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Abstract
Sand tiger sharks, Carcharias taurus, are commonly maintained in large public aquaria throughout the 
world, but limited success has been achieved in captive reproduction. Successful captive reproduction 
in this species has only been documented in four institutions to date. In this investigation, steroid 
hormone assays in male sand tiger sharks were compared before and after dosing with a GnRH 
antagonist (Antide; Bachem, Inc., Torrance, CA). Three male sand tiger sharks were sampled serially 
for 12 months. All three sharks received two microsphere-encapsulated doses of Antide (0.185 
and 0.225 mg·kg-1), 69 days apart. Serum samples were assayed for concentrations of the steroid 
hormones 17β-oestradiol, progesterone, testosterone, 5α-dihydrotestosterone, corticosterone, and 
the GnRH antagonist Antide via radioimmunoassay. The results obtained demonstrate cyclical patterns 
in the steroid profiles, and that mean Antide level peaked 33 and 27 days following each injection, 
respectively. Circulating Antide was detectable eight months after the final treatment. Contrary to the 
anticipated effect, however, concentrations of all five steroids increased immediately following initial 
administration of the antagonist. Although the lack of control subjects precludes solid conclusions 
regarding the effects of the antagonist upon steroid hormone levels, notable declines in the levels were 
observed concurrent with peak circulating Antide levels.  Further, although we cannot attribute it to 
the antagonist, mean androgen levels declined more sharply following antagonist administration than 
those observed in a previous investigation in this group of male sharks.  This is the first documented 
use of a GnRH antagonist in any chondrichthyan. Further research, including control subjects, is 
suggested to investigate the effects of the antagonist upon steroid hormones, reproductive cycles and 
behaviour.

Introduction

The sand tiger shark, Carcharias taurus, occurs worldwide in 
a scattered distribution in coastal warm temperate to tropical 
waters, but is absent from the central and eastern Pacific 
Ocean (Compagno 2001; Castro 2011; Ebert et al. 2013). 
Despite its occurrence in scattered coastal areas, information 
from molecular genetics and tagging studies indicate little if 
any mixing between populations (Stow et al. 2006; Ahonen et 
al. 2009). As a consequence, several populations have been 
reported to have declined by as much as 90% and are listed 
from vulnerable to critically endangered by the IUCN (Pollard 

and Smith 2000, 2005; Pollard et al. 2003; Chiaramonte et al. 
2007). In the northwest Atlantic Ocean, the sand tiger shark is 
recognised as a species of concern due to reported declines 
in abundance, although a recent status update reported 
only a small decline and urged its retention on the species of 
concern list as a precautionary measure (Carlson et al. 2009). 
Wise management in wild and captive situations is therefore 
warranted. 

Sand tiger sharks are commonly maintained in large aquaria 
due to their hardiness and large size, but reproductive success 
resulting in viable young has been limited (Henningsen et al. 
2004). Reproductive behaviours in captive sand tiger sharks have 



Journal of Zoo and Aquarium Research 3(3) 2015108

Henningsen et al.

been documented (Gordon 1993; Henningsen et al. 2004; Schneble 
2014). Investigations that focus on reproductive physiology 
and its relationship to captive groups, such as Henningsen et al. 
(2008) and the current investigation, provide key information for 
successful captive management and reproduction. 

Gonadal hormones, principally androgens, are known to affect 
sexual behaviour in both sexes across vertebrate taxa, although 
they are also strongly influenced by social context or status 
(Nelson 2000; Wallen 2001; Taves et al. 2008). In bony fishes, 
the androgens testosterone (T) and 11-ketotestosterone (11KT) 
have been shown to act as mediators of sexual aggression and 
dominance in male sexual conflicts (Desjardins et al. 2008a, b; Taves 
et al. 2008). Several steroid hormones have been linked to various 
stages of the reproductive cycle in both sexes of elasmobranchs 
(Gelsleichter 2004). The principal steroid hormones in male 
elasmobranchs are T and 5α-dihydrotestosterone (DHT) (Garnier 
et al. 1999; Manire et al. 1999; Henningsen et al. 2008), and levels 
of T and DHT have been linked to sexual conflicts in male sand 
tiger sharks (Henningsen et al. 2008). The synthesis and release 
of gonadal steroids is regulated by pituitary gonadotropins and 
ultimately by the hypothalamic tropic hormone gonadotropin 
releasing hormone (GnRH). 

