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Abstract 

It is widely accepted that thyroid hormones (THs) influence gonadal development and 

functioning; however, our understanding of the molecular mechanisms underlying TH-induced 

effects with regard to reproduction is limited. There is increasing evidence that TH actions are 

mediated via androgenic mechanisms in gonadal tissues. I first investigated the degree to which 

induced hypothyroid conditions affect molecular mechanisms underlying crosstalk between the 

TH and reproductive axes. To do this, frogs were chronically exposed to low concentrations of 

potassium perchlorate (KClO4) for one year. KClO4 altered TH- and androgen-related gene 

expression in tissues of both developing and sexually mature Silurana tropicalis frogs; female 

growth (e.g., body mass, snout vent length, and hind limb length) was reduced and male-biased 

traits such as plasma androgen content and sperm motility were also negatively impacted. THs 

(triiodothyronine (T3) and thyroxine (T4)) as well as the deiodinase inhibitor iopanoic acid (IOP) 

were used as model compounds to further assess the consequences of TH status on select stages 

in frog development. I also incorporated the use of androgens (testosterone (T), 5α-

dihydrotestosterone (5α-DHT), and 5β-dihydrotestosterone (5β-DHT)) to elucidate potential 

reciprocal mechanisms of crosstalk between the androgen and TH axes. Ex vivo exposures using 

male and female juvenile reproductive tissues were performed to examine mechanisms of 

crosstalk sans hypophyseal feedback as well as investigate possible sex-specific molecular 

responses to THs and androgens. Ex vivo exposures provided (i) evidence that TH-related gene 

expression can be directly regulated by androgens and (ii) demonstrated for the first time the sex-

specific transcriptional effects of TH and androgen mediated actions on gonadal tissues of frogs. 

Lastly, I established sex-determining gene transcript profiles during S. tropicalis early 

development and investigated the putative role of THs in determining gonadal fate. Elevated TH 

levels increased the expression of gonadal differentiating genes in larval S. tropicalis and in silico 

analysis identified TH binding motifs in the putative promoter regions further supporting TH-
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mediated regulation. This doctoral research provides not only novel mechanistic and 

developmental insight into the bidirectional crosstalk between the TH and androgen axes, but also 

elaborates upon the putative role of THs throughout the reproductive lifecycle of frogs.  
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1.1 Thesis rationale and approach  

Thyroid hormones (THs) regulate growth and development. The developmental effects of THs 

are best exemplified by amphibian metamorphosis (Laudet, 2011). Metamorphosis can either be 

induced or inhibited by treatment with either exogenous THs or anti-TH agents, respectively. THs 

however, function as part of complex intercellular networks, sharing signaling pathways with 

other hormones, and regulating other endocrine axes. Evidence from frogs as well as other 

vertebrate species suggest that THs influence sexual development, reproductive function, and 

their associated molecular mechanisms and pathways (reviewed in: Duarte-Guterman et al., 2014; 

Flood et al., 2013 – Ch. 1; Habibi et al., 2012; Wagner et al., 2009, 2008; Wajner et al., 2009; 

Cooke et al., 2004; Maran, 2003). Our understanding of the molecular mechanisms underlying 

TH-induced effects with regard to reproduction is however limited. The primary objective of this 

thesis was to examine molecular mechanisms underlying crosstalk between the TH and androgen 

axes in the Western clawed frog (Silurana tropicalis; for more information on this model species 

refer to section 1.11). 

I first investigated the degree to which induced hypothyroid conditions affect molecular 

mechanisms underlying this crosstalk between the TH and reproductive axes (Ch. 2 and 3). Frogs 

were chronically exposed to low concentrations of the pervasive TH-disruptor perchlorate (ClO4
–

). ClO4
– has been detected in surface and ground waters across North America (environmental 

presence discussed in greater detail in Ch. 3). ClO4
– competitively inhibits the uptake of iodide (I–

) via the Na+/I– symporter (NIS) limiting the synthesis of the iodine-rich THs, thyroxine (T4) and 

triiodothyronine (T3), by the thyroid gland (Carr et al., 2008). Even though ClO4
– seemed to 

induce the androgen system in anurans (Ch. 2 and Ch. 3), it was not possible to determine 

whether the effects observed in vivo reflect (i) direct regulation in the gonad, or (ii) indirect 

regulation by the brain and/or pituitary. Iopanoic acid (IOP) was subsequently used to examine 

mechanisms of direct crosstalk ex vivo in individual tissues (Ch. 4) as well as to investigate 

disrupted TH signaling prior to thyroid gland organogenesis (Ch. 5). IOP inhibits local deiodinase 
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(dio) function. Dios are enzymes responsible for the activation and deactivation of THs within 

individual tissues (reviewed in Kohrle, 1996; Visser and Schoenmakers, 1992). IOP is non-

specific impeding all dio function, as a result the chemical locally induces both hypo- and 

hyperthyroid conditions: (i) leading to the accumulation of THs and (ii) preventing further local 

synthesis of active hormones. The impact of IOP is therefore highly tissue specific (discussed in 

detail in Ch. 4 and 5). To further examine mechanisms of direct crosstalk, select tissues and 

embryos were also exposed to the THs T4 and T3 (Ch. 4 and 5). I also incorporated the use of 

androgens (testosterone (T), 5α–dihydrotesterone (5α-DHT), and 5β-dihydrotesterone (5β-DHT)) 

to elucidate potential reciprocal mechanisms of crosstalk between the androgen and TH axes (Ch. 

4 and 5). In summary, this suite of chemicals and hormones enabled me to examine the effects 

TH status (hyper- or hypothyroidism) as well as androgenic actions throughout the lifecycle of S. 

tropicalis. 

In Chapter 2, I began by investigating how ClO4
– influences mechanisms of crosstalk 

during the period of sexual differentiation. The use of low concentrations of ClO4
– also facilitated 

the evaluation of sex differences in the sub-lethal toxicity of KClO4 between male and female S. 

tropicalis frogs post-metamorphosis (Ch. 3). Ex vivo exposures using juvenile testes and ovaries 

were performed to further explore sex-specific molecular responses to TH status and androgenic 

signaling (Ch. 4). Lastly, exposures during S. tropicalis embryogenesis and early larval 

development were performed to investigate a putative role for THs in determining gonadal fate 

(Ch. 5). In amphibians, basic information regarding the expression of sex determining genes is 

also lacking. Therefore, I established transcriptional profiles during the period of embryogenesis. 

In summary, I investigated the putative role of THs throughout the reproductive lifecycle of frogs 

– from early embryogenesis to sexual maturity in order to test my hypothesis.  
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1.2 Knowledge gap identification 

Thyroid hormones (THs) influence many developmental processes, including reproduction. 

However, the specific mechanisms underlying this hormonal interaction are largely debated. 

Initially, it was believed that the female axis solely mediated the effects of THs on the 

reproductive development of either sex. Consequently, the interrelationships between the estrogen 

and TH axes are well established and have been previously reviewed (teleost fish: Habibi et al., 

2012; mammals: Bagamasbad and Denver, 2011; Vasudevan et al., 2002; Doufas and 

Mastorakos, 2000). Over the last two decades, a more direct crosstalk between the androgen and 

TH axes has also been suggested (Wagner et al., 2009; Wagner et al., 2008). However, the 

molecular basis for cross-regulation between these two hormonal pathways is still largely 

unexplored and has not been extensively reviewed. In this comparative review, I provided further 

evidence for direct crosstalk between the androgen and TH axes throughout male reproductive 

development, weakening the proposal that the female reproductive axis solely mediates TH 

effects.  

TH regulation has been implicated in the reproductive development of many different 

vertebrate species (zebrafish, Danio rerio: Liu et al., 2011; Filby et al., 2007; rainbow trout, 

Oncorhynchus mykiss: Holloway et al., 1999; Western clawed frog, Silurana tropicalis: Duarte-

Guterman and Trudeau, 2011; Langlois et al., 2011; Langlois et al., 2010a; Duarte-Guterman et 

al., 2010; African clawed frog, Xenopus laevis: Goleman et al., 2002; Bocage’s Wall Lizard, 

Podarcis bocagei: Bicho et al., 2013; Indian garden lizard, Calotes versicolor: Haldarmisra and 

Thapliyal, 1981; American tree sparrows, Spizella arborea: Reinert and Wilson, 1996; Indian 

finch, red munia, Estrilda amandava: Saxena et al., 2011; Lal munia, E. amandava: Thapliyal and 

Pandha, 1967; sheep, Ovis aries: Karch et al., 1995; rat, Rattus norvegicus: Tamura et al., 1998). 

This cross regulation has been studied extensively on the physiological level, with many studies 

examining the role of the TH axis in testes function and development (X. laevis: Goleman et al., 

2002; Hokkaido salamander, Hynobius retardatus: Kanki and Wakahara, 1999; P. bocagei: Bicho 



 

 

 

5 

et al., 2013; C. versicolor: Haldarmisra and Thapliyal, 1981; Lonchura punctulata: Gupta and 

Thapliyal, 1984; E. amandava: Saxena et al., 2011; Thapliyal and Pandha, 1967; Chicken, Gallus 

gallus: Akhlaghi and Zamiri, 2007; O. aries: Parkinson et al., 1995; R. norvegicus: Marchlewska 

et al., 2011; Anbalagan et al., 2010; Wagner et al., 2009, 2008; Wajner et al., 2009; Holsberger 

and Cooke, 2005; Lagu et al., 2005; Cristovao et al., 2002; Jannini et al., 1995; Homo sapiens: 

Maran, 2003). Therefore, I focus primarily on transcriptional, hormonal and cellular responses 

within the male reproductive-axis to elucidate the molecular controls behind this hormonal 

interaction. I reviewed information concerning both mammalian and non-mammalian species to 

stress the conserved nature of TH regulation in male reproductive development. I acknowledge 

that species-specific variation in the interaction between THs and male reproduction does exist; 

however, crosstalk between the androgen and TH axes appear to be maintained in some degree 

across vertebrates. I believe our findings effectively demonstrate that THs have considerable 

influence in the sexual ontogeny of male vertebrates and strengthen the proposal of cross-

regulation between the androgen- and TH-axes.  

The purpose of my general introduction (Ch. 1) is to not only summarize and compare the 

known effects of THs (or TH status, hyper- or hypo-thyroidism) on androgen synthesis (e.g., 

enzymes) and action (e.g., hormone receptors), but also present evidence of reciprocal androgenic 

regulation of TH-signaling in different vertebrate species. It is important to note that androgens 

can also affect the TH axis; however, information for this direction of crosstalk is much more 

restricted.  

1.3 Androgenic involvement in TH biosynthesis 

An understanding of the TH hierarchy enables us to better identify and elucidate points where 

crosstalk is possible. The hypothalamus–pituitary–thyroid axis (HPT) has been reviewed in 

vertebrate species with regard to development and reproduction (teleosts and amphibians: Carr 

and Patino, 2011; Brown and Cai, 2007; mammals: Wagner et al., 2009, 2008). Previous reviews 
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solely examined the regulatory role of THs in reproductive development. Here I focus on the 

potential for cross-regulation between androgenic factors and THs throughout TH biosynthesis in 

a brief outline of the HPT structure. 

Considering the extent of the proposed regulatory role of THs in the androgen axis, an 

understanding of TH biosynthesis could assist in elucidating where potential crosstalk between 

androgens and THs can occur. Throughout normal thyroid gland functioning, the thyroid-

releasing hormone (TRH) is released from the hypothalamus. TRH then triggers the release of 

thyroid-stimulating hormone (TSH) or thyrotropin, from thyrotrope cells in the pars distalis of the 

adenohypophysis (Fig. 1.1). Studies show that TRHs and TSHs are susceptible to regulation by 

other endocrine systems at the hypothalamic and pituitary levels. Gonadotropin-releasing 

hormones (GnRHs), from the hypothalamus–pituitary–gonad axis (HPG) interfere with the TH 

axis, increasing TSH secretion (American bullfrog, Rana catesbeina: Okada, 2004; Northern 

leopard frog, Rana pipiens: Denver, 1988). An increase in TSH production would lead to a 

subsequent increase in TH synthesis. TSH binds to receptors on the thyroid follicle cell 

membrane, stimulating the biosynthesis of the iodine-containing THs, tetraiodothyronine or 

thyroxine (T4), and triiodothyronine (T3). T4 is the principle form of TH secreted from the 

thyroid gland; however, it is quickly metabolized into T3, the more potent form of TH. In 

addition to increased TSH concentrations, a number of studies have demonstrated that exposure 

to GnRH induces T4 secretion, increasing T4 production and serum concentrations in fish (Barfin 

flounder, Verasper moseri: Chiba et al., 2004; masu salmon, Oncorhynchus masou: Chiba et al., 

2004; goldfish, Carassius auratus: Chiba et al., 2004) and amphibians (R. pipiens Denver, 1988; 

Marsh frog, Rana ridibunda: Jacobs et al., 1988; Common frog, Rana temporaria: Jacobs et al., 

1988; European frog, Rana esculenta: Jacobs et al., 1988; A. mexicanum: Jacobs and Kuhn, 

1987). However, no changes in circulating T3 concentrations were observed in fish in response to 

GnRH increases (C. auratus: Mackenzie et al., 1987). Discrepancies between T4 and T3 level 
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fluctuations suggest that gonadotropins can increase the baseline circulating TH concentration, 

but the appropriate deiodinase activity would have to be stimulated in order to increase the 

concentration of the active TH. 

Deiodinases (dios: dio1, dio2, and dio3) activate and deactivate THs via iodination and 

deiodination of their phenolic rings (Fig. 1.1; reviewed in Kohrle, 1996; Visser and 

Schoenmakers, 1992). Thus, the coordination of the expression and activity of the deiodinase 

enzymes in individual tissues regulates the concentration of active THs, according to the specific 

needs of the tissue. The spatiotemporal distribution and expression of deiodinases have been 

shown to respond to androgen signaling. For example, exposure to finasteride, a known disruptor 

of androgen biosynthesis, increases dio2 and decreases dio3 mRNA levels in brain and liver 

tissues of pre-metamorphic tadpoles (Fig. 1.1; S. tropicalis: cited in Langlois et al., 2011; Duarte-

guterman et al., 2009), suggesting that TH axis is responsive to circulating androgen 

concentrations. In support of observed deiodinases activity, T4 and T3 ratios and concentrations 

fluctuate with androgen levels. Testosterone (T) treatment had no effect on the plasma 

concentrations of T4, but reduced the T3 concentrations in rainbow trout (Salmo-gairdneri 

Richardson (Leatherland, 1985). Moreover, studies have identified androgen receptors (ar) in the 

thyroid gland of different vertebrate species (American alligator, Alligator mississippiensis: 

Bermudez et al., 2011; mammals: reviewed in Pelletier, 2000), suggesting that the androgen axis 

directly regulates TH synthesis. Androgenic regulation of both the synthesis and the peripheral 

metabolism of THs alone, demonstrates considerable crosstalk between the androgen and TH 

axes. Further research on these potential regulatory and feedback mechanisms will further 

strengthen the proposed mechanism. 

1.4 TH-related machinery within gonadal tissues 

Dios are responsible for TH peripheral metabolism and thyroid receptors (trs) mediate TH 

activity at sites of action, both are present within gonadal tissues. Moreover, it has become clear 
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that the distribution of TH-related machinery in gonadal tissues is highly sex-specific. Studies 

have identified dios in the testes of vertebrate species, and the role of dios within testicular 

functioning in mammalian species has been reviewed in detail (see reference Wagner et al., 

2009). In developing rats (R. norvegicus), Dio1 and Dio2 activity are higher in the testes 

compared to ovaries, whereas Dio3 activities is higher in ovary tissue (Bates et al., 1999). 

