in higher vertebrates to better understand the 

interactions between stress and osmoregulatory systems. 

To determine whether 1α-B indeed functions as both a GC and MC, we 

investigated the putative physiological roles of interrenal 1α-B synthesis in the 

euryhaline Atlantic stingray, Dasyatis sabina, a common inhabitant of Texas bays and 

estuaries capable of traversing environmental salinities ranging from 0 to 35 ppt (de 

Vlaming and Sage, 1973; Klesch and Sage, 1973).  This study is the first to test the 

effects of controlled stress and decreased environmental salinity on plasma 1α-B and 
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interrenal expression of steroidogenic mRNAs in any elasmobranch species.  We also 

quantified changes in other plasma constituents, including osmolality, chloride, urea and 

glucose, in response to stress and osmoregulatory challenges.  Finally, in mammals and 

teleosts the RAS and NPs are primary osmoregulatory hormone systems involved in 

hydromineral balance.  We have previously demonstrated (Chapters 1 and 2) that the 

principle components of both systems, angiotensin II and C-type natriuretic peptide, have 

significant and opposing effects on ex vivo interrenal synthesis of 1α-B in D. sabina.  

Furthermore, mRNA levels of the angiotensin and natriuretic peptide receptors are 

significantly higher several osmoregulatory tissues of freshwater D. sabina, suggesting an 

important role for both the RAS and NP system in salinity acclimation of euryhaline 

elasmobranchs.  We therefore further investigated the putative roles of the RAS and NP 

systems in elasmobranch hydromineral balance by examining the effects of SW-FW 

transfer on levels of mRNAs encoding the natriuretic peptide receptor (NPR-B) and the 

angiotensin receptor (AT) in the D. sabina interrenal gland, rectal gland, kidney and gill. 

 

METHODS 

Animals 

Laboratory-adapted D. sabina were captured and maintained as described 

previously in Chapters 1 and 2.  Animals used for the 1 h field stress series were captured 

in local waters using hand nets and released following completion of the experiment.  All 

animals appeared healthy and swam away vigorously upon release.  Animals used for the 

long-term (24 h) stress series and SW-FW transfer experiments were adapted to 

laboratory conditions for at least two weeks prior to experimentation.  Individual D. 

sabina were not used for more than one experiment. 
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Stress series 

To investigate the putative GC role of 1α-B, we examined the effects of short- 

and long-term stress on plasma 1α-B, osmolality, chloride, urea and glucose.  In order to 

obtain a basal, non-stressed sample, stingrays were captured individually by net and 

approximately 200 µL of blood was collected from the caudal vessel using a 25-gauge 

heparinized needle (lithium heparin; Sigma).  To approximate the stress of hook and line 

capture, animals were then hooked through the mouth with a #4 circle hook attached to a 

24” nylon line and placed into a 150-gallon flow-through SW tank.  Three animals were 

placed into a tank in this manner (total n = 6), and the lines were clipped to the edge of 

the holding tank so that the animals could move without crossing lines.  At 1, 2, 4 and 8 h 

individual animals were removed from the tank using the nylon line, a blood sample was 

drawn from the tail and the animal returned to the tank within 3 minutes.  After the 8 h 

time point individuals were unhooked and allowed to swim freely in the holding tank 

until 24 h after the initial sampling, when an additional blood sample was collected.  

Animals were closely monitored for at least an additional 48 hours following completion 

of the experiment.  The same protocol was used in the field for a one-hour stress series 

with the following exceptions: animals (n = 6) were clipped onto a 100-foot trot line after 

being hooked, blood samples were collected at 0, 15, 30 and 60 min, and individuals 

were released when the series was completed without additional long-term monitoring.  

Time 0 blood samples were collected within 5 min of capture.  The long-term series was 

conducted in 32.5 – 33 ppt salinity flow-through SW; salinities during the short-term 

series ranged from 20 – 22 ppt.  Following collection blood samples were placed on ice, 
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centrifuged for 5 min at 5000 x g to separate plasma from the cellular fraction and stored 

at -80 °C. 

 

Salinity transfers 

To investigate the putative MC role of 1α-B, we examined the effects of SW to 

FW transfer on plasma 1α-B and other components as well as tissue-specific mRNA 

expression of StAR, P450scc, NPR-B and AT.  For FW adaptation four animals were 

transferred by net to a recirculating filtered SW tank (170 gallons, 35 ppt salinity) and 

allowed to acclimate for 48 h.  Animals were not fed once moved to the transfer tank.  