Several forms of GnRH occur across animal taxa, including seven 
that have been identified in the brains of some elasmobranchs 
(Sherwood and Lovejoy 1993; Wright and Demski 1993; Forlano et 
al. 2000). GnRH is produced by the hypothalamus and reaches the 
pituitary via the systemic circulation (Demski 1990a, b; Sherwood 
and Lovejoy 1993; Wright and Demski 1993). In chondrichthyan 
fishes, gonadotropin (GTH) producing cells are located in an 
anatomically separate lobe of the pituitary (ventral lobe in 
elasmobranchs, buccal lobe in holocephalans). Two vertebrate 
type GTHs (I and II) have been identified in elasmobranchs, and 
the β subunits are similar to the β subunits of FSH and LH GTHs, 
respectively. The GTHs in turn act upon gonadal and extragonadal 
receptors to mediate the production of steroids (Querat et al. 
2001; Engel and Callard 2005; Lutton et al. 2005). 

GnRH agonists and antagonists have been used to regulate, 
promote and inhibit reproduction and sexual conflicts in a variety of 
vertebrate taxa (e.g., Atkinson et al. 1998; Felberbaum et al. 2000). 
Another potential use of these GnRH analogues is to regulate the 
timing of endocrine events associated with reproduction. In other 
vertebrates investigated, GnRH antagonists cause a rapid decline 
in gonadotropin secretion through competitive binding of GnRH 
receptors (e.g. Hiurne et al. 2004). Antide is a third-generation 
GnRH antagonist that has the advantage of inducing minimal 
histamine release (Leal et al. 1991). The pharmacokinetics of 
Antide have been examined in other vertebrate models, and 
in some species, such as the cynomolgus monkey, Macaca 
fascicularis, it is effective at suppressing steroid and gonadotropin 
levels for extended periods from a single low dose (Danforth et al. 
1990, 1991). Although the use of a GnRH agonist or antagonist has 
been suggested, there are no previous published accounts of its 
use in an elasmobranch (Henningsen et al. 2004).

The glucocorticoid corticosterone (CS) was also assayed as it 
is found in measurable levels in elasmobranchs. Corticosterone 
is often assayed in elasmobranchs, as cortisol is absent in this 
group, and the principal glucocorticoid, 1α-hydroxycorticosterone 
(1α-OHB), unique to elasmobranchs, is difficult to measure (Idler 
and Truscott 1966, 1967; Truscott and Idler 1968; Hazon and 
Balmont 1998; Gelseichter 2004; Skomal and Bernal 2010). Being 
involved in the primary stress response, 1α-OHB is also involved 
in energy metabolism and ion regulation (Hazon and Balmont 
1998). Corticosterone was found to be involved in reproduction, 
and to vary across different stages of the reproductive cycle 
in the bonnethead shark, Sphyrna tiburo, and the Atlantic 
stingray, Dasyatis sabina (Manire et al. 2007). Unlike bony fishes, 

elasmobranchs possess a distinct interrenal gland, analogous to 
the adrenal gland in mammals, and part of the hypothalamic–
pituitary interrenal system. Glucocorticoids are synthesised and 
released in response to the pituitary adrenocortotropic hormone 
(ACTH), and ultimately in response to hypothalamic corticotropin 
releasing hormone (CRH) (Hazon and Balmont 1998; Gelsleichter 
2004; Skomal and Bernal 2010).

The goals of the current investigation were to measure the 
levels of circulating steroid hormones in captive mature male sand 
tiger sharks and to evaluate the GnRH antagonist. 

Methods

Animals and aquarium system
During the study period, three mature male and two mature 
female sand tiger sharks were maintained in a closed recirculating 
aquarium system as previously described by Sabalones (1995). 
Water temperature was maintained at 25.0 ± 0.02 SEM °C with 
no seasonal variation. The photoperiod varied seasonally, from 
11.5:12.5 light:dark from December to mid-January, to 13.5:10.5 
light:dark from June to mid-July.

The dominance hierarchy in this group of males has been 
determined based on behavioural responses, and the sharks 
have been designated as α, β and γ for the dominant to most 
subordinate male, respectively, and sexual conflicts were 
documented as described by  Henningsen et al. (2004, 2008)  and 
Schneble (2014).