Recently, similar observations have been confirmed in non-mammalian species. Testes of striped 

parrotfish (Scarus iseri) are characterized by higher dio2 mRNA levels than ovaries (Johnson and 

Lema, 2011). Also, testes of O. mykiss are characterized by higher transcripts of dio2, and dio2 

expression is dependent on spermatogenic stages, increasing at the beginning of spermatogenesis 

(Sambroni et al., 2001). Moreover, Duarte-Guterman and Trudeau (2011) demonstrate that dio1, 

dio2 and dio3 mRNAs are significantly higher in testes compared to ovaries in the frog S. 

tropicalis. Altogether, this demonstrates that maintenance of a baseline level of active THs by 

dios could be necessary to vertebrate testes development. 

TRs mediate TH signaling and are crucial for testes development and function. The 

expression of trs in testicular tissues and their physiological implications in mammalian species 

have been reviewed thoroughly (Wagner et al., 2009; Valadares et al., 2008).The trα and trβ 

genes code for a number of tr-isoforms including: trα1, trα2, trα3, trβ1, trβ2, and trβ3. These 

various tr-isoforms are expressed in a range of tissue types including testes (fish: Johnson and 

Lema, 2011; Sambroni et al., 2001; reptiles: Cardone et al., 2000; mammals: Williams, 2011; 

Zamoner et al., 2011; Holsberger and Cooke, 2005; Buzzard et al., 2000; Jannini et al., 1999; 

Jannini et al., 1990). Apriletti et al. (1998) reviewed in detail the various modes of action of TR 

isoforms in mammals. The expression of trs in testes is dependent on circulating TH 

concentrations. Recent studies demonstrate that tr mRNA within gonadal tissues fluctuate with 

TH production, reinforcing auto-regulation by THs (Wagner et al., 2009, 2008; De Paul et al., 

2008). Similar to dios, significant differences in tr expression exist between sexes. In select fish 
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and amphibians, testes are characterized by greater tr mRNA levels than ovaries (S. iseri: Johnson 

and Lema, 2011; S. tropicalis: Duarte-Guterman and Trudeau, 2011). Sex-specific ratios of dios 

and trs suggest that the TH-axis is involved in gonadal differentiation. In the testes, trs have 

distinct patterns of spatiotemporal expression dependent on stage of development. The expression 

of trs decreases with sexual maturation, suggesting that THs play a crucial role in early testes 

development and cessation of signaling is responsible for testes maturation (R. norvegicus: 

Canale et al., 2001; Buzzard et al., 2000; Jannini et al., 1999; Jannini et al., 1990). In addition, 

extra-thyroidal expression of TSH-receptors and TRH-receptors has been identified in the testes 

(fathead minnow, Pimephale promelas: Lema et al., 2009; European sea bass, Dicentrarchus 

labrax: Rocha et al., 2007; Japanese quail, Coturnix japonica: Catena et al., 2003; mammals: 

reviewed in Williams 2011). However, the regulatory role of these receptors in male gonads 

remains unclear. 

In summary, the transcriptional profiles of tr in testicular tissues suggests a direct 

regulatory role for THs in male gonadal development. The concentration and distribution of trs in 

the gonadal tissues change in response to thyroidal state, implying a functional role for THs 

within the testicular development. Moreover, TH-related gene expression and enzyme activity 

appear to be sexually dimorphic in vertebrates, with enhanced gene expression and enzymatic 

activity within the testes. Lastly, the distribution and abundance of TH-related machinery is 

dependent on the stage of testicular development. However, further research on TH 

transcriptional regulation in gonadal tissues is necessary to fully understand the role of THs in 

testicular development, especially in non-mammalian species. 

1.5 TH transcriptional regulation 

TH actions within the testes can be performed through rapid membrane and cytoplasm-initiated 

actions (Zamoner et al., 2011), as well as through more classical and well-known nuclear receptor 

activation. Non-genomic regulation is a relatively unexplored mechanism of potential androgen 



 

 

 

10 

and TH crosstalk. However, here I focus on tr-mediated regulation of androgen-related gene 

expression. Transcriptional regulation of target genes has been established as the primary 

regulatory mechanisms of THs. At the genomic level, the effects of THs are mediated through 

nuclear trs (amphibians: Shi et al., 1996; mammals: Glass, 1994). Nuclear receptors are 

intimately associated with chromatin and bind respective hormones with high affinity and 

specificity (Lazar, 2003). T3 is the main biological TH and readily binds to tr isoforms over T4 

(Apriletti et al., 1998). Hormone binding is associated with the conformational change of the 

receptor that causes it to function as a transcriptional activator. Transcription of TH-inducible 

genes is initiated by trs recruiting co-activators and binding to specific nucleotide sequences in 

the promoter region. Common TH-related co-activators include retinoid X receptor (RXR) and 

retinoic acid receptor (RAR) (Zhang et al., 1992; Yu et al., 1991). The specific DNA sequences 

that mediate transcriptional activation or repression in response to T3 are referred to as thyroid 

response elements (TREs). In the promoter region of the genes, trs bind to the TREs with high 

affinity as monomers, homodimers, and even heterodimers (Apriletti et al., 1998). In addition, trs 

can bind TREs constitutively independent of ligand occupancy; unliganded trs repress the 

transcription of TH-inducible genes by recruiting co-repressors when binding to TREs in 

promoters (Zhang and Lazar, 2000; Ribeiro et al., 1995; Glass, 1994). The presence of T3 in 

target tissues, such as testes, and TREs in target genes thereby dictates when and where trs can 

activate or repress gene expression. To understand potential cross-regulation between the 

androgen- and TH-axes, it is necessary to review tr mechanisms of action and TH auto-regulation. 

One of the primary target genes for tr transcriptional activation is the tr gene itself 

(Apriletti et al., 1998). Thus, auto-regulation may be a means to amplify the effects of THs in 

responsive tissues by increasing the expression of trs. Using in silico modeling, I predict potential 

auto-regulation in TH-related genes of mammals, amphibians, and fish (Fig. 1.2). TREs (i.e., 

TGACCT, TGTCCT, TTGAGCTA, TGTCCT/nnnnn/TGTCCT, TGACCT/nnnnn/TGTCCT) are 
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observed in the promoter regions of dio1, dio2, dio3, trα, and trβ of M. musculus, S. tropicalis, 

and medaka (Oryzias latipes). In TH-related genes, more TREs are found in promoters of 

mammals (n = 15) compared to amphibians (n = 9) and fish (n = 9). These findings highlight 

potential evolutionary differences in TR auto-regulation and may explain differences in species-

specific responses to disruptions in TH-biosynthesis. Moreover, species-specific patterns of auto-

regulation may reveal differences in the extent of genome mediated regulation between species. 

For instance, I observed fewer TREs in trα (n = 1) and trβ (n = 0) gene promoter regions of S. 

tropicalis, compared to both O. latipes (trα, n = 3; trβ, n = 3) and M. musculus (trα, n = 5; trβ, n = 

2). Interestingly, even though no TREs are found in trβ of S. tropicalis, Duarte-Guterman and 

Trudeau (2011) observed dramatic increases in trβ in the gonad–mesonephros-complex of S. 

tropicalis larvae treated with T3 suggesting possible non-genomic regulation by THs in frogs. 

Non-genomic mechanisms (e.g., ion fluxes at the plasma membrane) can be connected via signal 

transduction pathways to nuclear events, meaning hormonal signals that begin in the plasma 

membrane can still modulate gene transcription (reviewed in Zamoner et al., 2011). This offers a 

possible explanation regarding the sensitivity of trβ to T3 despite the apparent lack of TREs in the 

promoter region of S. tropicalis analyzed in the present revision, however further investigation 

into non-genomic regulation of TH-related genes in vertebrate species is required. 

Moreover, seeing as dios are largely responsible for concentrations of active circulating 

THs, it is imperative to consider the genomic regulation of TH peripheral metabolism. This form 

of autoregulation may amplify the effects of THs in responsive tissues by raising the circulating 

concentrations of active THs. The TRE profile for the deiodinase promoter regions (dio1, dio2, 

and dio3) reveals potential evolutionary trends. The deiodinase promoters of M. musculus (2–3 

per gene; n = 8) and S. tropicalis (2–3 per gene; n = 8) has the same cummulative number of 

TREs, whereas the promoter regions of O. latipes (n = 3) has fewer (1 per gene; Fig. 1.2). Nelson 

and Habibi (2009) suggest that dio3 transcription is primarily regulated by trs in fish. However, 
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our findings may weaken the proposal that trs solely regulate deiodinases in fish, as only one 

TRE is observed in dio3 of O. latipes. Similarly, only one TRE is observed in the promoter 

regions of dio1 and dio2 in O. latipes, suggesting possible species-specific differences in genomic 

and non-genomic regulation of deiodinases. However, further experimental confirmation of 

promoter binding in different species is needed to elucidate possible species-specific differences. 

1.5.1 The influence of THs on androgen-related receptors and enzymes 

The presence of TH machinery in testicular tissues implies that the TH axis must regulate aspects 

of testicular functioning. Indeed, hypothyroid males exhibit testes and sperm dysfunction. Sertoli 

and Leydig cells are responsible for androgen biosynthesis and spermatogenesis in vertebrates 

(Lema et al., 2009; Cristovao et al., 2002; Nagendra Prasad et al., 1999; Panno et al., 1996). The 

proliferation and functioning of Sertoli and Leydig cells are co-regulated by ar. Consequently, I 

can hypothesize that THs may interact with the ar promoter region, which in turn mediates the 

effects of THs. It is now recognized that THs can influence androgen responsiveness in testicular 

tissues, with previous studies demonstrating that THs are involved in the direct regulation of the 

ar. THs may influence androgen gene expression by directly interacting with components of ar 

transcriptional apparatus. In silico modeling of TREs in putative promoter regions of the 

androgen-related genes in mammals and tetrapods provides evidence for a direct and vertebrate-

wide crosstalk (Fig. 1.2). Further experimental data is needed to corroborate these findings. TREs 

were identified in the ar promoter region in M. musculus (n = 3), S. tropicalis (n = 3), and O. 

latipes (n = 2). The arβ gene is only expressed in O. latipes and two TREs were identified in the 

promoter region of this gene. Studies have shown that THs directly regulate ar expression by 

binding to ligand binding domains (LBD) within the ar promoter. Varriale and Esposito (2005) 

previously identified a putative TH response element in the hamster AR promoter. In additon, 

Estebanez-Perpina et al. (2007) demonstrated that the analog 3,3′,5-triiodothyloacetic acid can 

bind to a second LBD in AR in mammals. Accordingly, THs can induce changes in ar expression 
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supporting of the presences of TREs in the ar promoter. Studies demonstrate that T3 treatment 

increases ar mRNA in vertebrate testes (Tungara frog, Physalaemus pustulosus: Duarte-

Guterman et al., 2012; S. tropicalis: Duarte-Guterman and Trudeau, 2011; Italian wall lizard, 

Podarcis sicula: Cardone et al., 2000; M. musculus: Wagner et al., 2009, 2008; R. norvegicus: 

Arambepola et al., 1998, Sisci et al., 1997; Panno et al., 1996). Based on similar findings, 

Cardone et al. (2000) also concluded that THs must directly modulate ar mRNA levels in Italian 

wall lizard, P. sicula. Moreover, T3 enhances ar expression in whole embryo and whole larvae 

brain tissues in frogs (Tungara frog, P. pustulosus: Duarte-Guterman et al., 2012; S. tropicalis: 

Duarte-Guterman and Trudeau, 2011; Duarte-Guterman and Trudeau, 2010), demonstrating 

crosstalk in numerous tissues. Conversely, reduced T4 levels decrease Ar expression within the 

testicular tissues of R. norvegicus (Xiao et al., 2010). Similarly, Anbalagan et al. (2010) 

demonstrated that transient gestational-onset hypothyroidism affects male fertility by altering Ar 

expression in different testicular tissues, further confirming the direct relationship between these 

two axes. Overall, the regulation of ar by THs appears to be consistent with the presence of TREs 

in fish, mice and frog ar promoter regions (Fig. 1.2). 

In addition to ar, TH may also regulate other genes and enzymes involved in androgen 

biosynthesis and signaling. The enzyme 5α-reductase (srd5α) is essential as it converts T into the 

more potent androgen, 5α-dihydrotestosterone (5α-DHT). TH treatment enhances 5α-reductase 

expression and activity within the testes (Duarte-Guterman and Trudeau, 2011; Duarte-Guterman 

et al., 2010; Kala et al., 2002; Ram and Waxman, 1990), increasing circulating 5α-DHT 

concentrations. Kala et al. (2002) demonstrated that persistent hypothyroidism in rats exposure 

significantly decreased 5α-reductase activity in testicular tissues. TREs are present in the putative 

promoter regions of srd5α2 and srd5α3 (2–6 per gene; n = 11) in M. musculus. TREs are present 

in the putative promoter regions of every reductase-isoform in S. tropicalis (1–4 per gene n = 9). 

Whereas, TREs are observed in srd5α1 and srd5α2 in O. latipes (2–4 per gene n = 8). Further 
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experimental confirmation of promoter binding in different species is needed to distinguish 

between isoform preferences between species. I also identified TREs in the putative promoter 

region of 11-β hydroxysteroid dehydrogenase 2 (11β-hsd2; mammals (n = 7), S. tropicalis (n = 

4), and O. latipes (n = 5)). In vertebrates, 11β-hsd2 converts the active ligand cortisol to 

cortisone, an inactive form unable to bind to glucocorticoid receptors; in fish however, it presents 

an additional function as a key step in the biosynthesis of the major fish androgen 11-

ketotestosterone (11-KT). In fish, 11β-hsd2 is important for the masculinization of the gonad 

(Nagendra Prasad et al., 1999). Seeing as THs can directly regulate these steroidogenic genes as 

well as indirectly via ar, there is a calculated level of redundancy suggesting that TH signaling 

plays a crucial role in androgen signaling. These findings in mammalian and non-mammalian 

species propose a direct role for THs in steroidogenesis, which will be examined further in later 

sections. 

1.5.2 Androgenic regulation of TH-related receptors and enzymes 

Recent studies have demonstrated that tr transcript levels and distributions within testes are 

responsive in turn to androgen fluctuations. Filby et al. (2007) demonstrate that flutamide, an 

anti-androgenic compound increases trβ expression in male P. promelas liver. Similarly, intersex 

individuals are characterized by different tr gene profiles than classic male and female 

phenotypes in S. tropicalis (Langlois et al., 2011; Duarte-Guterman et al., 2009). These findings 

demonstrate the potential for ar to directly regulate the TH axis, a possibility that has been largely 

overlooked by previous studies. Using in silico modeling, I observed that androgen response 

elements (AREs; i.e., GAGGA, TGTTCT, TGTTCT/nnnnn/TGTTCT) are present in the putative 

promoter regions of dio and tr isoforms of M. musculus (n = 9), S. tropicalis (n = 5), and O. 

latipes (n = 6) (Fig. 1.2). AREs are present in the putative promoter of dioss in the three model 

species (n = 2–3 per promoter). However, AREs are absent in the dio3 promoter region of M. 

musculus and O. latipes, and dio2 in S. tropicalis. In addition, a greater number of AREs are 
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observed in the putative promoter regions of tr-isoforms in M. musculus (n = 7) compared to S. 

tropicalis (n = 2) and O. latipes (n = 3). No AREs were identified in the promoter of trα in S. 

tropicalis and trβ of O. latipes. These differences in response element distribution suggest 

varying degrees of crosstalk between genes as well as a potential mechanism to preserve TH 

signaling without input from other endocrine axes. Androgen antagonists can modify the 

activation state of ar. Thus, if AREs are present in the promoter region of TH-related genes, one 

would expect disrupted androgen signaling to result in induced changes in the expression of that 

gene. Changes in trα mRNA brain and liver tissues of chemically induced intersexed S. tropicalis 

were not observed (Langlois et al., 2011; Duarte-Guterman et al., 2009) consistent with the 

absence of AREs in the promoter region of this receptor. Similarly, Nelson and Habibi (2009) 

demonstrated that trβ mRNA did not increase with T and 11-Ketotestosterone (11-KT) treatment 

in C. auratus. Further study on ar auto-regulation is necessary to better understand cross-

regulation between the androgen and TH axes. 