The transfer tank was surrounded by an opaque curtain and equipped with external valves 

so that salinity adjustments could be made without disturbing the animals, eliminating the 

effects of additional handling stress.  Two biological filter boxes were connected to the 

tank to allow for the recirculation of either SW or FW.  Following the 48 h acclimation 

period, recirculation through the SW filter box was closed and dechlorinated, buffered 

FW (pH 8.2 – 8.4; Malawi/Victoria Buffer; Seachem) was transferred from a 600-gallon 

tank into the experimental tank using a submersible pump.  FW flow was monitored and 

adjusted to result in a controlled salinity change from 35 ppt to 0-2 ppt over 12 hours.  

All FW transfers were conducted from 9 PM to 9 AM to further reduce outside stressors 

such as human activity.  Following transfer, valves were then adjusted to allow 

recirculation through the FW filter box.  Matched controls followed the above methods, 

except that SW was used in place of FW during the 12 h “transfer”.  At each 

experimental time point, stingrays were removed individually from the tank by net and a 

blood sample taken from the caudal vessel as described for the stress series experiments.  

Animals were then sacrificed by cervical dislocation within 3 minutes of being removed 
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from the tank and interrenal gland, rectal gland, kidney and gill tissue samples were 

collected, placed on dry ice and stored at -80 °C. 

 

Corticosteroid Enzyme-Linked Immunoassay 

Plasma 1α-B was quantified using a commercial corticosterone enzyme-linked 

immunoassay (EIA) as described in Chapter 1, except that samples were extracted prior 

to steroid quantification.  For individual extraction recovery determinations, plasma 

samples were equilibrated with 2000 dpm 3H-cortisol in ddH20 (200 µL total volume) 

overnight at 4 °C.  The corticosterone antibody used in this assay has a cortisol cross-

reactivity of 0.18%.  Samples were then extracted twice with ethyl ether, dried under 

nitrogen gas at 37 °C and reconstituted overnight in 200 µL EIA assay buffer (Cayman 

Chemical) at 4 °C.  Samples were then run in duplicate following the manufacturer’s 

instructions and adjusted for individual recovery and initial sample volume. 

 

Plasma analyses 

To examine the effects of stress and salinity transfer on additional plasma 

components, osmolality, chloride, urea and glucose were quantified.  Plasma osmolality 

(milliosmoles kg-1) was quantified in duplicate using a Wescor 5130B vapor pressure 

osmometer (Wescor Incorporated, Logan, UT).  Chloride and urea (mM) were quantified 

by colorimetric improved Fried (Yokoi, 2002) and Jung (Jung et al., 1975) methods, 

respectively, using commercial kits (QuantiChrom Chloride and Urea Assay Kits; 

BioAssay Systems) and a spectrophotometer (SpectraMAX 190; Molecular Devices).  

Glucose (mM) was also measured colorimetrically by incubation with hexokinase assay 

reagent (Sigma).  For osmolality (1:2) and chloride/urea (1:50) quantification, 5 µL of 
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each sample was diluted in ddH20.  Plasma samples were not diluted for glucose 

quantification (5 µL of plasma replicate-1). 

 

Real time quantitative PCR 

 The effects of FW transfer on the expression of specific mRNAs in tissues 

involved in osmoregulation were determined using RNA extraction, reverse transcription 

(RT) and quantitative RT-PCR methods as described previously.  StAR, P450scc, NPR-B 

and AT mRNA expression were quantified from interrenal gland RTs; only NPR-B and 

AT mRNA expression were quantified from rectal gland, kidney and gill RT reactions.  

All reactions were run in duplicate, and relative mRNA expression determined using the 

equation described by Fink et al (1998). 

 

Statistical analysis 

 Statistical analyses were made using Student’s t-test comparisons between control 

/basal and experimental groups.  p-values less than 0.05 were considered significant. 

 

RESULTS 

Stress series 

 Plasma 1α-B increased as a result of both short- (n = 6) and long-term (n = 6) 

stress in D. sabina, though a significant increase was only observed in the long stress 

series.  Basal (time 0) levels were 21.54 nM ± 5.03 SEM and 23.86 ± 3.96 for the short (1 

h) and long (24 h) stress series, respectively.  1 h values were very similar between the 

two series at 30.65 ± 5.62 (short) and 30.69 ± 6.71 (long).  During the long-term series 

1α-B increased from an average of 23.86 ± 3.96 (0 h) to 45.18 ± 12.31 (2 h), with an 
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extended maximal peak from 2 to 8 hrs; 24 h values were similar to time 0 (28.66 ± 

6.20).  Due to high levels of individual variation data were statistically analyzed 

following log-transformation.  In the long series, plasma 1α-B was significantly higher (p 

< 0.05) than basal levels at 8 h; log transformed values for both series are shown in 

Figure 30.  There were insufficient plasma volumes remaining for the quantification of 

additional components from the long stress series; however plasma glucose, osmolality, 

chloride and urea were measured in the short series samples.  Plasma glucose was 

significantly elevated at 60 min (1.53 mM ± 0.30 to 2.26 ± 0.29; p < 0.01; Figure 31).  