Sampling and treatment of sharks 
The three male sharks in the investigation were sampled monthly 
beginning in August 2006 and continuing through August 2007. 
Two additional samples were collected 7 days after each of the 
two treatments, for a total of 15 samples per shark. For each 
venipuncture, the sharks were isolated one at a time in the shallow 
back-up portion of the exhibit and carefully restrained inside a 
vinyl stretcher. Blood was collected either via caudal venipuncture 
or from the dorsal post-cardinal sinus (Rasmussen and Murru 
1992; Stoskopf 1993). Following venipuncture, the sharks were 
weighed and returned to the exhibit. The blood was allowed to 
clot at room temperature and then centrifuged at 3400 rpm (1744 
x g) for 5 min. The resulting serum was placed into aliquots and 
stored at -80o C until analysed. 

The antagonist used in the investigation was research 
grade Antide (D-2-Nal-p-chloro-D-Phe-b-(3-pyridyl)-D-Ala-Ser-
Lys(nicotinoyl)-D-Lys(nicotinoyl)-Leu-Lys(isopropyl)-Pro-D-Ala-
NH2; Bachem, Inc., Torrance, CA). Antide was incorporated into 
polymer-based microspheres as described by Holland et al. (1998). 
The microspheres were made for a 90-day sustained release 
at a target dosage of 0.25 mg·kg-1 body weight of each shark, 
although the exact release kinetics of the microspheres in sharks 
at a temperature of 25o C are unknown. The microspheres were 
injected intramuscularly into the epaxial musculature of each of 
the three male sharks using a 16-gauge needle. The sharks received 
two Antide injections, the first on September 27, 2006 (Bachem 
Lots 2500073 and 0568846), and the second on December 5, 
2006 (Bachem Lot 2501585). The applied dose was less than the 
target dose due to losses incurred during resuspension of the 
microspheres, and was 0.185 and 0.225 mg·kg-1 for the first and 
second treatment, respectively. All blood sample collection and 
treatment protocols were reviewed and approved by the National 
Aquarium’s Biological Programs Research Committee. 

Steroid radioimmunoassay (RIA)
Serum samples were assayed for 17β-oestradiol (E

2), progesterone 
(P4), T, and DHT via standard RIA following chromatographic 
separation. Corticosterone was measured following extraction 
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with diethyl ether by the Endocrine Service Laboratory) of the 
Oregon National Primate Research Center, Oregon Health and 
Science University. For details of this method, see Rasmussen and 
Gruber (1990) and Manire et al. (1995). 

Antide assay
Serum levels of Antide were determined via RIA. The assay 
was performed using a homologous RIA developed for human 
serum (Woods Assay, Inc., Portland, OR). Bound and free tracer 
were separated by standard second antibody; the standard was 
authentic Antide (Lot 00DE01, maintained at -80° C). Results 
were expressed in pg·20 µl-1 but were converted to pg·ml-1 for 
comparison to the original dosage and steroid level.

Statistical analysis
All statistical analyses were conducted using SigmaStat 3.1 (Systat 
Software, Inc., Point Richmond, CA, USA) at the level of significance 
of P < 0.05. Unless otherwise noted, results are given as mean ± 
SEM. Steroid data obtained from the serial samples were analysed 
by repeated measures one-way analysis of variance (RM-ANOVA) 
with time of measurement (month) as the variable. Data that were 
not normally distributed were analysed using the non-parametric 
Kruskall-Wallis one-way ANOVA. Multiple comparison (post-hoc) 
tests were used to determine the source of the variation.

Results

Steroid and Antide levels
An annual cycle was observed in the mean levels of all steroids 
monitored (Figures 1–3). Significant elevations (P < 0.05) in T were 
observed on October 4, 2006 and July 31, 2007 and in DHT on 
October 4 and 30, 2006 and June 27, 2007 (Figure 1a, b).

The elevations in E2 were noted to be significant on October 4 (P 
< 0.001) and October 30, 2006 (P < 0.05), and on August 28, 2007 
(P < 0.001) (Figure 2a). Significant elevations in P4 were observed 
on October 30 and December 5, 2006 (P < 0.05), and a significant 
depression observed on June 27, 2007 (Figure 2b).

Significant elevations in CS were observed on October 4 and 30, 
2006 (Figure 3).