In silico modeling also indicates that androgens regulate ar isoforms and have 

transcriptional influence on other genes involved in androgen biosynthesis. AREs were identified 

in the ar putative promoter region in fish and tetrapods (n = 2 per species). In addition, AREs are 

present in arβ in fish (n = 3). Androgens also regulate genes involved in steroidogenesis. The 

promoter region of srd5β, the enzyme responsible for the production of 5β-DHT (Langlois et al., 

2010b), is characterized by higher abundance of AREs in S. tropicalis (n = 17) compared to M. 

musculus (n = 1) and O. latipes (n = 1), highlighting an potential important regulatory role for 

srd5β in androgen biosynthesis in frogs. 

In summary, in silico analysis provides insight into possible mechanisms of direct 

crosstalk between the androgen and TH axes. The presence of AREs and TREs in promoter 

regions of ar and trs indicates that androgen- and TH-related genes can be directly auto-regulated 

by their own nuclear receptors as well as indirectly by the other endocrine receptors. Seeing as 
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THs can manipulate ar expression, the identification of AREs in the putative promoter regions of 

androgen-related genes also reveals potential genes susceptible to TH level changes. 

Consequently, fluctuations in circulating androgens or THs may have the ability to disrupt the 

transcriptional regulation of either hormonal axis. These findings strengthen the proposal of 

crosstalk between the androgen and TH axes and highlight that THs can have considerable 

influence in the sexual ontogeny of male vertebrates. Promoter analysis indicates potential 

evolutionary trends and species-specific differences in TRE and ARE profiles. Further 

experimental confirmation of promoter binding is needed to distinguish between species-specific 

differences, as well as between genomic and non-genomic regulation. In particular, 

transcriptional evidence between androgen and TH axes is lacking in avian and reptilian species. 

1.6 Putative role of THs in the gonadal fate 

Sex-determining-genes are epitomized by linkage to a specific sex chromosome or by having 

considerable influence in sexual differentiation and gonadal formation (Nakamura, 2010, 2009; 

Barske and Capel, 2008; reviewed in Vilain and McCabe, 1998; Morais da Silva et al., 1996). 

Given that the expression of the sex-determining-genes occurs primarily during a relatively brief 

and sensitive period of development, the susceptibility of these genes for transcriptional 

interference by exogenous hormones or endocrine disrupting chemicals (EDCs) represents an 

important area of future study. 

Responsible for male gonadal differentiation, the sex-determining region Y gene (sry) 

activates male-specific transcription factor sex-determining region Y box 9 (sox9), which induces 

the bipotential cells of the testes to differentiate into testicular Sertoli cells (Kent et al., 1996; 

Morais da Silva et al., 1996). Conversely, inhibition of sox9 expression results in differentiation 

into ovarian granulosa cells in mammals (Piprek, 2009; Kobayashi et al., 2005; Kent et al., 1996). 

In amphibians (Dumond et al., 2011), reptiles (Rhen and Schroeder, 2010), birds (Smith and 

Sinclair, 2001), and mammals (Piprek, 2009; Kobayashi et al., 2005; Kent et al., 1996) the 
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expression of sox9 is sexually dimorphic, with higher mRNA levels observed in males. Fish and 

amphibians present a more interesting case. In Japanese wrinkled frogs, sox9 is expressed in both 

male and female gonads (Rana rugosa; Suda et al., 2011). Similarly, in fish, sox9 isoforms are 

expressed in both testes and the ovaries (Liu et al., 2007; Santos et al., 2007; Kluver et al., 2005). 

However, Kluver et al. (2005) show that sox9α is ovary-specific while sox9β is exclusively 

expressed in the testes, demonstrating significant differences in the gonadal expression of sox9 

isoforms. Despite differences in sox9 expression between species, studies suggest sox9 may 

interact with the TH axis (Fig. 1.3). 

TH-related transcription factors may influence sox9 expression in mammalian testes, as 

sox9 has been shown to interact with TRAP230, a component of the TH receptor associated 

protein (TRAP) to govern developmental processes (D. rerio: Rau et al., 2006; H. sapiens: Zhou 

et al., 2002). Moreover, this member of the mediator complex expressed in both testes and 

ovaries mediates effects on either sex axis (Treuter et al., 1999). Indeed, it has been implied that 

TRAP proteins are required for testicular differentiation (Wang et al., 2002; Zhou et al., 2002). 

Further evaluation of potential sex-differences in this transcription factor is required. The 

possibility of shared co-activating factors between the two axes suggests possible cross-regulation 

between sex differentiating genes and trs. Outside the reproductive axes, studies show that THs 

influence sox9 expression (Okubo and Reddi, 2003). Okubo and Reddi (2003) demonstrated that 

Sox9 transcripts in M. musculus chondrocytes significantly decreases with T4 exposure. Thus, 

THs may also have the potential to negatively regulate sox9 expression in vertebrate gonadal 

structures; however, further investigation into the co-regulation by THs and sox9 in non-

mammalian species is required. 

Furthermore, sox9 stimulates the nuclear receptor steroidogenic factor 1 (sf1), which in 

turn activates a suite of genes required for gland functioning and hormone biosynthesis. Encoded 

by the NR5A1 gene, sf1 has an important role in sexual differentiation because it is expressed in 



 

 

 

18 

primordial organ cell clusters fated to differentiate into mammalian adrenal glands, testes and 

ovaries (Zhao et al., 2001; reviewed in Vilain and McCabe, 1998). This transcription factor is 

primarily expressed in the Leydig cells; however, Parker and Schimmer (2002) provided a list of 

putative targets for Sf1 in the mammalian system, which include both Leydig and Sertoli cells, 

and their associated transcriptional factors. Expression of Sf1 is associated with the onset of 

steroidogenesis and is thought to be responsible for the regulation of cholesterol side-chain 

cleavage cytochrome P450 (P450scc; Cyp11a1), steroidogenic acute regulatory protein (StAR), 

17α-hydroxylase (Cyp17) and 3β-hydroxysteroid dehydrogenase (3β-hsd) genes (Parker and 

Schimmer, 2002). It has been demonstrated that Sf1 binds to AGGTCA-like half sites found in all 

steroidogeneic cyp-promoters (reviewed in Honkakoski and Negishi, 2000). NF5A1 recognition 

sequences have been identified in mammalian StAR promoter regions (Hiroi et al., 2004a,b; 

Sugawara et al., 1997a,b). Furthermore, Manna et al. (2001a,b) demonstrate that T3 exposure 

increases StAR mRNA levels, and moreover, that T3-mediated StAR responses are dependent on 

Sf1 expression, as inhibition of the latter by dax-1 (dosage sensitive sex reversal (DSS), adrenal 

hypoplasia congenita (AHC) critical region on the X chromosome, gene 1) considerably 

diminishes T3 mediated regulation. Furthermore, TH treatment decreases aromatase activity 

within Sertoli cells of R. norvegicus, whereas in a cell line with mutations in Sf1 promoters results 

in no changes, indicating that the Sf1 response element must be present with its integrity 

preserved for T3 to have any effect (Catalano et al., 2003). Therefore, it establishes sf1 as a 

mediator of T3 during male sexual differentiation. It has been noted that there is a lack of TREs 

in the Sf1 gene in mammalian species (cited in Manna et al., 2001a,b) suggesting other cofactors 

are required for THs to influence Sf1 expression or THs may even act in a species-specific 

manner. Using plasma resonance techniques, Valadares et al. (2008) demonstrated that Trβ is 

capable of binding to Sf1 regulatory activator peptides. Coinciding with higher trβ concentrations 

within the testes, it appears that THs can regulate sf1 through regulatory complexes. However, it 
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is possible that trs may regulate sf1 expression by binding to different promoter regions. These 

studies emphasize secondary control by THs, where one gene component upstream may mediate 

a multitude of effects further downstream, efficiently and effectively enabling THs to regulate a 

number of processes and gain access to other endocrine axes. 

In mammalian species, dax-1 expression decreases with testes differentiation (Iyer and 

McCabe, 2004, Parker and Schimmer, 2002; Vilain and McCabe, 1998). In contrast, dax-1 

mRNA levels do not decrease during testes differentiation in reptiles (reviewed in Rhen and 

Schroeder, 2010) and birds (Smith and Sinclair, 2001). Exhibiting a greater degree of 

conservation across vertebrate species, dax-1 works in parallel with the sry network to regulate 

testicular cell differentiation. Studies have shown Dax-1 negatively regulates Sf1 expression in 

vertebrates (Park et al., 2005; Iyer and McCabe, 2004). Similarly, studies show that Dax-1 

inhibits Sox9 transcription in M. musculus (Ludbrook et al., 2012).The testis differentiating gene 

dax-1 has considerable influence over gonadal development, as the receptor interacts with other 

nuclear receptors within gonadal tissues. 

Studies demonstrate that dax-1 can regulate TH-related gene expression. In vitro studies 

indicate that the protein Dax-1 can bind to and negatively regulate the expression of Trβ in 

vertebrates (Valadares et al., 2008; Moore et al., 2004). Therefore, dax-1 has the potential to limit 

the masculinizing activities of TRs. Studies show that the two nuclear receptors work in an 

antagonistic manner on different regulatory levels with one another to govern male sexual 

differentiation. Factors involved with gonadal maintenance are regulated by Dax-1 as response 

elements for Dax-1 are found in Ar (mammalian cell line: Holter et al., 2002). Indeed, the Dax-1 

receptor binds to the promoter region of Ar and represses gene expression in mammals (Holter et 

al., 2002). Conversely, studies show that TH treatment induces corresponding increases in ar 

expression (P. pustulosus: Duarte-Guterman et al., 2012; S. tropicalis: Duarte-Guterman and 

Trudeau, 2011; Duarte-Guterman et al., 2009; P. sicula: Cardone et al., 2000; M. musculus: 
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Wagner et al., 2009, 2008; R. norvegicus: Arambepola et al., 1998, Sisci et al., 1997; Panno et al., 

1996). Moreover, I have observed the presence of TREs in the putative promoter region of ar as 

well as in other androgen related genes (Fig. 1.2). Thus, it appears that dax-1 and THs have 

antagonistic roles in regulating ar gene expression. 

In addition, dax-1 and trs interfere with androgen biosynthesis by interacting directly 

with steroidogeneic genes (Fig. 1.3). Studies show that dax-1 represses expression of cyp11a1 

and StAR in fish during steroidogenesis (Zhao et al., 2006). Dax-1 binds directly to the promoter 

transcription factor recognition elements of StAR in mammals, negatively regulating expression 

(Park et al., 2005; reviewed in Lalli and Sassone-Corsi, 2003; Manna et al., 2001a,b). THs on the 

other hand positively regulate StAR mRNA expression and activity. Antagonistic crosstalk 

between these two nuclear receptors highlights potential time sensitive regulatory mechanisms. 

Critically lacking is data on the effects of hyper- or hypothyroid conditions on various gonadal 

differentiation genes’ mRNA levels (e.g., sry, sox9, dax-1, sf1, dmrt-1) as well as evidence of 

direct interactions, such as analysis of promoter regions of these genes in non-mammalian species 

(i.e., fish, amphibians, reptiles and birds). The lack of research on non-mammalian species may 

be a result of greater research focus placed on external environmental factors (i.e., temperature, 

photoperiod, etc.) regulating sex determination in these species or simply that sex determining 

genes have not yet been identified in those select species. 

1.7 TH regulation of gonadotropins 

Fluctuations in circulating TH concentrations induce subsequent responses in the synthesis, 

secretion, circulation, metabolism and the physiological action of androgen hormones. The HPG-

axis ultimately regulates androgen signaling and biosynthesis. Originating from the 

hypothalamus, GnRH regulates the biosynthesis and secretion of the gonadotropins: luteinizing 

hormone (LH) and follicle stimulating hormone (FSH), which are largely responsible for gonadal 

formation and maintenance of the gonadal structures. Circulating gonadotropins and their 
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physiological effects are typically governed by hypothalamic-hormones and feedback from down-

stream products; however gonadotropins are also subject to regulation by other endocrine systems 

(Fig. 1.1). Both induced hyper- and hypo-thyroid conditions alter circulating gonadotropin 

concentrations, as well as related-gene expression in vertebrates (mammals: Wagner et al., 2009, 

2008; Chiao et al., 2002; Chiao et al., 1999). Studies have identified TREs in the GnRH promoter 

region (Kakar, 1997). In addition, studies demonstrate that decreased TH levels result in an 

increase in GnRH cell proliferation and (Parhar et al., 2000) and circulating GnRH levels 

(Wagner et al., 2009, 2008; Chiao et al., 1999). Moreover, I previously showed that this 

regulation is bidirectional with gonadotropins altering TH synthesis. Thus, crosstalk at the level 

of hormone synthesis will have downstream consequences in androgen and TH signaling. Here I 

will review the interactions of THs with gonadotropins in relation to the male reproductive axis. 

Studies show that LH biosynthesis is subject to the influence of THs (Fig. 1.1), with THs 

sharing an inverse relationship with the gonadotropin across different regulatory levels. LH 

induces steroidogenesis in the Leydig cells, which are responsible for the production of potent 

androgens, such as T. Mendis-Handagama and Ariyara (2004) demonstrated that TH exposure 

stimulates Leydig cell testosterone production. Hypothyroid conditions decrease circulating LH 

concentrations in vertebrates (G. gallus: Jacquet et al., 1993; R. norvegicus: Wagner et al., 2009, 

2008; Maran, 2003; Chiao et al., 1999; Valle et al., 1985). Similarly, Cristovao et al. (2002) 

demonstrated that severe hypothyroidism induces decreased proliferation of leydig cells. For 

mammalian species, TREs are present within the promoter of the LH receptor (Lhr) gene (Tsai-

Morris et al., 1993) and increases in Lhr expression are observed in M. musculus Leydig cells 

exposed to T3 (Manna et al., 2001a). This demonstrates that THs can directly regulate LH actions 

and provides an indirect mechanism of action in which THs can impact androgen biosynthesis. 

Interactions between this gonadotropin and THs suggest the existence of vertebrate wide crosstalk 
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between the two axes. However, further investigation into mechanisms of direct cross-regulation 

studies in non-mammalian species is required. 

Similarly, studies demonstrate that THs interfere with the FSH pathway, which is 

responsible for the proliferation and functioning of Sertoli cells. Found within the seminiferous 

tubules, Sertoli cells are responsible for spermatogenesis. The mechanistic influence of FSH on 

Sertoli cells in mammals has been well reviewed by Holsberger and Cooke (2005). The 

gonadotropin shares an inverse relationship with THs (Fig. 1.1), with FSH concentrations 

increasing in hypothyroid conditions. Studies reveal that serum concentrations of FSH increase in 

thyroidectomized male O. aerius compared to control individuals (Anderson et al., 2003; 

Parkinson et al., 1995). Accordingly, studies have demonstrated that TH fluctuations influence 

the rate and cessation of Sertoli cell proliferation (Marchlewska et al., 2011; Cristovao et al., 

2002). TSH has been shown to positively bind to the promoter region of the FSH receptor (fshr) 

in birds (Dobozy et al., 1982) ensuring the initiation of spermatogenesis and Sertoli cell 

proliferation. Thus, it has been proposed that the fshr partially mediates the effects of TSH in 

male sexual development. A number of studies attribute subsequent changes in steroid- and 

androgen-related gene expression to fluctuations in FSH and LH induced by TH interference. 