Plasma osmolality increased within 15 min and was significantly different from basal 

values (796.26 mOsm kg-1 ± 9.63) at 15 min (824.54 ± 11.65; p < 0.01), 30 min (818.46 

± 9.69; p < 0.05) and 60 min (816.75 ± 8.25; p < 0.01).  Urea decreases during the series 

though not significantly (289.58 mM ± 5.10 {time 0} to 278.15 ± 4.88 {60 min}; p = 

0.086).  Plasma osmolality, chloride and urea are shown in Figure 32. 

 

Salinity transfers 

 Average plasma 1α-B did not change significantly between time 0, 24 h and long-

term control (SW) animals (39.82, 27.22 and 33.02 nM, respectively; total n = 21), but 

was higher in laboratory-maintained animals than in the field (1 h stress series basal 

average = 21.54 nM ± 5.03).  Following FW transfer, plasma 1α-B was significantly 

lower (p < 0.05) in 24 h FW animals (10.78 ± 3.84; n = 8) vs. mock-transferred SW 

animals (27.22 ± 5.90; n = 6).  There was no significant difference between long-term 

FW (51.63 ± 15.44; n = 4) and SW (33.02 ± 16.40; n = 4) individuals.  For comparison 

with plasma 1α-B from stressed D. sabina, log-transformed long stress series and transfer 

plasma 1α-B values are shown in Figure 33.  In the transfer experiments there were no 

significant changes in control plasma glucose (Figure 34).  24 h FW glucose levels (1.06 
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mM ± 0.12) were significantly different than matched control (24 SW; 1.89 ± 0.25; p < 

0.01) and long-term SW values (1.50 ± 0.12; p < 0.05).  Plasma osmolality (797.25 

mOsm kg-1 ± 9.24 vs. 568.93 ± 10.79; Figure 35), chloride (218.89 mM ± 10.13 vs. 

146.03 ± 2.63; Figure 36) and urea (281.76 mM ± 13.65 vs. 214.55 ± 5.88; Figure 37) all 

decreased significantly (p < 0.01) 24 h following FW transfer; there was no significant 

difference in osmolality, chloride or urea between 24 h FW and long-term FW 

individuals. 

 As determined by qRT-PCR, interrenal StAR mRNA levels were significantly 

higher in FW individuals than matched controls at 24 h (p < 0.05; Figure 38); there was 

no significant difference between long-term FW and SW animals.  Steady state P450scc 

mRNA levels were not significantly different at any time point (Figure 39).  The relative 

expression of NPR-B and AT mRNA was not significantly different at any time point in 

any tissue examined, including the interrenal gland (Figure 40). 

 

DISCUSSION 

 This study is the first to specifically examine the role of 1α-B in the response of 

any elasmobranch species to a controlled stressor.  The primary reason for a lack of 

understanding regarding the physiological role of 1α-B has been the absence of a simple 

method for measuring this unique steroid.  Because the D. sabina interrenal gland does 

not produce corticosterone (Klesch and Sage, 1975; Nunez and Trant, 1999), we were 

able to adapt a corticosterone EIA for the rapid quantification of 1α-B in this species.  

This method is applicable to any elasmobranch species, though additional plasma 

purification will be necessary for species in which significant concentrations of 

corticosterone are detected (Truscott and Idler, 1972; Kime, 1977).  In the current study, 

plasma titers of 1α-B increased as a result of both short (1 h) and long-term (24 h) 
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capture stress, supporting the hypothesis that this unique elasmobranch steroid functions 

as a GC.  In teleosts, plasma cortisol increases rapidly in response to acute stress, usually 

within the first few minutes (Balm et al., 1994; Arends et al., 1999).  The increase in 

plasma cortisol is often substantial (5 to 100-fold), although the magnitude of this 

increase is related to basal GC levels which vary greatly among teleost species 

(Wendelaar Bonga, 1997).  In contrast, stress-induced 1α-B in D. sabina increased 2-fold 

over basal levels, and this increase was only significant after 8 hrs.  The elasmobranch 

GC stress response therefore appears to be characterized by a relatively modest increase 

in plasma 1α-B.  However, it is important to consider potential effects of species-specific 

lifestyles and activity levels on stress-induced 1α-B elevation.  For example, a notable 

exception to the classical teleost GC stress response is the sedentary sea raven, 

Hemitripterus americanus, which responds to an acute stressor with a relatively muted (3 

to 4.5-fold) increase in cortisol 1 to 4 h post-stress (Vijayan and Moon, 1994).  It is 

therefore possible that the D. sabina 1α-B stress response differs significantly from that 

of more active pelagic elasmobranch species that have higher basal metabolic rates. 