The mean levels of all steroids rose significantly following the 
first Antide treatment on September 27, 2006, and then declined. 
The levels then further declined or stayed at depressed levels 
following the second Antide treatment on December 5, 2006. The 
mean levels of E

2, P4, and CS declined more gradually than the 
androgens T and DHT, or from October through December. The 
mean level of P4, however, plateaued before and after the second 
treatment prior to declining (Figure 2b). Mean levels for four of 
the steroids remained low from January through May 2007, while 
CS increased beginning in March 2007.

Figure 1. a. Testosterone and b. dihydrotestosterone levels in pg·ml-1 in the male sand tiger sharks from August 2006 to August 2007. Values are mean ± 
SEM.  Arrows indicate dates of Antide treatments. Asterisk (*) indicates significance at P < 0.05 and ** indicates significance at P < 0.001.
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Figure 2. a. 17β-Oestradiol and b. progesterone levels in pg·ml-1 in the male sand tiger sharks from August 2006 to August 2007.  Values are mean ± SEM.  
Arrows indicate dates of Antide treatments. Asterisk (*) indicates significance at P < 0.05 and ** indicates significance at P < 0.001.

Figure 3. Corticosterone levels in pg·ml-1 in the male sand tiger sharks from August 2006 to August 2007. Values are mean ± SEM.  Arrows indicate dates of 
Antide treatments. Asterisk (*) indicates significance at P < 0.05 and ** indicates significance at P < 0.001.
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period to a mean concentration of 3,216 pg·ml-1 on August 28, 
2007 (Figure 4). 

The levels of steroids and Antide in individual sharks from 
different than those described by the mean values. The 

Mean Antide levels increased following each treatment, peaking 
29 and 33 days  post-treatment, with a significant elevation of 
43,017 pg·ml-1 on January 3, 2007 (P < 0.001). Mean serum Antide 
levels declined thereafter throughout the remainder of the study 

Figure 4. Mean Antide levels in pg·ml-1 in the male sand tiger sharks from August 2006 to August 2008.  Values are mean ±SEM. Arrows indicate dates of 
Antide treatments. Asterisk (*) indicates significance at P < 0.05 and ** indicates significance at P < 0.001.

Figure 5. a. Testosterone and b. dihydrotestosterone levels in pg·ml-1 in the individual male sand tiger sharks from August 2006 to August 2007.  α, β, and 
γ represent hierarchal status from dominant to subordinate. Arrows indicate dates of Antide treatments.
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Figure 6. a. 17β-oestradiol and b. progesterone levels in pg·ml-1 in the individual male sand tiger sharks from August 2006 to August 2007. α, β, and γ 
represent hierarchal status from dominant to subordinate. Arrows indicate dates of Antide treatments.

concentrations of T, DHT, E2, and P4 were much higher in the α 
and β males than in the γ male (Figures 5 and 6).  The trend in CS 
concentration in the γ male was more similar to those of the α 
and β males, and declined at a slower rate following the second 
treatment (Figure 7).

Antide levels in individual sharks reached the highest maximum 
concentrations on January 3, 2007 of 36,600 pg·ml-1, 29,950 
pg·ml-1, and 62,500 pg·ml-1 in the α, β, and γ male, respectively 
(Figure 8). Serum levels of Antide declined following the January 
3, 2007, peak in the α and γ males. In the β male, however, an 
elevation in Antide level from 250 pg·ml-1 to 15,750 pg·ml-1 was 
observed from March 28 to May 1, 2007.

Discussion

In the current investigation, an annual cycle in steroid concentration 
was observed in the three males at both the group (mean) and 
individual levels. This corroborates the results given in Henningsen 
et al. (2008), which involved the same three male sand tiger sharks 
during 2001 and 2002. The levels at the beginning of the current 
study, however, were noticeably higher in the pretreatment 
samples, August and September 2006, than reported for the 
same months in 2001–2002 (Henningsen et al. 2008). Sexual 
conflicts were also initiated earlier in 2006 and 2007, peaking 

in October and November (personal observation). In previous 
years, the peak occurred from February to April (Henningsen et al. 
2008; Schneble 2014). It is suspected that a long-term elevation 
in water temperature in the early summer of 2005 shifted the 
reproductive cycle in the males to an earlier time. Temperature 
and photoperiod are major factors affecting the reproductive 
cycle (Demski 1990 a,b). Steroid levels reported in Henningsen et 
al. (2008) and in the current study support this theory. Of note, 
however, the sequential elevations in steroid levels in the males 
according to dominance hierarchy as reported by Henningsen et 
al. (2008) and Schneble (2014) were not obvious in the current 
investigation, perhaps due to a combination of the temporal shift 
in reproductive cycles and their manipulation by the application 
of Antide. Indeed, based upon the steroid levels of the individual 
males, the Antide treatments may have led the α and β males to 
be more synchronous. 