Given that THs induce responses in LH and FSH production and secretion, THs have the 

potential to indirectly impact steroid biosynthesis. 

1.8 Regulatory role of THs in steroidogenesis 

Steroidogenesis is a complex pathway in which hormones involved in the male and female 

reproductive-axes, as well as from the stress-axis are produced. Many enzymes are involved in 

cholesterol degradation which leads to androgen production. Interference in the functioning of 

one of these enzymes could ultimately lead to changes in T production. Studies have identified 

interaction between THs and the steroidogenic enzymes responsible for androgen biosynthesis. 
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Fig. 1.4 illustrates androgen biosynthesis, a section of the steroidogenesis pathway and includes a 

list of studies that investigate the effects of TH regulation on the steroidogenic enzymes. 

Cholesterol serves as the precursor of androgens and is metabolized into intermediate 

forms in a series of steps to ultimately produce T. StAR mediates transport of cholesterol and 

P450scc converts cholesterol to pregnenolone, both respond to changes in TH concentrations 

(Kim et al., 2011; Chiao et al., 2002; Manna et al., 2001a). In vitro T3 exposure increase mRNA 

levels of Cyp11a1 and StAR (M. musculus: Kim et al., 2011; Manna et al., 2001a). Thus, THs 

have considerable influence over the initiation of steroidogenesis, as StAR and P450scc are 

limiting factors in androgen production (Miller and Bose, 2011). 

The synthesis of intermediate progesterone and androgens in the steroidogenesis pathway 

is mediated by 3β-hsd. In vitro TH treatments increase in 3β-hsd activity in fish (Nagendra Prasad 

et al., 1999) and mammals (Kim et al., 2011; Antony et al., 1995). In vivo studies show that 

induced hypothyroid conditions decrease 3β-hsd activity and mRNA levels in mammals (Antony 

et al., 1995). Whereas, Rasheeda et al. (2005) conversely highlight no changes in gene expression 

of 3β-hsd under hypothyroidic conditions in testes in the air-breathing catfish (Clarias 

gariepinus). The enzyme cyp17 is responsible for the conversion of pregnenolone and 

progesterone intermediates to 17α-hydroxypregnenolone and 17α-progesterone, respectively, and 

it also converts androstenedione from the previous precursors. Acute T3 treatments result in an 

increase in Cyp17 expression in Leydig cells of R. norvegicus (Manna et al., 2001a). Fish with 

hypothyroidism demonstrate no changes in expression of cyp17 in testes were observed (C. 

gariepinus (Rasheeda et al., 2005). T3 exposure enhances 3β-hsd and cyp17 transcript levels in 

accordance with the presence of presumptive TREs in the promoter. Suda et al. (2011) identified 

AREs in the promoter of cyp17a1 in R. rugosa tadpoles. THs are a putative regulator of ar 

expression (Fig. 1.2), consequently ar could serve as an additional transcriptional mediator for 

THs in androgen biosynthesis. Further experimental confirmation of promoter binding in 
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steroidogenesis is needed to distinguish between direct and indirect mechanisms of TH 

regulation. 

The final steps of androgen biosynthesis are catalyzed by 17β-hydroxysteroid 

dehydrogenase (17β-hsd), the enzyme responsible for producing androstenediol and T. 

Consequently, 17β-hsd has high protein levels in testes and seminal vesicles. In vivo and in vitro 

studies demonstrate that 17β-hsd mRNAs decrease following diminished circulating TH 

concentrations in testes of R. norvegicus (Biswas et al., 1994). After androstenedione is reduced 

to T by 17β-hsd in Leydig cells, Sertoli cells are then responsible for the reduction of T into the 

potent androgen 5α-DHT by 5α-reductases. In Fig. 1.2, in silico analysis suggests that TREs are 

present in the putative promoter region of 5α-reductases. TH treatment enhances 5α-reductase 

expression and activity within the testes (Fig. 1.4; S. tropicalis: Duarte-Guterman and Trudeau, 

2011; Duarte-Guterman et al., 2010; R. norvegicus: Kala et al., 2002; Ram and Waxman, 1990), 

increasing 5α-DHT concentrations. Conversely, goitrogen exposure inhibits 5α-reductase in R. 

norvegicus (Anbalagan et al. 2010; Chiao et al., 2002; Kala et al., 2002; Ram and Waxman, 

1990). To attest that THs influence 5α-reductase expression, studies have demonstrated that 

induced hypothyroid conditions decrease T concentrations (fish: Swapna et al., 2006; birds: 

Akhlaghi and Zamiri, 2007; Weng et al., 2007; mammals: Wagner et al., 2009, 2008; Maran, 

2003; Chiao et al., 2002; Chiao et al., 1999). This indicates that high TH concentrations favor the 

formation of androgens via the increasing of androgen-related enzyme activity. Therefore, THs 

represent potentially a local regulatory mechanism in the testes. 

In fish, unlike mammals and other tetrapods, 11-KT is the most important physiological 

androgen in males (Borg and Mayer, 1995). Recently, the androgenic potency of 5α-DHT and 11-

KT was compared in juvenile P. promelas, revealing that both androgens have comparable power 

in their ability to activate somatic growth, the expression of secondary sexual characteristics and 

spermatogenesis in males (Margiotta-Casaluci and Sumpter, 2011). Thiourea treatment results in 
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a reduction of 11-KT in C. gariepinus serum and tissue levels (Swapna et al., 2006), thus 

providing evidence that THs regulation of androgen production is conserved across vertebrates. 

All together, these findings demonstrate that steroidogenesis is responsive to TH-level 

fluctuations, and each intermediate enzymatic step of androgen biosynthesis may interact with 

THs (Fig. 1.4). In vertebrates, androgen and TH responses appear to be fixed across in vivo and in 

vitro studies, highlighting the extent to which transcriptional crosstalk is conserved. 

1.9 Significance 

Researchers acknowledge that the various endocrine axes work in an integrative fashion yet I 

continue to view and examine them as separate entities. I believe this has contributed to an 

oversight in the degree of crosstalk between the androgen and TH-axes as well as between other 

hormone pathways. A number of review papers have examined the complex interactions of THs 

with the androgen (Zamoner et al., 2011; Wagner et al., 2009, 2008; Wajner et al., 2009; Cooke et 

al., 2004; Maran, 2003; Jannini et al., 1999), estrogen (Habibi et al., 2012; Bagamasbad and 

Denver, 2011; Vasudevan et al., 2002; Doufas and Mastorakos, 2000), and stress (Peter, 2011; 

Leatherland et al., 2010; Denver, 2009) pathways. Based on the degree of crosstalk between these 

systems and the influence of THs in each, I propose that the TH-axis orchestrates and responds to 

feedback from other hormone pathways rather than working in parallel to them (Fig. 1.5). Other 

studies have also suggested that THs play a central role in hormonal signaling, for example Hayes 

(1997) placed THs as the center of a regulatory network of other hormones (e.g., estrogen, T and 

growth hormones, etc.) that interact to induce developmental changes in anurans. 

Many examples of the versatile regulatory role of the TH axis have been highlighted in 

this review: (i) THs play a crucial role in early development influencing many developmental 

programs (e.g., sexual differentiation); (ii) THs are responsible for seasonal changes in various 

species (e.g., gonadal recrudescence), thus demonstrating a continuous active role throughout the 

life span of an organism; (iii) the regulatory roles of THs are tissue specific, however THs, TR 
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and deiodinases are universal to every tissue; and (iv) TH-related machinery is characterized by a 

sex bias, with greater TH expression associated with the male phenotype. These conclusions 

along with the findings of previous studies show that the TH axis is highly integrated with other 

endocrine networks and through crosstalk influences an organism’s development on many 

spatiotemporal scales. Therefore, I propose greater emphasis be placed on the regulatory potential 

of the TH axis and crosstalk with other endocrine axes in vertebrate species. 

1.10 Literature review summary 

In summary, this review illustrates transcriptional, cellular and hormonal responses to TH 

treatment within the male reproductive-axis. Interestingly, within the various processes governing 

male sexual development considerable redundancy exists in androgen and TH-mediated actions 

to ensure normal testicular development. Moreover, an androgen and TH crosstalk seems to be 

conserved across vertebrate species. Overall, the findings provide support for the hypothesis that 

THs are important contributing factors in male sexual development and weaken the proposal that 

the estrogen axis solely mediates TH effects. In summary, there is strong evidence that THs 

directly regulate male reproductive development by (1) coordinating sex-determining-genes that 

set the reproductive ontogeny in favor of males; (2) enhancing steroidal gene expression, which 

contributes to stimulated androgen synthesis; (3) enhancing androgen responsiveness by 

increasing ar expression; and (4) directly binding to response elements within select androgen-

related genes. Moreover, in silico analysis identified AREs in the putative promoter regions of 

TH-related genes which indicates that the androgen axis may regulate components of TH 

biosynthesis. The consequences of androgen-mediated regulation of the TH axis in vertebrate 

development should be investigated further in future studies. 

1.11 Model species 

The Western clawed frog (Silurana tropicalis) has been used extensively in developmental 

biology and toxicology research. This species of frog is strictly aquatic, and is thereby a highly 
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relevant organism choice for use in the study of EDCs that accumulate in both surface and ground 

waters. A single female will lay between 1,000 and 3,000 eggs per breeding, thus permitting 

multiple acute exposures (~96 h) to be run in tandem. Moreover, tests conducted using amphibian 

embryos are widely considered to be an alternative to animal experiments (reviewed in Scholz et 

al., 2013). In addition, the generation time of this species is four to five months for males and 

seven to eight months for females; (Olmstead et al., 2009) which facilitates the evaluation of 

chronic exposures from spawn to sexual maturity. Lastly, the S. tropicalis genome has been fully 

sequenced; therefore extensive genomic resources are available for this species (James-Zorn et 

al., 2013; Hellsten et al., 2010). 

1.12 Research objectives 

The primary purpose of this thesis was to examine the molecular mechanisms underlying the 

crosstalk between the TH and androgen axes during the life cycle of S. tropicalis. I first 

investigated the degree to which induced hypothyroid conditions affect molecular mechanisms 

underlying crosstalk between the TH and reproductive axes. To do this, frogs were chronically 

exposed to low concentrations of KClO4 representative of those found in North American surface 

waters (Ch. 2 and Ch. 3). The effects of this TH disruptor on developmental- and reproduction-

related endpoints were then examined, and possible mechanisms of KClO4-disruption were 

assessed using molecular biomarkers. Our general hypothesis stated that KClO4 alters both 

developmental and reproductive systems in frogs by affecting TH- and sex steroid-related gene 

expression (Table 1.1). The specific use of low concentrations of KClO4 also facilitated the 

evaluation of differences in the sub-lethal toxicity of KClO4 between male and female S. 

tropicalis frogs post-metamorphosis. THs (T3 and T4) as well as the deiodinase inhibitor 

iopanoic acid (IOP) were used as model compounds to further assess the consequences of TH 

status on select stages in frog development. I also incorporated the use of androgens (T, 5α-DHT, 

and 5β-DHT) to (i) examine the possible effects of androgenic actions on frog development and 
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(ii) elucidate potential reciprocal mechanisms of crosstalk between the androgen and TH axes. Ex 

vivo exposures using male and female juvenile reproductive tissues were performed to examine 

mechanisms of crosstalk sans hypophyseal feedback as well as investigate sex-specific molecular 

responses to THs and androgens (Ch. 4). Although instances of sex reversal in hypo- and 

hyperthyroid conditions have been documented, the function of gender has rarely been considered 

or studied explicitly with regard to TH disruption. Lastly, exposures during S. tropicalis 

embryogenesis and early larval development were performed to address a knowledge gap 

identified in our literature review, which suggests that TH signaling may play a putative role in 

determining gonadal fate (Ch. 5). This doctoral research provides not only novel mechanistic and 

developmental insight into the bidirectional crosstalk between the TH and androgen axes, but also 

corroborates and elaborates upon the putative role of THs throughout the reproductive lifecycle of 

frogs. 

 

The specific hypotheses of this thesis are listed in Table 1.1. Brief chapter descriptions and main 

findings can also be found in the Chapter summary section. 
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Table 1.1 Overall progression of the thesis and experimental approach 

 

CHAPTER 1: General introduction and literature review  

 

IDENTIFICATION OF KNOWLEDGE GAPS: 

1. What are the molecular mechanisms underlying crosstalk between the TH and 

reproductive axes during hypothyroid conditions? (Ch. 2 & Ch. 3) 

2. Can androgens reciprocally regulate TH-related transcription? (Ch. 4) 

3. Do THs play a role in gonadal fate? (Ch. 5) 

 

CHAPTER 2: Crosstalk between the thyroid hormone and androgen axes during reproductive 

development in Silurana tropicalis  

HYPOTHESES 

Tadpole development and metamorphosis are dependent on THs - KClO4 induced 

deficiencies in THs during sexual differentiation will:  

1. reduce S. tropicalis metamorphic indices.  

2. decrease TH-related transcripts in select tissues.  

Tadpole sexual development is influenced by THs - KClO4 induced deficiencies in THs 

during sexual differentiation will:  

3. induce a female-biased sex ratio in developing S. tropicalis. 

4. decrease androgen-related transcripts in select tissues. 

OUTCOMES 

1. Hind limb development was impeded in putative female tadpoles. 

2. Expression of trα and trβ decreased in hepatic tissue in NF stage 60 tadpoles.  

3. Percentage of females was greater in the highest KClO4 treatment compared to control 

frogs.  

4. Transcripts of srd5α2 conversely increased in hepatic tissues of female NF stage 60 

tadpoles.  

NEW QUESTION 

 What are the lasting effects of a developmental exposure (hatch to sexual maturity) to 

low concentrations of KClO4 on adult amphibians after metamorphosis? (Ch. 3) 

 

CHAPTER 3: Lifecycle exposure to perchlorate differentially alters morphology, biochemistry, 

and transcription as well as sperm motility in Silurana tropicalis frogs  

HYPOTHESES 
1. Frog development and metamorphosis are dependent on THs – chronic KClO4 induced 

deficiencies in THs will reduce S. tropicalis morphometric indices. 

Frog sexual development is influenced by THs – chronic KClO4 induced deficiencies in THs 

will: 

2. decrease TH- and androgen related transcripts, while increasing estrogen-related 

expression in testes and ovaries of adult male and female S. tropicalis.  

3. decrease circulating plasma androgen concentrations in adult male and female S. 

tropicalis. 

4. reduce sperm quantity and quality in male S. tropicalis. 
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OUTCOMES 
1. Female growth (e.g., body mass, snout vent length, and hind limb length) was reduced by 

chronic exposure to low concentrations of KClO4.  

2. Dimorphic expression patterns of cyp19 and srd5α2 were disrupted in ovary tissue of 

KClO4-treated female frogs.  

3. Plasma androgen content was negatively impacted by long-term exposure to KClO4 in 

male frogs. 