 The effects of stress on other plasma components support a role for 1α-B in both 

the stress response and ionoregulation, similar to the dual physiological role of cortisol in 

the teleost fishes (Mommsen et al., 1999).  In both mammals and teleosts, stress-induced 

elevations in blood glucose are facilitated by increased catecholamines and GCs, 

providing additional energy for coping with a stressful event (Bentley, 1998; Mommsen 

et al., 1999).  Stress significantly increases glucose levels in both D. sabina (60 min) and 

the Atlantic sharpnose shark (15 min), Rhizoprionodon terraenovae (Hoffmayer and 

Parsons, 2001), potentially due to the actions of 1α-B.  However, capture stress also 

rapidly (< 15 min) induces a significant increase in plasma osmolality in both species.  In 

D. sabina it appears that plasma chloride increases within the first 15 min (p = 0.08), 
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whereas urea levels decrease throughout a 1 hr stressor (p = 0.09), although neither trend 

was significant in the current study.  Increased renal clearance of urea may therefore 

function to compensate for stress-induced increases in plasma osmolality.  It is likely that 

these early effects of stress are mediated by catecholamines rather than 1α-B, which was 

not significantly elevated within the first hour in the current study. 

 From this study it is evident that 1α-B plays a significant role in elasmobranch 

osmoregulation.  Transfer of D. sabina to FW is accompanied by a transient and 

significant reduction in plasma 1α-B, an appropriate MC response considering the unique 

osmoregulatory strategy of euryhaline elasmobranchs.  Teleosts maintain a narrow range 

of plasma osmolality regardless of environmental salinity, and therefore cortisol 

transiently increases during both FW and SW acclimation to maintain homeostasis via 

rapid modulation of proteins involved in ion balance, i.e. Na+/K+-ATPase (Mommsen et 

al., 1999).  In contrast, euryhaline elasmobranchs exhibit reduced plasma osmolality in 

FW environments (illustrated in Figure 35) to minimize both diffusive salt loss and 

osmotic water gain.  Specifically, acclimation of SW-adapted D. sabina to dilute media is 

accompanied by rapid plasma clearance of sodium, chloride and urea (de Vlaming and 

Sage, 1973); the opposite strategy, i.e. increased plasma salt and urea, is adopted by FW-

adapted D. sabina during transfer to increased salinities (Piermarini and Evans, 1998).  

Due to this unique strategy, for initial acclimation to FW it would therefore be 

inappropriate to maintain basal levels of a MC steroid hormone, i.e. 1α-B.  We propose a 

model for the role of 1α-B in euryhaline elasmobranch osmoregulation in which basal 

SW concentrations transiently decrease during acclimation to reduced salinities to 

preclude the retention of sodium and chloride.  Once a new baseline is established for 

plasma osmolality, 1α-B may be increased over basal SW levels if environmental ion 

concentrations are limiting.  While significant long-term (two week) elevation of 1α-B in 
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reduced environmental salinities was not observed in the current study, long-term plasma 

1α-B is significantly elevated in partially euryhaline S. canicula following gradual (10% 

every ten days) acclimation to 50% seawater (Hazon and Henderson, 1984). 

 We have previously demonstrated (Chapter 1) that 1α-B synthesis is regulated by 

the principal components of both the renin-angiotensin system and natriuretic peptide 

system, ANG II and CNP.  In the current study FW acclimated D. sabina do not differ 

from control animals with regards to AT (ANG II receptor) or NPR-B (CNP receptor) 

mRNA levels in osmoregulatory tissues.  This is in contrast to results from Chapter 2 

demonstrating differences in steady state mRNA levels between SW D. sabina and those 

from a permanent FW population in Lake Monroe, FL, and supports the hypothesis that 

consistent phenotypic differences exist between the two populations.  It is possible that 

receptor activity is not regulated at a transcriptional level in euryhaline elasmobranchs, 

which may instead maintain baseline levels of AT and NPR-B mRNAs and modify 

expression primarily through post-translational mechanisms to facilitate rapid movement 

within environments of differing salinities.  Long-term acclimation of D. sabina to FW 

also did not affect interrenal levels of StAR and P450scc mRNAs.  We have previously 

demonstrated that steady state interrenal StAR and P450scc levels do not change as a 

result of acclimation to increased salinity (10 ppt for 2 weeks) in the stenohaline fresh 

water stingray Potamotrygon motoro (Nunez et al., 2006).  Therefore changes in 1α-B 

induced by increasing or decreasing environmental salinity may potentially be mediated 

by altered translation or activity of StAR protein.  Alternatively, specific downstream 

steroidogenic enzymes (i.e. 1α-hydroxylase) may be targets for chronic regulation of 1α-

B synthesis. 