Glucocorticoids are steroid hormones involved in the response 
to acute and chronic stressors. 1α-hydroxycorticosterone (1α-OHB) 
is the principal glucocorticoid in elasmobranchs, but there is no 
antiserum available for the assay and so most studies evaluate 
corticosterone (Rasmussen and Gruber 1990; Manire et al. 2007). 
The current investigation supports the observations by Manire et 
al. (2007) in male bonnethead sharks and male Atlantic stingrays 
of elevated CS around the time of mating and of variation in CS 
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Figure 7. Corticosterone levels in pg·ml-1 in the individual male sand tiger sharks from August 2006 to August 2007. α, β, and γ represent hierarchal status 
from dominant to subordinate. Arrows indicate dates of Antide treatments

Figure 8. Antide levels in pg·ml-1 in the individual male sand tiger sharks from August 2006 to August 2007. α, β, and γ represent hierarchal status from 
dominant to subordinate. Arrows indicate dates of Antide treatments.

concentrations over the course of the reproductive cycle. As noted 
by Manire et al. (2007), small changes in CS may be reflective of 
larger changes in 1α-OHB. The prolonged elevations of CS in the γ 
male in the current investigation, despite Antide treatment, may 
be indicative of stress associated with being the most subordinate 
male.

While all three sharks in the current investigation received the 
same dosage of Antide and were of similar weight, noticeable 
differences were observed in the circulating Antide levels. Due 

to the variable time involved in capturing, sampling, and dosing 
the sharks, the time delay between subjects may have reduced 
Antide bioavailability in the microspheres following resuspension, 
as it is best applied within a one- to two-hour period following 
resuspension (Kight, personal observation). In the current 
investigation, the maximum time from suspension to treatment 
was 3.5 hours. The observed concentrations, however, do not 
fully explain the differences in Antide level due to treatment 
order. Of note was the observation of a substance leaking from 
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one of the injection sites in the γ male in early January 2007. This 
male also showed a 62% decline in Antide level from January 3 to 
January 30, 2007, samples compared to the 20% and 17% declines 
observed for the α and β males, respectively. This decline may not 
be completely attributable to a purported leak of microspheres, as 
slightly smaller declines were observed following the first peak on 
October 30, 2006, in both the α (42%) and γ (51%) males, while a 
7% increase in Antide level occurred from October 30 to December 
5, 2006, in the β male. Interestingly, a dramatic decrease in food 
intake was observed in the γ male from December through mid-
January 2007, concurrent with the peak Antide level. The return 
to normal interest in food was temporally linked to a rapid decline 
in the Antide concentration. Although there were transient small- 
scale elevations in steroids associated with this change in the γ 
male, these cannot be positively associated with the decline in 
Antide.

This investigation provides the first documented use of a GnRH 
antagonist in any chondrichthyan species. In addition, it is the 
first investigation to show the release kinetics of a GnRH analog 
in a chondrichthyan. At this point, we may only speculate on the 
actions of the antagonist Antide on this group of male sand tiger 
sharks, primarily due to a lack of control subjects.  Although in 
the current study, the sexual conflicts did not continue to the 
extent described previously in this group of sharks by Henningsen 
et al. (2008) and Schneble (2014), we could not determine the 
role of Antide in this difference. In addition, the mean levels of 
steroids, especially the androgens, declined more sharply than 
that observed by Henningsen et al. (2008) following Antide 
administration, but without a control, this cannot be attributed 
to the antagonist. The small number of male sand tiger sharks in 
the current investigation limited the use of concurrent controls, 
but earlier endocrine assays demonstrated cyclical patterns 
associated with the reproductive cycle in these captive sand tiger 
sharks. Comparisons of the timing of the seasonal elevations in 
steroids from previous results and this investigation may indicate 
some effect from the antagonist, but without a control this 
remains speculative. While this limits conclusions, this initial study 
has shown that the GnRH antagonist Antide can provide sustained 
release for about one month, and persists in circulation for at least 
eight months. Future investigations using larger sample sizes and 
control subjects may prove useful in managing reproductive cycles 
and sexual conflicts in captive elasmobranchs. 
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