4. Sperm motility decreased following long-term exposure to KClO4.   

NEW QUESTION 

 Are molecular mechanisms of crosstalk between the TH and androgen axes in sexually 

mature S. tropicalis sex-specific? (Ch. 4) 

 

CHAPTER 4: Thyroid hormones and androgens differentially regulate gene expression in testes 

and ovaries of juvenile Silurana tropicalis  

HYPOTHESES 

Sex steroid-related gene expression in – and production from – testes and ovaries are 

regulated by THs:  

1. TREs will be present in the putative promoter regions of sex steroid-related genes. 

2. Direct exposure to THs will differentially regulate sex steroid-related gene expression in 

– and production from – testes and ovaries.  
TH-related gene expression is influenced by androgens:  

3. AREs will be present in the putative promoter regions of TH-related genes. 

4. direct exposure to androgens will differentially regulate TH-related gene expression in 

testes and ovaries. 

OUTCOMES 

1. In silico promoter analysis revealed TREs in the putative promoter regions of erα and 

cyp19. 

2. Elevated TH levels decreased srd5α2 expression in ovary tissue, while the release of 5α-

DHT from testis tissue increased. 

3. In silico promoter analysis revealed AREs in the putative promoter regions of erα and 

cyp19. 

4. Ex vivo exposure to either androgens increased trβ expression in testes and decreased trβ 

transcripts in ovaries. 

NEW QUESTION 

 Do THs and androgens regulate sex determination early in frog development? (Ch. 5) 

CHAPTER 5: Expression of sf1, dax-1, and sox9 are regulated by thyroid hormones and 

androgens during Silurana tropicalis early development  

HYPOTHESES 

1. Sex determination occurs during embryogenesis and transcripts of sf1, sox9, and dax-1 

will be present during early frog development. 

2. Sex steroid-related gene expression in embryos is regulated by THs and TREs will be 

present in the putative promoter regions of sf1, sox9, and dax-1. 

3. Deiodinases are present early during embryogenesis and the inhibition of dio1, dio2, and 

dio3 will alter the expression of sex determining-, sex steroid-, and TH-related genes.  
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4. Sex steroid-related gene expression and enzyme activity are present during 

embryogenesis and direct exposure to androgens during early larval development will 

alter the expression of sex determining-, sex steroid-, and TH-related genes. 

OUTCOMES 

1. All sex-determining genes were detected during early frog development.  

2. TH binding motifs were identified in the putative promoter regions of sf1, dax-1, and 

sox9 in S. tropicalis. 

3. Inhibition of peripheral dio-activity increased the expression of sf1 and dax-1 in NF stage 

46 larvae.  

4. Exposure to androgens decreased sf1, dax-1, sox9, ar, srd5α2, and trβ transcripts. 

CHAPTER 6: General Discussion 
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Pituitary 

Gland

Pars 

Distalis

Thyroid 

Gland

dio1

dio3

dio1

dio2

T4

rT3

T3

T2

dio1

dio2

dio1

dio3

Amphibian Tissue Treatment Response Ref

R. pipiens Pituitary in vitro; 

mGnRH

 TSH Denver, 

1988 T4
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Figure 1.1.  

Schematic representation of hypothalamus–pituitary-thyroid/gonadal axis interactions. Chart 

includes a list of endpoints compiled from gonadotropin and TH related studies. An upward 

pointing arrow indicates an increase in hormone concentration, gene expression or enzyme 

activity, whereas a downward pointing arrow indicates a decrease in hormone concentration, gene 

expression or enzymatic activity, and a flat line indicates no observable change in endpoints. This 

figure incorporates both the hypothalamic regulation of androgen and TH synthesis and 

effectively brings together aspects of crosstalk from numerous functional levels. Results highlight 

possible evolutionary differences between species as well as demonstrating vertebrate wide 

patterns in hormone response. Abbreviations: TRH, thyroid releasing hormone; TSH, thyroid 

stimulating hormone; GnRH, gonadotropin releasing hormone; LHRH, Luteinizing releasing 

hormone; dio1, deiodinase type 1; dio2, deiodinase type 2; dio3, deiodinase 3; T4, thyroxine; T3, 

triiodothyronine;rT3, reverse triiodothyronine; T2, 3,5-diiodo-l-thyronine; LH, luteinizing 

hormone; FSH, follicle stimulating hormone; T, testosterone. (See above-mentioned references 

for further information). 
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Figure 1.2.  

Promoter analysis of M. musculus, S. tropicalis and O. latipes TH- (dio1, dio2, dio3, trα, and trβ) 

and androgen- (srd5α1, srd5α2, srd5α3, srd5β, hsd11β2, and ar) related genes. TREs are shown 

in blue and AREs are represented by green arrows. All sequences used for analysis were collected 

from the Ensembl Project (http://www.ensembl.org) and the GenBank/EMBL Database of the 

National Center of Biotechnology Information (NCBI). Putative transcription factor binding sites 

(TFBSs) within the putative promoter (−2000 to +1) were identified by Transcription Element 

Search Software (TESS; Schug, 2008) and MULAN software (Ovcharenko et al., 2005). The 

nucleotide sequence homology was analyzed using the software BLASTN at http://www-ncbi-

nlm-nih-gov.proxy.queensu.ca/BLAST. Legend: Blue, TREs and Green, AREs.  

http://www.ensembl.org/
http://www-ncbi-nlm-nih-gov.proxy.queensu.ca/BLAST
http://www-ncbi-nlm-nih-gov.proxy.queensu.ca/BLAST
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Figure 1.3.  

Proposed mechanisms of TH-regulation in molecular genetic events surrounding sexual 

determination and differentiation in males. Black circles indicate the initiating direction of action. 

Arrows indicate activation, whereas solid lines indicate inhibition. Boxes with question marks 

signify potential connections that require further investigation. In the male gonad, sry activation 

is followed by sox9 activation by processes that possibly involving nuclear receptors. Interactions 

between, sox9 and TRAP suggest TRAP may be a part of a coactivator complex, regulating 

expression. In turn, sox9 activates sf1, which activates select steroidogenic enzymes. It has been 

suggested that dax-1 could act at multiple steps inhibiting expression. Similarly, THs could act in 

multiple steps and levels. The sex-determining genes sry, sox9, and sf1 have all been shown to 

independently activate ar expression. Abbreviations: ar, androgen receptor; cyp11a1, P450 

cholesterol side-chain cleavage enzyme; cyp17, Cytochrome P450 17α Hydroxylase; cyp19, 

aromatase; dax-1, DSS–AHC on X chromosome gene 1; sf1, steroidogenic factor-1 gene; sox9, 

SRY box-9 gene; sry, sex-determining region Y chromosome gene; StAR, steroidogenic acute 

regulatory protein; THs, thyroid hormones; TRAP, thyroid receptor associated protein. 
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Figure 1.4.  

Schematic representation of the effects of THs on the steroidogeneic enzymes involved in 

androgen biosynthesis within the testes. Chart includes a list of endpoints compiled from TH and 

goitrogen experiments investigating TH regulation on steroidogenic enzymes; they are provided 

beside each respective enzymatic step. An upward pointing arrow indicates an increase in gene 

expression or enzyme activity, whereas a downward pointing arrow indicates a decrease in gene 

expression or enzymatic activity, and a flat line indicates no observable change in endpoints. 

Results highlight possible evolutionary differences between species as well as demonstrating 

vertebrate wide patterns in enzyme response. Interestingly, THs demonstrate direct interactions 

and regulation of steroidogenic mRNA in testes. Abbreviations: StAR, steroidogenic acute 

regulatory protein; cyp11a1, P450 cholesterol side-chain cleavage enzyme; cyp17, 17a 

hydroxylase/17,20 lyase; 3b-HSD, 3-beta-hydroxysteroid dehydrogenase; 17b-HSD 17-beta-

hydroxysteroid dehydrogenase. 
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Figure 1.5.  

Proposed mechanisms of TH-regulation of estrogen, androgen, and adrenal axes. Arrows indicate 

endocrine interactions. Review papers that have examined the complex interactions of THs with 

the androgen, estrogen, and stress pathways are shown. Based on the degree of crosstalk between 

these systems and the influence of THs in each, I propose that the TH-axis orchestrates and 

responds to feedback from other hormone pathways rather than working in parallel to them. 

Abbreviations: E, estrogen; ER, estrogen receptor; T, testosterone; DHT, 5α-dihydrotestosterone; 

AR, androgen receptor; CRH, corticotropin-releasing hormone; ACTH, adrenocorticotropic 

hormone; T3, triiodothyronine; T4, thyroxine; TR, thyroid receptor. 

 



 

 

 

40 

Chapter 2 

Crosstalk between the thyroid hormone and androgen axes during 

reproductive development in Silurana tropicalis 

 

 

Chapter adapted from:  

Flood, D.E.K.1, Langlois, V.S.2 2014. Crosstalk between the thyroid hormone and androgen axes 

during reproductive development in Silurana tropicalis. General and Comparative 

Endocrinology. 203, 232–240. 
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2.1 Abstract 

The objectives of this study were to examine the effects of potassium perchlorate (KClO4) 

treatment on androgen- and thyroid hormone (TH)-related transcript levels during gonadogenesis 

in the frog Silurana tropicalis. Androgen- and TH-related gene expression was examined in 

gonad-mesonephros complex (GMC) and liver tissues at NF stage 56 and NF stage 60. These 

stages of development coincide with the period of sexual differentiation. Real-time RT-PCR 

analyses revealed that androgen- and TH-related transcript levels in the GMC and liver of NF 

stage 56 and NF stage 60 frogs are responsive to KClO4 exposure during prometamorphosis. An 

increase in 5α-reductase type 2 (srd5α2) mRNA levels in hepatic tissues of KClO4-treated NF 

stage 56 tadpoles suggests an important role for hepatic tissues in androgen metabolism. Gene 

transcript differences highlight possible stage- and tissue-specific sensitivities to KClO4. A 

greater number of TH- and androgen-related transcriptional changes were discerned in the hepatic 

tissues compared to the gonads, and overall fewer transcriptional changes were observed in stage 

NF 60 tadpoles compared to NF stage 56 larvae. KClO4 suppressed somatic and hind-limb 

development during the 96-d exposure period. Treatment with KClO4 had no significant effect on 

sex ratios, however a notable reduction in the percentage of males (33.3% M: 66.7% F) in the 

highest KClO4 concentration (107 μg/L) was observed. Overall, these findings suggest that 

KClO4 has secondary androgenic disrupting properties in addition to its known primary TH-

disrupting role. 
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2.2 Introduction 

Amphibian populations are highly susceptible to endocrine disrupting chemicals (EDCs) that 

target thyroid hormone (TH) signaling, as metamorphosis is primarily governed by THs. It has 

however been previously reported that TH disruption also affects sexual development. Exposure 

to TH inhibitors alters sexual differentiation, inducing intersex and altering sex ratios in fish and 

amphibian populations (Gasterosteus aculeatus: Bernhardt et al., 2006; Danio rerio: Mukhi et al., 

2007; Xenopus laevis: Goleman et al., 2002). Despite the fact that many studies have observed a 

feminizing effect resulting from TH deficiency, recent findings suggest that the androgen axis 

may mediate the effects of THs on reproductive development. Induced hypothyroid conditions 

have been shown to decrease circulating testosterone (T) levels in vertebrates (Clarias 

gariepinus: Swapna et al., 2006; Coturnix japonica: Weng et al., 2007; Rattus norvegicus: Jahan 

et al., 2012; Chiao et al., 1999). Moreover, in several vertebrate species goitrogen exposure alters 

testis size and development, targeting spermatogenesis and the proliferation of cells in this 

pathway (C. gariepinus: Swapna et al., 2006; Oreochromis niloticus: Matta et al., 2002; X. laevis: 

Robertson and Kelley, 1996; Hynobius retardatus: Kanki and Wakahara, 1999; Ovis aries: 

Anderson et al., 2003; Parkinson et al., 1995). These findings suggest that the androgen axis is a 

secondary mediator of TH signaling, thus highlighting a need to define the mechanisms 

underlying this potential crosstalk. 

Evidence of a more direct crosstalk between the androgen and TH axes has recently 

surfaced (reviewed in Flood et al., 2013 – Ch. 1). Analysis of in silico modeling data indicates 

that thyroid response elements (TREs) are present in the putative promoter regions of androgen-

related genes (i.e., steroid 5-reductases (srd5α1, srd5α2, srd5α3, and srd5β), 11-β hydroxysteroid 

dehydrogenase (hsd11β2) and androgen receptor (ar) in fish and tetrapod species (Oryzias 

latipes, Silurana tropicalis, and Mus musculus, respectively) (Flood et al., 2013). These findings 

predict direct regulation by THs in androgen-related genes. The presence of TH-related 

machinery within gonadal tissues provides an additional level in which direct crosstalk can occur. 

http://topics.sciencedirect.com/topics/page/Steroids
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Deiodinases (dios: dio1, dio2, and dio3) are responsible for TH peripheral metabolism (reviewed 

in Galton, 2005), whereas TH receptors (trs; trα and trβ) mediate TH activity at sites of action (X. 

laevis: Wang et al., 2008; Sachs et al., 2000) – both are present within gonadal tissues of fish and 

tetrapods (Scarus iseri: Johnson and Lema, 2011; Oncorhynchus mykiss: Sambroni et al., 2001; 

Physalaemus pustulosus: Duarte-Guterman et al., 2012; S. tropicalis: Duarte-Guterman and 

Trudeau, 2011; Podarcis sicula: Cardone et al., 2000). The expression of dios and trs in gonadal 

tissue fluctuates in response to thyroidal state, thereby implying a functional role for THs within 

testicular development (P. pustulosus: Duarte-Guterman et al., 2012; S. tropicalis: Duarte-

Guterman and Trudeau, 2011). Moreover, TH-related transcription appears to be sexually 

dimorphic, with studies reporting higher levels of dio and tr mRNA in testes than in ovaries of 

fish and amphibian species (S. iseri: Johnson and Lema, 2011; S. tropicalis: Duarte-Guterman 

and Trudeau, 2011). The identification of TREs within promoter regions of the androgen-related 

genes in conjunction with the presence of TH-related machinery in gonadal tissues, as well as 

sex-specific transcriptional profiles of dios and trs, lend further support to the theory that the TH 

axis is involved in gonadal differentiation. 

In this study the effects of environmentally relevant concentrations of potassium 

perchlorate (KClO4) were examined in prometamorphic frogs. The concentrations of perchlorate 

anions found in contaminated North American waterways are often well below those traditionally 

known to prevent metamorphosis in experimental settings (<1000 μg/L; Trumpolt et al., 2005; 

U.S. EPA, 1998). The effects of low concentrations of KClO4 on anuran metamorphosis and 

sexual development however remain unknown. Tissue-specific transcriptional responses in S. 

tropicalis were examined at two developmental stages (Nieuwkoop and Faber (NF) stage 56 and 

NF stage 60) during gonadogenesis. Androgen- and TH-related transcript levels in the gonad-

mesonephros complex (GMC) and liver – important tissues for androgen production and 

metabolism – have been shown to be responsive to exogenous THs during prometamorphosis. 
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Moreover, these developmental stages coincide with sexual differentiation. This period of 

development is consequently highly sensitive to EDC interference. I used this period to examine 

whether or not KClO4 could alter androgen-related transcript levels in GMC and liver tissues of S. 

tropicalis. 

2.3 Material and methods 

2.3.1 Maintenance and breeding of S. tropicalis 

Sexually mature male and female S. tropicalis frogs were housed in a Queen’s University Animal 

Care Facility (Kingston, ON, Canada). Adults were reared in tanks containing dechlorinated and 

aerated water (25 ± 1°C) on a 12:12 h light:dark regime (light commencing at 0700 h). Animal 

care was performed in accordance with the guidelines of the Animal Care Committee of Queen’s 

University and the Canadian Council on Animal Care. 