 In conclusion, the described experiments strongly suggest that 1α-B functions as 

both a glucocorticoid and mineralocorticoid steroid hormone in the elasmobranch fishes.  
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It is also evident that salinity challenges in euryhaline elasmobranch species such as D. 

sabina are not perceived in the same manner as classical stressors.  In teleosts it is 

difficult to separate the putative GC and MC actions of cortisol, as titers increase in 

response to both stress and salinity challenges (Mommsen et al., 1999).  This constraint 

necessitates examination of other facets of the stress axis to determine whether the two 

systems are isolated in a given experimental system.  It is also currently unclear how the 

MC versus GC actions of cortisol are determined in target tissues.  While it was 

previously accepted that cortisol elicited both GC and MC effects through a common 

class of receptors (glucocorticoid receptors; GRs) (Chakraborti et al., 1987), more recent 

studies suggest that distinct GC and MC receptors (mineralocorticoid receptor; MR) exist 

in teleosts (Sloman et al., 2001; Greenwood et al., 2003; Sturm et al., 2005).  In this 

study we have demonstrated clear separation of the stress and osmoregulatory 

corticosteroid response in D. sabina.  Elasmobranchs are therefore excellent models for 

study of the early vertebrate stress and osmoregulatory axes, and specifically the GC and 

MC roles of the corticosteroid hormones.  With the recent isolation of cDNA sequences 

encoding the elasmobranch MR and GR (Bridgham et al., 2006), future studies should 

examine the role of both receptors in the disparate MC and GC actions of 1α-B. 
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Figure 1:  Pregnenolone production by COS-1 cells transfected either with pcDNA3.1/D. 
sabina StAR and the F2 side-chain cleavage electron transport chain construct or the F2 
construct alone.  Error bars are +SEM, n = 3 wells treatment-1.  Asterisks indicate a 
significant difference in steroid production between treatments (p < 0.01). 
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Figure 2:  Pregnenolone production by COS-1 cells transfected either with bovine 
adrenodoxin (Adx) only, pCMV5/D. sabina P450scc and Adx, F2DS, or the native F2 
construct.  Error bars are +SEM, n = 3 wells treatment-1.  Asterisks indicate significant 
differences from cells transfected with Adx only (*p < 0.05; **p < 0.01). 
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Figure 3:  Amino acid alignment of a) ACTH and b) CNP peptides.  Box indicates ACTH 
residues 1-24; truncated ACTH1-24 retains full biological activity in mammals (Bentley, 
1998). 
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Figure 4:  Phylogenetic analysis of StAR and MLN-64 proteins.  Relationships were 
inferred using the Neighbor-Joining method in Mega4 (Tamura et al., 2007).  Database 
accession numbers for each sequence are noted in parentheses.  Numbers at branch points 
indicate the percentage of 2000 bootstrap replicates supporting the division; branches 
supported by values less than 50% were collapsed.  The tree is drawn to scale, with the 
scale bar representing the number of substitutions per site. 
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Figure 5: Alignment of StAR amino acid sequences.  Stars indicate serines 
(corresponding to human S57 and S195) found in potential PKA phosphorylation sites.  
Triangles indicate residues linked to congenital lipoid adrenal hyperplasia (Stocco, 2002) 
and arrows indicate amino acids considered vital for steroidogenic function (Watari et al., 
1997). 
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Figure 6:  Phylogenetic analysis of CYP11A, CYP11B1 and CYP11B2 proteins.  
Relationships were inferred using the Neighbor-Joining method in Mega4 (Tamura et al., 
2007).  Database accession numbers for each sequence are noted in parentheses.  
Numbers at branch points indicate the percentage of 2000 bootstrap replicates supporting 
the division; branches supported by values less than 50% were collapsed.  The tree is 
drawn to scale, with the scale bar representing the number of substitutions per site. 
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Figure 7:  Amino acid alignment of P450scc proteins.  I: cell sorting leader sequence.  II: 
steroid binding region (Tsujita and Ichikawa, 1993).  III: adrenodoxin / steroid binding 
region (Picado-Leonard and Miller, 1988; Wada and Waterman, 1992).  IV: heme 
binding region (Usanov et al., 2002).  Star indicates tyrosine (human Y132) that interacts 
with the cholesterol side-chain.  Triangles indicate lysine residues implicated in 
interactions with adrenodoxin (Usanov et al., 2002) and arrows indicate amino acids 
required for the formation of the heme-binding center and adrenodoxin association 
(Azeva et al., 2001).  
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Figure 8:  D. sabina tissue distribution of StAR and P450scc mRNA as determined by 
RT-PCR.  Gene-specific primers were designed to amplify 791 bp of StAR or 740 bp of 
P450scc; actin RT-PCR reactions (240 bp) were included to verify template quality.  
Representative tissue suites from a single individual are shown (n = 6). 
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Figure 9:  Androgen production by testicular tissue treated either with nothing (basal), 
human chorionic gonadotropin (hCG) and/or 1α-hydroxycorticosterone (1-OH-B).  6 and 
24 h treatments included hCG and 1-OH-B simultaneously; for 2+6 and 2+24 h time 
points tissues were pretreated with or without 1-OH-B for 2 h prior to hCG stimulation.  
Error bars are +SEM, n = 4 replicates treatment-1.  Bars not sharing the same letter differ 
significantly (p < 0.05). 
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Figure 10:  cAMP dose-response of interrenal tissue stimulated with increasing amounts 
of porcine adrenocorticotropic hormone (ACTH) for 15 min.  Error bars are +SEM, n = 4 
replicates treatment-1.  Asterisks indicate significant differences from untreated (basal) 
tissue (*p < 0.05; **p < 0.01). 
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Figure 11:  24 h 1α-hydroxycorticosterone (1alpha-B) production of interrenal tissue 
stimulated by nothing (basal; n = 4), 0.5 IU mL-1 porcine adrenocorticotropic hormone 
(ACTH; n = 4), or 100 nM D. sabina angiotensin II (ANG II; n = 5).  Error bars are 
+SEM.  Bars not sharing the same letter differ significantly (p < 0.05). 
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Figure 12:  24 h 1α-hydroxycorticosterone (1alpha-B) production of interrenal tissue 
stimulated by nothing (basal) or 100 nM human C-type natriuretic peptide (CNP).  
Untreated tissue was separated into low (< 200 nM mg-1; n = 2) or high (> 200 nM mg-1; 
n = 3) rates of basal steroidogenesis.  Results from all replicates (n = 5) are shown in the 
inserted figure.  Error bars are +SEM.  Bars not sharing the same letter differ 
significantly (p < 0.05). 
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Figure 13:  Relative StAR and P450scc mRNA expression in interrenal tissue following 
24 h incubation with nothing (basal), 0.5 IU mL-1 porcine adrenocorticotropic hormone 
(ACTH; n = 4), 100 nM D. sabina angiotensin II (ANG II; n = 5) or 100 nM human C-
type natriuretic peptide (CNP; n = 3).  mRNA expression in treated samples is expressed 
as a percentage of matched controls (100%).  Asterisks indicate significant differences 
from untreated (basal) tissue (*p < 0.05; **p < 0.01). 
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Figure 14: Relative StAR and P450scc mRNA expression in interrenal tissue following 24 
or 48 h incubation with nothing (basal) or 0.5 IU mL-1 porcine adrenocorticotropic 
hormone (ACTH; n = 4 timepoint-1).  mRNA expression in treated samples are expressed 
as a percentage of matched controls.  Asterisks indicate significant differences from 
untreated (basal) tissue (*p < 0.05; **p < 0.01). 
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Figure 15:  AT1 signaling pathways in mammalian adrenocortical tissue by which ANG 
II induces the transcription, translation and activation of aldosterone synthase and StAR.  
A) AT1 signaling via G-protein activation.  B) AT1 signaling via the Jak/STAT pathway.  
α, β, γ = G-protein subunits; PLC = phospholipase C; PIP2 = phosphatidylinositol 
bisphosphate; IP3 = inositol triphosphate; DAG = diacylglycerol; Ca2+ = calcium ions; 
PKC = protein kinase C; Jak2 = Janus kinase 2; STATs = signal transducers and 
activators of transcription. 