Fertilized eggs were obtained from two pairs of adult frogs. Spawning was artificially 

induced by injecting human chorionic gonadotropin hormone (hCG; 2500 IU/mL; Sigma Canada 

Ltd., Oakville, ON, Canada) into the dorsal lymph sac. Both males and females received a 

priming injection of 50 μL hCG (12.5 IU) followed by a boosting injection of 200 μL hCG (100 

IU) after 24 h as previously performed by Langlois et al. (2010). Amplexus began approximately 

1 h after the second injection; eggs were present between 2 and 3 h post-injection. Viable 

embryos were identified by visual observation with a dissecting microscope. Developmental 

stages were determined following the Nieuwkoop and Faber (NF) developmental staging system 

(Nieuwkoop and Faber, 1994). Eggs were allowed to develop to NF stage 8, at which point they 

were collected and de-jellied with 2% (w/v) l-cysteine (pH 8.0; Sigma Canada Ltd., Oakville, 

ON, Canada) for 2 min. The eggs were washed three times with modified Ringer’s solution (0.1 

M NaCl, 1.8 mM KCl, 2.0 mM CaCl2, 1.0 mM MgCl2, 300 mg/L NaHCO3). Embryos (NF stage 

10–12) were placed in either modified Ringer’s solution (1:9 v/v) or one of three test solutions in 

125-mL glass jars at a density of 50 embryos per jar. A concentration of 0.04 ppm of the 
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antibiotic gentamycin (Sandoz Canada, Inc Boucherville, QC, Canada) was administered for the 

first 24 h. Water changes occurred every 24 h until NF stage 48. At one-week post hatch, tadpoles 

(NF stage 48–51) were randomly assigned to 1-L glass-treatment jars containing modified 

Ringer’s solution at a density of 10 individuals per jar. Density was maintained at the appropriate 

body mass per liter for the duration of the experiment (ASTM, 1998). After NF stage 48, media 

was then replaced every 72 h in this static exposure. Tadpoles were fed equal volumes of a high-

protein food (Sera Micron®; AniDis, St. Laurent, QC, Canada) twice daily. The jars were 

inspected daily for dead or abnormal tadpoles; these larvae were then recorded and removed. 

2.3.2 KClO4 exposure and tissue collection 

Fertilized eggs were exposed to 0, 20, 53, or 107 μg/L of KClO4 in replicates of n = 30, n = 30, n 

= 45 and n = 45, respectively. Reagent-grade KClO4 (≥ 99.0%; Sigma Canada Ltd., Oakville, ON, 

Canada) was used to prepare the stock solution. The stock solution was pipetted into 1-L jars at 

the volumes necessary to reach target concentrations. Complete replacement of water and 

chemical was performed every 3 d. The exposure occurred for a period of 12 weeks, over which 

time larvae from NF stage 12 to NF 60 were exposed to KClO4. 

Sample collections were performed at the prometamorphic NF stage 56 and 60 (∼8 and 

12 weeks post-hatch, respectively). Individuals for NF stage 56 pools ranged in stages from NF 

stage 55 to 57, similarly individuals sampled for NF stage 60 ranged in stages from NF stage 60 

to 61. These specific stages are characterized by metamorphic differences including but not 

limited to limb morphogenesis. Metamorphosis is regulated primarily by THs; consequently, 

these developmental markers serve as important indicators of TH-deficiency. Furthermore, 

prometamorphosis coincides with the period of sexual differentiation. Prior to NF stage 56 

gonadal tissues are composed of undifferentiated primordial germ cells. Over the course of NF 

stage 56 to 66 the germ cells differentiate into oocytes and spermatogonia. This period of 

development, consequently is highly sensitive to endocrine disrupting chemical interference. 
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Stage of development data was recorded bi-weekly. The developmental curve for each tank and 

treatment was characterized by a normal distribution. Sampling times were based on the average 

growth rate of the control treatment, representing a combination of both specific-stage and time 

period sampling methods. At NF stage 56 and 60, tadpoles were anaesthetized by immersion in 

1% of 3-aminobenzoic acid ethyl ester (MS-222; Sigma Canada Ltd., Oakville, ON, Canada) and 

subsequently euthanized by decapitation. Body mass, snout-vent length (SVL), hind limb length 

(HLL), and total length (TL) were recorded. The gonads in developing S. tropicalis larvae are 

attached to the ventral face of the kidney; they are very small and translucent. Therefore, the 

entire gonad–mesonephros complex (GMC) was dissected, in addition to the liver tissue. 

Subsequently, the condition factors (CF), gonad somatic index (GSI) and hepatic somatic index 

(HSI) were calculated. At NF stage 56, liver and GMC were pooled (3–4 per pool; n = 8–10 per 

treatment), while at NF stage 60, liver and GMC tissues were analyzed individually (n = 14-15) 

per treatment). Tissues were then frozen on dry ice and kept at −80°C for further gene expression 

analysis. 

2.3.3 Water chemistry analysis 

Verification of KClO4 concentrations in diluted source solutions was performed by ion 

chromatography. The Analytical Service Group of the Royal Military College of Canada in 

Kingston (ON, Canada) performed a chemical analysis of the water. Water samples (20 mL) were 

collected in pre-cleaned, 100-mL amber glass bottles, and stored at 4°C for 40 d. At the time of 

analysis, water samples were warmed to room temperature, diluted if necessary with deionized 

water to ensure they fell within the calibration range, placed into 5-mL polyvials, and closed with 

filter caps. Analysis of KClO4 was carried out by an ion chromatograph equipped with a 

conductivity detector and an ASRS Ultra suppressor (Metroh, Mississauga, ON, Canada). A 1-

mL aliquot of sample was injected directly into an Ion Pac anion analytical column (Dionex, 

Sunnyvale, CA, USA). It was then eluted with 25 μM sodium hydroxide solution under isocratic 
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conditions at a flow rate of 1 mL/min. The run time per injection was 26 min and the KClO4 

retention time was 19.1 min. The detection limit was 1 μg/L. Routine quality assurance analyses 

(e.g., deionized water blanks, matrix blanks, matrix spikes and duplicate samples) were 

conducted, as appropriate, with each sample set. 

2.3.4 RNA isolation and cDNA synthesis 

Total RNA was obtained using three different RNA isolation protocols to ensure that factors such 

as sample mass and lipid content were optimized to extract high quantity and quality RNA. In NF 

stage 56 GMC, the RNeasy Micro Kit with RNase-free DNase I (Qiagen Inc., Mississauga, ON, 

Canada) was used to acquire consistent RNA yields from the very small pooled samples. In NF 

stage 56 liver, TRIzol (Invitrogen, Ontario, Canada) was used to extract RNA. In NF stage 60 

hepatic and gonadal tissues a single-step method of RNA isolation by acid guanidinium 

thiocyanate–phenol–chloroform extraction as described by Chomczynski and Sacchi’s protocol 

(1987) was used to obtain RNA in high-yield from minute individual tissue samples. Isolated 

RNA was re-suspended in RNase free water and concentrations were determined using a 

NanoDrop-2000 spectrophotometer (Thermofisher, Ottawa, ON, Canada). Total RNA was 

purified using DNase treatments (Qiagen Inc. Mississauga, ON, Canada; Promega Corporation, 

Madison, WI, USA). First strand cDNA was synthesized in a 20 μL reverse transcription reaction 

by incubating 1 μg of total RNA template, 1.0 μL of random primers (Promega, Madison, WI, 

USA), and RNase-free H2O to give a total of 5 μL, at 70°C for 5 min. Subsequently, 4 μL of 

GoScript 5× Reaction buffer, 2 μL of MgCl2 (2.5 mM), 1 μL of dNTPs (0.5 mM of each dNTP), 

1 μL of GoScript Reverse Transcriptase Enzyme (M-MLV – 160 units), 0.5 μL of recombinant 

RNasin (20 units), and RNase-free H2O to give a total of 15 μL, were added, and the mixture was 

incubated under a thermal profile of 25°C for 5 min followed by 42°C for 60 min and 70°C for 15 

min in a Mastercycler Pro S Thermocycler (Thermo Fisher, Ottawa, ON, Canada). The cDNA 
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products were diluted 80-fold prior to PCR amplification. Samples without the addition of 

reverse-transcriptase (RT-) and no-template-controls (NTC) were also run. 

2.3.5 Real-time RT-PCR 

Gene specific primers for real-time RT-PCR were previously designed and optimized by Langlois 

et al. (2010) for cyp19, ar, trα, trβ, dio2, dio3, srd5α2, and the reference genes ribosomal protein 

L8 (rpl8) and ornithine decarboxylase (odc). Real-time PCR primers for the additional reference 

gene glyceraldehyde-3-phosphate dehydrogenase (gapdh) was designed and optimized by Duarte-

Guterman and Trudeau (2010). For all real-time RT-PCR assays, primer concentrations were 

optimized to obtain a minimum threshold cycle and a maximum change in fluorescence. 

Expression of target genes (rpl8, odc, gadph, trα, trβ, dio2, dio3, ar, srd5α2, and cyp19) in 

gonadal and hepatic tissues was analyzed using BRYT green real-time RT-PCR assay on the 

MX3005P real-time RT-PCR (Agilent Technologies, Santa Clara, USA). The reaction consisted 

of a 20-μL amplification reaction containing 4 μL cDNA, 0.1–0.6 μg forward and reverse 

primers, 10 μL GoTaq Master Mix for a final concentration of 1×, and RNase-free H2O to give 

the total of 20 μL (Promega, Madison, WI, USA). Primer concentrations were optimized and 

varied according to the primer set for use with 1 μg of diluted cDNA template. The thermocycler 

program used included an enzyme activation step at 95°C for 2 min. Followed by 40 cycles at 

95°C for 15 s and 1 min at a gene-specific annealing temperature of 58°C, 60°C or 62°C. After 

this amplification phase there was a denaturation step of 1 min at 95°C. In order to confirm the 

presence of a single amplicon, a dissociation curve was generated by performing 40 cycles 

starting at 55°C and increasing 1°C every 30 s. The threshold for each target was automatically 

calculated by the MxPro software (MX3005P) and was only corrected when necessary. 

2.3.6 Real time RT-PCR data analysis 

In each assay, samples were run in duplicate, along with no template (NTCs) and no reverse 

transcriptase (NoRTs) controls. To interpolate relative mRNA abundance of target and reference 
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genes within each sample I used the relative standard curve method. For the KClO4 exposure, 

equal parts of cDNA from each treatment were pooled to produce a standard curve. The standard 

curve was performed by serial dilution (1:4), with concentrations ranging from 0.048 to 50 ng. 

Reaction efficiencies were 100 ± 10% with an R2 ≥ 0.99. 

Each gene’s fold average was first divided by the fold average of the control treatment. 

This was done for each gene of interest including the housekeeping genes. Data for all tissue 

genes were then normalized to the mRNA levels of one of the following housekeeping genes: 

rpl8, odc, or gadph. The expression of housekeeping genes can fluctuate considerably between 

the different tissue types and developmental stages. A series of housekeeping genes were 

therefore profiled for NF stage 56 and 60 GMC and liver samples, and the housekeeping gene 

with constant mRNA levels across treatments was then selected for a given tissue or stage of 

development. NF stage 56 liver and NF stage 60 GMC were normalized to the fold change of 

rpL8, while liver tissues at NF stage 60 were normalized to the fold change of odc. Again, 

potential housekeeping genes were only considered for normalization once the absence of 

treatment effects was confirmed. Expression data of NF stage 56 GMC were not examined in this 

study due to concentration dependent decreases in all genes, including house-keeping genes (for 

details, refer to Section 3.3.1). 

2.3.7 Molecular sexing 

Due to the small size of GMCs in NF stage 60 metamorphic frog, it was not possible to sex the 

animals by simple visual inspection. Using genetic markers of ovary development, a putative sex 

for each of the NF stage 60 individuals was assigned. Putative sex predictions were not possible 

before this stage of development (i.e., NF stage 56) as the tissues were pooled for gene expression 

analysis. Aromatase (cyp19) is a known marker of ovary development and is crucial in the 

biosynthesis of estrogens. The gene of this enzyme is expressed in both sexes; however cyp19 

expression is higher in females. Moreover, I determined that cyp19 mRNA levels remain stable 
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across treatments. Transcripts of cyp19 have been previously utilized to assign putative sex in S. 

tropicalis (Duarte-Guterman et al., 2012; Navarro-Martín et al., 2012). To substantiate these 

initial sex assignments, discriminate analysis confirmed that GMC cyp19 transcript levels can be 

used to effectively differentiate between the putative sexes in stage NF 60 S. tropicalis. 

2.3.8 Statistical analysis 

Statistical analyses were performed using Prism 6 (GraphPad Software, Inc.) and JMP Version 

10.0.0. In order to meet the assumptions of the ANOVA tests it was necessary to confirm that the 

data was normally distributed and that the variances across groups were equal. The Shapiro–Wilk 

test was used to confirm that the residuals of the data were normally distributed. Next, the 

Bartlett’s test was used to verify that variances are equal across groups or samples. Once 

preliminary Shapiro–Wilk and Bartlett’s test were performed, non-normal distributions and 

unequal variances were indicated (p < 0.05) and data was subsequently transformed using the 

base-10 Log transformation. After the transformation, equal variances were obtained, normality 

was maintained and data could then be used to perform ANOVA. A one-way ANOVA was 

performed on the base-10 Log transformed data and was used to evaluate the fold change of 

genes between treatments of pooled NF stage 56 tissues. Gene expression data were analyzed by 

Dunnett’s test comparing the relative expression ratios from each treatment group to the control. 

Differences were accepted as significant when p < 0.05. Using the putative sex assigned at NF 

stage 60, differences in the expression of all the genes with regard to sex and treatment were 

examined using a two-way ANOVA followed by a Tukey’s post hoc test for multiple 

comparisons. A binomial test was used to evaluate whether the proportion of males and females 

deviated from the expected 50:50 ratio within each KClO4 treatment groups. 
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2.4 Results 

2.4.1  Water chemistry analysis 

To determine whether consistent treatment levels were maintained over the course of the 72 h 

static treatment period, water samples were collected at 0 h and at the end of the 72 h period. 

Analysis of KClO4 in treatment solutions revealed that the measured concentrations before and 

after the 72 h period were maintained (Table 2.1). Averaged measured concentrations ± SD were 

< 1, 20 ± 2.9, 53 ± 7.4, and 107 ± 12 μg/L for control, low, medium and high treatments, 

respectively. Measured concentrations were close to the nominal concentrations of 0, 25, 50 and 

100 μg/L throughout the exposure (Table 2.1). The measured concentrations will be presented in 

the following analyses and figures. 

2.4.2 Somatic growth and development 

The results of the somatic growth and developmental endpoints after chronic exposure to KClO4 

in S. tropicalis are presented in Table 2.2 and Table 2.3. Control embryos for the assay met the 

criteria for the test acceptance – mortality and malformation rates were lower than 10% (ASTM, 

1998). No significant differences in mortality were observed between treated and control groups 

after chronic exposure to KClO4. In NF stage 56 larvae, a decreasing trend in body mass was 

observed across treatments culminating in a significant decrease in mass at 107 μg/L compared to 

the control group (p = 0.002, Table 2.2), whereas the gonad-somatic index (GSI) increased in the 

53 and 107 µg/L KClO4-treated individuals (p < 0.0001, Table 2.2). No changes were detected in 

GMC mass, liver mass, or HSI after KClO4 exposure at stages NF 56 (p > 0.05, Table 2.2). 