 95 

 
 

Figure 16:  Phylogenetic analysis of NPR-A, NPR-B and NPR-C/D proteins.  
Relationships were inferred using the Neighbor-Joining method in Mega4 (Tamura et al., 
2007).  Database accession numbers for each sequence are noted in parentheses.  
Numbers at branch points indicate the percentage of 2000 bootstrap replicates supporting 
the division.  The tree is drawn to scale, with the scale bar representing the number of 
substitutions per site. 
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Figure 17: Alignment of NPR-B amino acid sequences.  Continued on next page.  
Intracellular domain indicated by gray box.  A)  NPR motif (Iwashina et al., 1994); B)  
Catalytic domain; C)  GTP-binding domain.  Asterisks indicate six extracellular cysteines 
involved in disulfide linkages (Aller et al., 1999).  Plus sign (+) indicates E332 required 
for maximal CNP binding in mammalian NPR-B (Duda et al., 1994).  V indicates valine 
residue present in NPR-B, but not NPR-A, receptors (Duda et al., 1995).  Squares 
indicate potentially phosphorylated residues (Potter and Hunter, 1998). 
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Figure 17 continued: Alignment of NPR-B amino acid sequences.  Intracellular domain 
indicated by gray box.  A)  NPR motif (Iwashina et al., 1994); B)  Catalytic domain; C)  
GTP-binding domain.  Asterisks indicate six extracellular cysteines involved in disulfide 
linkages (Aller et al., 1999).  Plus sign (+) indicates E332 required for maximal CNP 
binding in mammalian NPR-B (Duda et al., 1994).  V indicates valine residue present in 
NPR-B, but not NPR-A, receptors (Duda et al., 1995).  Squares indicate potentially 
phosphorylated residues (Potter and Hunter, 1998). 
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Figure 18:  Phylogenetic analysis of AT1 and AT2 proteins.  Relationships were inferred 
using the Neighbor-Joining method in Mega4 (Tamura et al., 2007).  Database accession 
numbers for each sequence are noted in parentheses.  Numbers at branch points indicate 
the percentage of 2000 bootstrap replicates supporting the division; branches supported 
by values less than 50% were collapsed.  The tree is drawn to scale, with the scale bar 
representing the number of substitutions per site. 
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Figure 19:  Alignment of AT1 amino acid sequences.  A) DRY motif involved in Gq 
coupling (Ohyama et al., 2002).  B) NPxxY motif involved in receptor internalization 
(Laporte et al., 1996).  C) YFL motif involved in Gq activation (Sano et al., 1997).  D) 
YIPP motif important for PLC and Jak/STAT activation (Ali et al., 1997; Inada et al., 
2003).  E) serine/threonine-rich region (Smith et al., 1998).  Asterisks indicate four 
extracellular cysteines involved in the formation of disulfide linkages (Nishimura, 2001).  
Plus signs (+) indicate residues involved in ligand activation of AT1 (Le et al., 2002). 
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Figure 20:  Alignment of AT2 amino acid sequences.  A) DRY motif involved in Gq 
coupling (Ohyama et al., 2002).  B) NPxxY motif involved in receptor internalization 
(Laporte et al., 1996).  C) YFL motif involved in Gq activation (Sano et al., 1997).  D) 
YIPP motif important for PLC and Jak/STAT activation (Ali et al., 1997; Inada et al., 
2003).  E) serine/threonine-rich region (Smith et al., 1998).  Asterisks indicate four 
extracellular cysteines involved in the formation of disulfide linkages (Nishimura, 2001).  
Plus signs (+) indicate residues involved in ligand activation of AT1 (Le et al., 2002). 
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Figure 21:  Alignment of elasmobranch angiotensinogen amino acid sequences.  Box 
indicates ANG II coding region.  T. scyllia sequence derived from (Takei et al., 1993).  
D. akajei sequence provided by Dr. Yoshio Takei, University of Tokyo, Japan. 
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Figure 22:  D. sabina tissue distribution of NPR-B and AT mRNA as determined by RT-
PCR.  Gene-specific primers were designed to amplify 897 bp of NPR-B or 916 bp of AT; 
actin RT-PCR reactions (240 bp) were included to verify template quality.  
Representative tissue suites from a single individual are shown (n = 6). 
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Figure 23: Relative NPR-B mRNA levels in tissues involved in osmoregulation from 
saltwater (Texas) and freshwater (Florida) populations of D. sabina (n = 6 tissue-1 
population-1).  Levels of mRNA are expressed as log transformed values obtained using 
the equation of Fink et al (1998).  Asterisks indicate significant differences between 
populations within a tissue (*p < 0.05; **p < 0.01). 
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Figure 24:  Relative AT mRNA levels in tissues involved in osmoregulation from 
saltwater (Texas) and freshwater (Florida) populations of D. sabina (n = 6 tissue-1 
population-1).  Levels of mRNA are expressed as log transformed values obtained using 
the equation of Fink et al (1998).  Asterisks indicate significant differences between 
populations within a tissue (*p < 0.05; **p < 0.01). 
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Figure 25:  Relative StAR and P450scc mRNA levels in interrenal tissue from saltwater 
(Texas) and freshwater (Florida) populations of D. sabina (n = 6 population-1).  Levels of 
mRNA are expressed as log transformed values obtained using the equation of Fink et al 
(1998).  Asterisks indicate significant differences between populations (*p < 0.05; **p < 
0.01). 
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Figure 26:  24 h 1α-hydroxycorticosterone (1alpha-B) production of interrenal tissue 
stimulated by nothing (basal), 100 nM D. sabina angiotensin II (Asp1-Pro3-Ile5; n = 5), 