Table 2.3 depicts the mean body mass, SVL, HLL, GSI and HSI of NF stage 60 S. 

tropicalis tadpoles exposed to KClO4 for 12 weeks. Matched pairs analyses were performed to 

compare changes in HLL across experimental treatments and between sexes at NF stage 60. A 

matched pairs t-test yielded significant main effects of sex on HLL. Significant differences in 

HLL were observed in female individuals. The right and left HLLs were significantly less at 107 
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μg/L relative to the respective controls in putative females (Dunnett’s test, p < 0.05, Table 2.3). In 

addition, an asymmetry in HLL was observed in KClO4-treated females (107 μg/L), with the right 

hind limb being significantly reduced in size compared to the left hind limb (paired t(11) = 4.03, 

p = 0.002, two-tailed). In male individuals, no significant differences were observed in right or 

left HLL across treatments. No treatment-induced changes were observed in SVL, GSI, or HSI of 

NF stage 60 animals (Table 2.3). 

2.4.3 GMC gene expression 

2.4.3.1 NF stage 56 GMC 

Molecular-based sex predictions could not be made at NF stage 56 as the tissues were pooled to 

ensure sufficient RNA content to conduct further gene expression analysis (3 per pool, n = 7–8 

pools). A decrease in all three control genes analyzed in the GMC of KClO4-treated tadpoles was 

observed: rpl8, odc, and gapdh (rpl8: p < 0.0001, Fig. 2.1A; odc: p < 0.0001, Fig. 2.1B; gadph: p 

= 0.002, Fig. 2.1C). Levels of rpl8, odc, and gadph significantly decreased at 53, and 107 μg/L 

relative to the control treatment (Dunnett’s test, p < 0.05, Fig. 2.1A–C). Decreases in all three 

control genes’ transcript levels indicate potential developmental differences or possibly non-

isometric growth of GMC compared to body size with treatment. Analysis of the remaining 

androgen- and TH-related transcript levels consequently was not possible; because overall 

somatic differences between treatments would confound analysis of any potential KClO4 effects. 

2.4.3.2 Molecular sexing in frogs 

Gene expression of cyp19 was clearly sexually dimorphic in NF stage 60 GMC. Gene expression 

of cyp19 is presented as fold changes relative to the control and is normalized to rpl8. No 

significant differences in rpl8 transcripts were observed between treatments in NF stage 60 

gonadal tissue. Transcripts of cyp19 were significantly greater in females than in male tadpoles (p 

< 0.0001, Fig. 2.2A), moreover cyp19 transcripts levels were not affected by the KClO4 
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treatment. Based on the cyp19 transcripts, one of the two sexes (male or female) was assigned to 

each tadpole. To substantiate the sex assignments, discriminate analysis confirmed that cyp19 

transcript levels can be used to effectively differentiate between the putative sexes. Sex ratio per 

treatment as determined by cyp19 mRNA levels is as follows (Table 2.4): 0 μg/L (43% M: 57% 

F), 20 μg/L (62% M: 38% F), 53 μg/L (71% M: 29% F), and 107 μg/L (27% M: 73% F). The 

percentage of females or males did not significantly deviate from an expected sex ratio of 50:50 

(binomial test, one-tailed, p > 0.05, Table 2.4). Differences in the expression of all remaining 

androgen- and TH-related genes in NF stage 60 frogs with regard to sex and treatment were 

examined using a two-way ANOVA followed by a Dunnett’s post hoc test for multiple 

comparisons and are found in the subsequent sections. 

2.4.3.3 NF stage 60 GMC 

The effects of KClO4 on the sex-related and TH-related gene expressions are shown in Fig. 2.2. 

Gene expression data for NF stage 60 GMC tissue are presented as fold changes relative to the 

control and are normalized to rpl8. No significant differences in rpl8 transcripts were discerned 

between sexes or treatments. Significant sex differences in the expression of target genes in the 

GMC were only detected for cyp19 (p < 0.0001, Fig. 2.2A). The main effect of sex was non-

significant for the remaining androgen- and TH-related genes in the GMC. A two-way ANOVA 

yielded a significant main effect of treatment on the expression of the TH-related gene dio2 (p = 

0.02, Fig. 2.2B). Post hoc analyses using Dunnett’s test indicated that mRNA levels of dio2 

significantly decreased in KClO4-treated females relative to control (p = 0.03, Fig. 2.2B). There 

were no significant main effects of treatment on the mRNA levels of the sex-related genes cyp19, 

srd5α2, or ar (data not shown). No treatment differences were discerned for the TH-related genes 

trα, trβ, and dio3 (data not shown). 

2.4.4 Liver gene expression 
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2.4.4.1 NF stage 56 hepatic tissue 

Gene expression data for the NF stage 56 liver tissues are presented as fold changes relative to the 

control and are normalized to rpl8 gene expression. No significant differences in rpl8 transcripts 

were observed between treatments. The exposure affected the expression of one sex-related 

transcript, srd5α2 (p = 0.001, Fig. 2.3A). Levels of srd5α2 significantly increased at 53 and 107 

μg/L KClO4 relative to control (Dunnett’s test, p < 0.05, Fig. 2.3A). Transcript levels of ar did 

not change with KClO4 treatment (data not shown). Two TH-related transcripts were also affected 

in KClO4-treated larvae; trα and trβ, (trα: p = 0.001, Fig. 2.3B; trβ: p = 0.01, Fig. 2.3C). In the 

case of trα, a significant decrease at 107 μg/L KClO4 relative to control (Dunnett’s test, p < 0.05, 

Fig. 2.3B) was observed. Levels of trβ significantly decreased at 20, 53, and 107 μg/L KClO4 

relative to control (Dunnett’s test, p < 0.05, Fig. 2.3C). 

2.4.4.2 NF stage 60 hepatic tissue 

Putative sexes were assigned to the hepatic tissue of the animals using the results of the 

discriminant analysis of GMC cyp19 mRNA levels. Gene expression data for NF stage 60 liver 

tissues are presented as fold changes relative to control and are normalized to odc gene 

expression. No significant differences in odc transcripts were observed between treatments. One-

way ANOVAs were used to examine the effects of KClO4 treatment on target transcript levels 

separately in females and males. There was a significant main treatment effect on the mRNA 

levels of ar (p = 0.03, Fig. 2.4) in KClO4-treated females at 107 μg/L KClO4. In the hepatic 

tissues, the main effect of sex on the transcript levels of the target androgen- and TH-related 

genes was non-significant (data not shown). 

2.5 Discussion 

This study addressed whether environmentally relevant concentrations of KClO4 could affect the 

expression of androgen-related genes in the GMC and liver – important tissues for androgen 

production and metabolism – during the period of sexual differentiation. To the best of our 
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knowledge, this is the first time that androgen-related transcripts have been measured in the 

gonadal and hepatic tissues under hypothyroid conditions during amphibian development. In this 

study, I found that the GMC tissue was less sensitive to KClO4-induced transcriptional effects 

than liver tissue. A decrease in housekeeping gene mRNA levels in the GMC of treated NF stage 

56 tadpoles indicated that gonadal tissues of S. tropicalis are transiently responsive to KClO4-

induced effects; however no further effects could be discerned without bias. Changes in 

androgen-related mRNA levels in GMC tissue were not observed in NF stage 60 prometamorphic 

tadpoles. Hepatic tissues of S. tropicalis tadpoles treated with KClO4 exhibited changes in 

androgen-related transcript levels. In the liver, an increase in srd5α2 mRNA levels of KClO4-

treated tadpoles was observed at NF stage 56. The liver plays an essential role in androgen 

homeostasis as it metabolizes steroid hormones. Oxido-reduction of T to dihydrotestosterone 

(DHT) and other metabolites is a hepatic biotransformation pathway that facilitates the excretion 

of metabolites, but also influences circulating levels of T and DHT (You, 2004). Consequently, 

under hypothyroid conditions the liver may serve as an important peripheral site of androgen 

metabolism and excretion. TH deficiency has been shown to decrease circulating T levels in 

juvenile and mature vertebrates (C. gariepinus: Swapna et al., 2006; C. japonica: Weng et al., 

2007; R. norvegicus: Jahan et al., 2012; Chiao et al., 1999). Later in prometamorphosis, a 

decrease in ar expression in hepatic tissues of NF stage 60 females exposed to KClO4 was 

observed and may be reflective of a TH-induced decrease in circulating androgens. Previous 

studies have demonstrated that THs influence ar expression. Exogenous T3 exposure resulted in 

an increase in ar transcripts in frog brain and gonadal tissues (S. tropicalis: Duarte-Guterman et 

al., 2011; Duarte-Guterman et al., 2010), substantiating the sensitivity of this gene to changes in 

TH levels. The decreased sensitivity of hepatic tissues to androgen signaling may reflect the 

known feminization associated with KClO4 treatment. Changes in androgen-related gene 

expression may represent (i) TH-induced effects on gonadotropin signaling, or (ii) point to a 
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direct regulation by THs. THs have been shown to regulate gonadotropin levels in vertebrate 

species (reviewed in Flood et al., 2013 – Ch. 1). Flood and colleagues also observed TREs in the 

putative promoter region of srd5α2 and ar in S. tropicalis using in silico modeling (2013). Further 

experimental confirmation is necessary to distinguish between potential direct and indirect 

mechanisms of TH regulation in liver tissues in amphibians. 

Gonadal differentiation occurs during a relatively brief and sensitive period of 

development; the susceptibility of this process to interference by endocrine-disrupting chemicals 

is high. In fish and tetrapod species, exposure to TH-disrupting chemicals has been shown to alter 

gonadal morphology, development, and function. Studies have shown that TH deficiency is 

associated with increased gonadal size in both juvenile and mature vertebrate species (G. 

aculeatus: Bernhardt et al., 2006; Gambusia holbrooki: Park et al., 2006). The NF stage 56 larvae 

exhibited a transient increase in the GSI with KClO4 treatment. TH-deficiency may have a more 

profound negative effect on somatic growth compared to that of gonadal tissues, as a decrease in 

body mass was observed with KClO4 treatment at NF stage 56. Further studies should however 

examine overall somatic versus specific tissue effects at low concentrations of TH-disrupting 

chemicals during the period of sexual differentiation. The TH-disruptor had no effect on the GSI 

or body mass of NF stage 60 frogs. Moreover in this study, treatment with KClO4 had no 

significant effect on sex ratios, however a notable increase in the percentage of males at lower 

KClO4 concentrations were observed. A reduction of the percentage of males in the highest 

KClO4 concentration (107 μg/L) was also recorded. Studies have shown that perchlorate exposure 

skews the sex ratio toward females in a concentration-dependent manner in fish and amphibians 

(D. rerio: Mukhi et al., 2007; X. laevis: Goleman et al., 2002). Considerable redundancy exists in 

androgen- and TH-mediated actions to ensure normal gonadal development. As a result, the low 

concentrations of KClO4 used in this study may not sufficiently affect androgen biosynthesis and 

signaling to alter gonadal differentiation and the corresponding gonadal phenotype. Further 
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research is required to understand the effects of environmentally relevant concentrations of 

perchlorate on sex differentiation and on gonadal phenotype in amphibians. 

To corroborate the secondary androgenic-disrupting role of KClO4, it was necessary to 

confirm the known primary thyroid-disrupting properties of this compound. Treatment with 

KClO4 resulted in changes in TH-related transcript levels in liver and GMC tissues. In the liver of 

NF stage 56 tadpoles, KClO4 treatment resulted in decreases in trα and trβ mRNA levels. 

Exogenous exposure to T3 increased trα and trβ transcript levels in whole larvae as well as GMC 

tissues of S. tropicalis (Duarte-Guterman and Trudeau, 2011; Duarte-Guterman and Trudeau, 

2010). These findings substantiate the sensitivity of trα and trβ expression to disrupted TH 

signaling. Transcript level changes within hepatic tissues at NF stage 56 are indicative of a low 

tolerance to TH fluctuations during this period of development. NF stage 60 tadpoles are less 

sensitive to transcriptional effects of the TH disrupting chemical. Only gonadal dio2 transcript 

levels of putative females were affected. Gene expression of dio2 concomitantly increases with 

circulating TH levels during metamorphosis. The gene expression of dio2 is also highly 

responsive to exogenous T3 exposure during this period (Duarte-Guterman and Trudeau, 2011; 

Duarte-Guterman et al., 2010). The inhibitory effects of KClO4 on TH-biosynthesis could account 

for the observed decrease in dio2 mRNA levels. Gene expression of dio2 however has been 

shown to increase with TH-inhibitor exposure in tissues of other vertebrate species 

(Gobiocyprisrarus: Li et al., 2011; S.iseri: Johnson and Lema, 2011; C. japonica: Chen et al., 

2008). The concentration of KClO4 used in this study may be sub-threshold to trigger significant 

increases in dio2 mRNA levels. The decrease in dio2 transcripts is therefore more likely 

representative of an ontogenetic delay in dio2 expression induced by low concentrations of 

KClO4. I established that environmentally relevant concentrations of KClO4 result in measurable 

effects on TH-sensitive transcriptional markers in hepatic tissues during pro-metamorphosis. 
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Previous reports have shown that KClO4 treatment affects various TH-sensitive aspects 

of growth and metamorphosis, including somatic growth and limb morphogenesis. In NF stage 56 

larvae, I observed a decreasing trend in body mass across treatments culminating with a 

significant decrease in mass at 107 μg/L. Somatic size has been shown to be significantly reduced 

in treated aquatic larvae exposed to goitrogens (P. promelas: Crane et al., 2005; Bufo borea: 

Hayes, 1995). Consistent with this study’s findings, body mass has been shown to be only 

temporarily reduced in treated S. tropicalis larvae exposed to 6-propylthiouracil (PTU) during 

metamorphosis (Carlsson and Norrgren, 2007). In the present study, KClO4 in the low parts-per-

billion concentration range inhibited hind limb growth but did not affect overall somatic growth 

at NF stage 60, as is evidenced by the nil effect on body mass or SVL (Table 3). A significant 

decrease in HLL of NF stage 60 S. tropicalis larvae was observed. Anuran hind limbs are highly 

sensitive to changes in circulating TH levels and perchlorate has been shown to significantly 

impede hind limb growth in amphibians (X. laevis: Brausch et al., 2010; Coady et al., 2010; Hu et 

al., 2006; Opitz et al., 2009; S. tropicalis: Carlsson and Norrgren, 2007). In addition, I observed 

KClO4-induced hind limb asymmetry. The right leg of S. tropicalis was significantly shorter than 

the left leg in KClO4-treated females. Retinoic acid (RA) regulates the expression of genes that 

control a diverse array of biological processes, including limb development. For example, 

exogenous RA caused hind limb malformations in amphibians (X. laevis: Alsop et al., 2004; X. 

laevis, Rana Sylvatica: Degitz et al., 2000). Exploration into the transcriptional mechanisms of 

RA in conjunction with disrupted androgen or TH signaling posits an interesting mechanism as a 

subject in the consideration of future research. 

The natural accumulation of THs and other TH-related machinery later in development 

may negate the effects of low concentrations of KClO4. The expression of the Na+/I− symporter 

(NIS) is relatively low at NF stage 56 in X. laevis compared to the climax period of 

metamorphosis (Opitz et al., 2006). Perchlorate competitively inhibits the NIS in the thyroid 
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gland (Carr et al., 2008), therefore low concentrations of KClO4 may sufficiently impede iodide 

uptake and impede TH biosynthesis. Interestingly, Opitz et al. (2006) demonstrate a significant 

stimulatory effect of KClO4 on NIS expression in the thyroid gland of NF stage 52 X. laevis 

larvae. Similarly, Li et al. (2011) observed a significant increase in NIS in whole larvae, liver, 

and brain tissue in the fish G. rarus following KClO4 treatment. Consequently, the increase in 

NIS expression stemming from developmental and treatment stimulation may explain the 

transient sensitivity to KClO4 at NF stage 56 and subsequent insensitivity at NF stage 60. 