100 nM T. scyllia angiotensin II (Asn1-Pro3-Ile5; n = 5) or salmon angiotensin II (Asn1-
Val3-Val5; n = 5).  Error bars are +SEM.  Bars not sharing the same letter differ 
significantly (p < 0.05). 
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Figure 27:  Relative AT mRNA levels in interrenal tissue following 24 h incubation with 
nothing (basal), 100 nM D. sabina angiotensin II (Asp1-Pro3-Ile5; n = 5), 100 nM T. 
scyllia angiotensin II (Asn1-Pro3-Ile5; n = 5) or salmon angiotensin II (Asn1-Val3-Val5; n 
= 5).  Levels of mRNA in treated samples are expressed as a percentage of matched 
controls (100%).  Asterisks indicate significant differences from untreated (basal) tissue 
(*p < 0.05). 
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Figure 28:  Relative StAR mRNA levels in interrenal tissue following 24 h incubation 
with nothing (basal), 100 nM D. sabina angiotensin II (Asp1-Pro3-Ile5; n = 5), 100 nM T. 
scyllia angiotensin II (Asn1-Pro3-Ile5; n = 5) or salmon angiotensin II (Asn1-Val3-Val5; n 
= 5).  mRNA levels in treated samples are expressed as a percentage of matched controls 
(100%).  Asterisks indicate significant differences from untreated (basal) tissue (**p < 
0.01). 
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Figure 29:  Relative P450scc mRNA levels in interrenal tissue following 24 h incubation 
with nothing (basal), 100 nM D. sabina angiotensin II (Asp1-Pro3-Ile5; n = 5), 100 nM T. 
scyllia angiotensin II (Asn1-Pro3-Ile5; n = 5) or salmon angiotensin II (Asn1-Val3-Val5; n 
= 5).  mRNA levels in treated samples are expressed as a percentage of matched controls 
(100%).  Asterisks indicate significant differences from untreated (basal) tissue (*p < 
0.05). 
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Figure 30:  Plasma 1α-B values of D. sabina subjected to short- (1 hr) and long-term (24 
hr) hook-and-line stress (n = 6 series-1).  Shaded area indicates period of stress for long-
term series; animals were allowed to recover after 8 hr.  Values are log-transformed to 
reduce the effects of individual variation.  Asterisks indicate significant differences from 
basal (time 0) values (*p < 0.05). 
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Figure 31:  Plasma glucose values of D. sabina subjected to short-term (1 hr) hook-and-
line stress (n = 6).  Asterisks indicate significant differences from basal (time 0) values 
(**p < 0.01). 
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Figure 32:  Plasma osmolality, chloride and urea values of D. sabina subjected to short-
term (1 hr) hook-and-line stress (n = 6 series-1).  Asterisks indicate significant differences 
from basal (time 0) values (*p < 0.05; **p < 0.01). 
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Figure 33:  Plasma 1α-B values of D. sabina challenged with long-term (24 hr) hook-
and-line stress (n = 6) or saltwater to fresh water salinity transfer.  Shaded area indicates 
period of stress for long-term series; animals were allowed to recover after 8 h.  Values 
are log-transformed to reduce the effects of individual variation.  For transfer animals, 
asterisks indicate significant differences from values of matched controls (*p < 0.05).  
For stress series animals, plus signs indicate significant differences from basal (time 0) 
values (+p < 0.05). 
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Figure 34: Plasma glucose values of D. sabina challenged with saltwater to fresh water 
salinity transfer.  Asterisks indicate significant differences from matched control values 
(**p < 0.01). 
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Figure 35: Plasma osmolality values of D. sabina challenged with saltwater to fresh water 
salinity transfer.  Asterisks indicate significant differences from matched control values 
(**p < 0.01). 
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Figure 36: Plasma chloride values of D. sabina challenged with saltwater to fresh water 
salinity transfer.  Asterisks indicate significant differences from matched control values 
(**p < 0.01). 
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Figure 37: Plasma urea values of D. sabina challenged with saltwater to fresh water 
salinity transfer.  Asterisks indicate significant differences from matched control values 
(**p < 0.01). 
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Figure 38: Relative StAR mRNA levels in interrenal tissue of D. sabina challenged with 
saltwater to fresh water salinity transfer.  Levels of mRNA are expressed as log-
transformed values obtained using the equation of Fink et al (1998).  Asterisks indicate 
significant differences from matched control values (*p < 0.05). 
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Figure 39: Relative P450scc mRNA levels in interrenal tissue of D. sabina challenged 
with saltwater to fresh water salinity transfer.  Levels of mRNA are expressed as log-
transformed values obtained using the equation of Fink et al (1998). 
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Figure 40: Relative NPR-B and AT mRNA levels in interrenal tissue of D. sabina 
challenged with saltwater to fresh water salinity transfer.  Levels of mRNA are expressed 
as log-transformed values obtained using the equation of Fink et al (1998). 
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APPENDIX 

 

 

 

 
Representative 1α-B standard curve for the modified corticosterone enzyme-linked 
immunoassay.  Axes represent (x) log 1α-B concentration and (y) optical density (OD) 
values.  Standards range from 500 to 0.5 nM 1α-B (2.5-fold dilution series) and were run 
in duplicate for each assay.  Standard curves were fit with a 4-parameter function as 
shown. 
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