Moreover, by NF stage 60 circulating levels of THs are near maximum (X. laevis: reviewed in 

Brown and Cai, 2007). Large quantities of TH can be stored in the colloid of the thyroid gland or 

are bound to transport proteins in the blood (reviewed in Bizhanova and Kopp, 2009). Thus, low 

concentrations of TH-disrupting chemicals may not be sufficient to affect TH availability to 

target tissues during late prometamorphosis and early metamorphic climax. 

In conclusion, I have shown that environmentally relevant concentrations of KClO4 affect 

the expression of androgen-related genes in the GMC and liver during the period of sexual 

differentiation in prometamorphic S. tropicalis frogs. Gene transcript differences highlight 

possible stage- and tissue-specific sensitivities to KClO4. Responses in TH-sensitive metamorphic 

processes (i.e., somatic growth and limb morphogenesis) corroborated impeded TH synthesis 

over the 12 week exposure period. Overall, these observations suggest that KClO4 has secondary 

androgenic-disrupting properties in addition to its known primary TH-disrupting role. For this 

reason, it is imperative to consider the TH system in studies of gonadal and reproductive 

dysfunction caused by environmental endocrine disrupting chemicals.  

http://www.sciencedirect.com.proxy.queensu.ca/science/article/pii/S0016648014001117#b0050
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Table 2.1. 

Concentrations of KClO4 (μg/L) measured in water (n = 2 per treatment unless reported 

otherwise) by ion chromatography at 0 h or 72 h. Detection limit is 1 μg/L. 

 

Treatments Water sample 

collection time (h) 

Measured concentration 

(μg/L) 

Control 0 <1.0 

  <1.0 

 72 <1.0 

  <1.0 

Low 0 17 

  19 

 72 20 

  23 

Medium 0 63 

  45 

 72 53 

  50 

High 0 100 

  100 

 72 120a 

 
a Single replicate. 
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Table 2.2.  

Mean (±SD) of body mass (mg) and gonadal and liver indices of NF stage 56 S. tropicalis 

tadpoles (n = 31- 32 per treatment) exposed to KClO4 for 8 weeks. Asterisks indicate significantly 

different from control (p < 0.05) based on one-way ANOVAs followed by Dunnett’s post hoc 

tests. 

 

  Gonadal indices Liver indices 

KClO4 

(μg/L) 

Body mass  

(mg) 

Mass 

(mg) 
GSI 

Mass 

(mg) 
HSI 

0 432.6 ± 109.3 0.47 ± 0.23 0.12 ± 0.06 1.5 ± 1.0 0.34 ± 0.21 

20 375.9 ± 86.6 0.33 ± 0.16 0.09 ± 0.05 1.3 ± 0.8 0.35 ± 0.15 

53 382.9 ± 102.1 0.63 ± 0.31 0.19 ± 0.09* 1.4 ± 0.8 0.37 ± 0.15 

107 336.8 ± 89.1* 0.62 ± 0.29 0.18 ± 0.08* 1.3 ± 0.7 0.39 ± 0.16 

GSI = Gonad somatic index 

HSI = Hepatic somatic index 
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Table 2.3.  

Mean (±SD) body mass (mg), SVL (mm), HLL (mm), GSI and HSI of NF stage 60 S. tropicalis tadpoles exposed to KClO4 for 12 weeks. 

Asterisks indicate significantly different from control (p < 0.05) based on one-way analysis of variance followed by the Dunnett’s post hoc test. 

Sample sizes are listed by treatment (M, F). 

 

 

GSI = Gonad somatic index 

HLL = Hind limb length 

HSI = Hepatic somatic index 

L = Left 

R = Right 

SVL = Snout vent length

KClO4

(μg/L)

Body mass (mg) SVL (mm) HLL (mm) GSI HSI

Male Female Male Female Male (R) Male (L) Female (R) Female (L) Male Female Male Female

0 (7, 8) 685.8  77.2 726.6  110.7 15.6  0.9 16.1  0.8 9.7  1.5 9.7  1.9 9.5  2.1 9.9  1.7 0.6  0.3 0.6  0.2 1.3  0.6 1.2  0.2

20 (10, 6) 739.3  110.8 761.4  187.6 16.3  0.9 16.3  1.6 9.5  0.9 9.6  0.8 10.6  2.6 11.4  2.4 0.7  0.2 0.6  0.2 1.4  0.3 1.2  0.4

53 (10, 4) 729.9  150.4 655.8  125.4 15.7  1.1 15.5  1.3 8.9  1.6 9.4  2.1 9.6  1.4 10.5  1.8 0.4  0.2 0.8  0.5 1.1  0.4 1.3  0.5

107 (4, 11) 614.8  49.2 711.6  136.2 14.5  0.6 15.5  1.3 9.8  1.6 10.9  2.2 7.3  0.9* 8.0  1.0* 0.8  0.4 0.6  0.2 1.1  0.1 1.1  0.4
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Table 2.4. 

Putative gonadal sex of NF stage 60 S. tropicalis tadpoles exposed to KClO4 for 12 weeksa. 

Binomial tests (one-tailed) were performed with an expectation of 50% females or males; none of 

the sex ratios differed significantly from 50%. 

 

KClO4 treatments (μg/L) % Male (31)a % Female (29) p-Value 

0 47 (7) 53 (8) 0.50 

20 62 (10) 38 (6) 0.89 

53 71 (10) 29 (4) 0.97 

107 27 (4) 73 (11) 0.06 

 
a Sample sizes are indicated in parentheses. 

 

  

http://www.sciencedirect.com.proxy.queensu.ca/science/article/pii/S0016648014001117#tblfn2
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Figure 2.1.  

Effects of KClO4 exposure on transcripts in the gonad–mesonephros complex (GMC) of NF stage 

56 S. tropicalis premetamorphic tadpoles. Embryos were exposed to KClO4 (0, 20, 53, and 107 

μg/L) for 8 weeks. The effects of KClO4 on the reference genes, rpl8 (A), odc (B), and gapdh (C) 

are presented (one-way ANOVAs followed by Dunnett’s post hoc tests; p < 0.05). Individual 

sample points represent a pool of 3 GMCs (n = 7–8 pools per treatment) and lines indicate the 

mean gene expression. Data are presented as fold changes relative to control. Asterisks indicate 

statistically significant differences relative to the control (p < 0.05). Note that the scales of the y-

axis vary.  
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Figure 2.2.  

Effect of KClO4 exposure on cyp19 (A) and dio2 (B) expression in the gonad–mesonephros 

complex (GMC) of putative of NF stage 60 male and female S. tropicalis. Animals were exposed 

to KClO4 (0, 20, 53, and 107 μg/L) for 12 weeks. Gene expression data are presented as fold 

changes relative to control and are normalized to rpl8. Individual sample points are presented and 

lines indicate mean gene expression. Differences were analyzed between sexes at NF stage 60 

(two-way ANOVA followed by a Tukey’s post hoc tests). Black circles indicate putative males 

and open circles represent putative females. Asterisks indicate statistically significant differences 

(p < 0.05).  
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Figure 2.3.  

Effects of KClO4 treatment on the expression of androgen and TH-related genes in the liver of NF 

stage 56 S. tropicalis premetamorphic tadpoles. Animals were exposed to KClO4 (0, 20, 53, and 

107 μg/L) for 8 weeks. The effects of KClO4 on srd5α2 (A), trα (B), and trβ (C) are presented 

(one-way ANOVA followed by a Dunnett’s post hoc test; p < 0.05). Individual sample points 

represent a pool of 4 livers (n = 7–8 pools per treatment) and lines indicate the mean gene 

expression. Gene expression data are presented as fold changes relative to control and are 

normalized to rpl8. Asterisks indicate statistically significant differences relative to the control p 

< 0.05).  
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Figure 2.4.  

The effects of KClO4 exposure on the expression of ar in the liver of NF stage 60 S. tropicalis 

metamorphic frogs are presented. The animals were exposed to KClO4 (0, 20, 53, and 

107 μg/L) for 12 weeks. The effects of KClO4 on ar transcript levels are shown (two-way 

ANOVA followed by a Dunnett’s post hoc test; p < 0.05). Gene expression data for liver tissues 

are presented as fold changes relative to control and are normalized to odc. Individual sample 

points are presented and lines indicate the mean gene expression. Black circles represent putative 

males and open circles represent putative females. Asterisks indicate statistically significant 

differences. 
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Chapter 3 

Lifecycle exposure to perchlorate differentially alters morphology, 

biochemistry, and transcription as well as sperm motility in Silurana 

tropicalis frogs 

 

 

Chapter adapted from:  

Campbell, D.E.K.1, Montgomerie, R.D.2, Langlois, V.S.3 Lifecycle exposure to perchlorate 

differentially alters morphology, biochemistry, and transcription as well as sperm motility in 

Silurana tropicalis frogs. Environmental Science & Technology – Submitted. 
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3.1 Abstract 

Perchlorate (ClO4
–) is a potent endocrine disruptor and a widespread environmental contaminant, 

but few studies have examined the developmental effects of chronic exposure in amphibians. Our 

aim was to characterize the mechanism(s) mediating the reproductive toxicity of ClO4
– in adult 

male and female Western clawed frogs (Silurana tropicalis). Frogs were spawned and raised from 

fertilized eggs until sexual maturity in potassium perchlorate (KClO4)-treated water at different 

concentrations (0, 20, 53, and 107 μg/L). Adult morphology, gonadal thyroid hormone (TH)- and 

sex steroid-related transcript levels, androgen plasma levels, and sperm motility were examined 

following the yearlong exposure to KClO4. KClO4 treatments triggered sex-specific 

developmental and reproductive toxicity in this species. Female growth (e.g., body mass, snout 

vent length, and hind limb length) was significantly reduced by chronic exposure to low 

concentrations of KClO4; whereas in males, testicular steroidogenesis was affected, with a 

presumably concomitant decrease in sperm quality. Developmental and reproductive effects were 

further revealed by an expression analysis of key TH-related and sex steroid-related genes, with a 

decrease in deiodinase type 1 (dio1) expression in testes and increases in the mRNA levels of 

aromatase (cyp19) and 5α-reductase type 2 (srd5α2) in ovaries. ClO4
– may be detrimental to 

amphibian development as the studied concentrations of the TH disruptor that influenced 

development and reproduction are ubiquitous in North America. Such concentrations are orders 

of magnitude lower than those reported at heavily contaminated anthropogenic sites. 
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3.2 Introduction 

Perchlorate (ClO4
–) is a pervasive, environmental contaminant and a potent endocrine disruptor 

(ASTSWMO 2011; GAO 2010; The National Academies 2005). Low concentrations of the 

inorganic anion are present in the environment as a by-product of various anthropogenic 

applications, including their use in solid propellants, munitions, pyrotechnics, and fertilizers 

(GAO 2010; The National Academies 2005; reviewed in Trumpolt et al., 2005). Since it is highly 

water soluble, ClO4
– rapidly accumulates in ground and surface waters (Dasgupta et al., 2006), 

thereby placing aquatic vertebrates—e.g., birds, fish, and amphibians—at a high risk of exposure. 

The majority of surface and ground waters contaminated by ClO4
– in the coterminous United 

States and Canada are characterized by concentrations less than 100 μg/L (ASTSWMO 2011; 

Backus et al., 2005; Blount et al., 2010; GAO 2010; Jackson et al., 2010; Parker et al., 2008; 

reviewed in Trumpolt et al., 2005). It is, therefore, important to examine the toxicity of low 

concentrations of ClO4
– in aquatic species. 

The toxicity of ClO4
– is mainly mediated through the targeted disruption of thyroid 

function. Amphibians are highly susceptible to endocrine disruptors that target thyroid function, 

as metamorphosis is dependent upon thyroid hormones (THs). Exposure to ClO4
– impedes tail 

reabsorption and hind leg growth in developing tadpoles (Silurana tropicalis: Flood and Langlois, 

2014 – Ch. 2; Xenopus laevis: Opitz et al., 2009; Hu et al., 2006; Tietge et al., 2005; Goleman et 

al., 2002a, 2002b; Lithobates sylvaticus: Bulaeva et al., 2015). Metamorphosis is, thus, a critical 

developmental window of exposure for evaluating the toxicity of TH disruptors (Kloas and Lutz 

2006), and the effects of ClO4
– have been well studied in this context. To date, however, the 

lasting effects of a developmental exposure (hatch to sexual maturity) to the TH-disrupting 

chemicals on adult amphibians after metamorphosis has received relatively little attention.  

In comparison to other EDCs, the potential impacts of ClO4
– contamination were thought 

to be uncomplicated as ClO4
– only targets TH biosynthesis and its mechanism of action is well 

known (Vandenberg et al., 2012). The primary mechanism of ClO4
– is the competitive inhibition 
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of iodide (I–) uptake via the Na+/I– symporter (NIS) limiting the synthesis of the iodine-rich THs, 

thyroxine (T4) and triiodothyronine (T3), by the thyroid gland (Carr et al., 2008). THs, however, 

have been shown to integrate with the various endocrine axes and developmental pathways such 

that the targeted disruption of TH synthesis may indirectly mediate the effects of ClO4
– on other 

signaling pathways. I previously observed that KClO4 at concentrations ≤100 μg/L induces 

changes in the transcription of sex steroid-related genes in gonadal and liver tissues of S. 

tropicalis at Nieuwkoop–Faber (NF) stage 56 and 60 (Nieuwkoop and Faber 1994) during the 

period of sexual differentiation (Flood and Langlois, 2014). These findings emphasize the need to 

further examine the mechanism(s) mediating the reproductive toxicity of ClO4
– throughout the 

frog’s complete lifecycle. Here I investigate the effects of ClO4
– during development on adult 

morphology, gonadal TH- and sex steroid-related transcript levels, androgen plasma levels, and 

sperm motility, all of which may be useful indices of reproductive toxicity.  
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3.3 Material and methods 

3.3.1 Animals and exposure 

In an earlier study I exposed larval S. tropicalis NF stage 10–12 to low concentrations of KClO4 

in 1-L glass jars until NF stage 60 (∼12 weeks post-hatch) (for details, refer to Flood and 

Langlois, 2014 – Ch. 2). In the present study, I examined adult S. tropicalis that had reached 

sexual maturity after exposure throughout larval development to one of four concentrations of 

KClO4 (0, 20, 53, and 107 μg/L; Flood and Langlois, 2014 – Ch. 2). With the completion of tail 

reabsorption (~ 14 weeks after hatch), metamorphs were randomly assigned to glass 10-L 

treatment tanks where exposure to the same concentrations of reagent-grade KClO4 (≥ 99.0%; 

Sigma Canada Ltd., Oakville, ON, Canada) in dechlorinated, aerated water was continued. I 

completely replaced the water and KClO4 every 3 d, maintaining water temperature at 25 ± 1°C 

and the light:dark regime (12:12 h; light commencing at 0700 h local time) for the duration of the 

experiment. Metamorphs were fed once daily with the same amount of commercially available 

Nasco Xenopus Frog Brittle (Nasco, California, USA). The experiment was terminated one year 

after fertilization (by which time the frogs’ gonads were mature). Animals were housed in a 

Queen’s University Animal Care Facility (Kingston, ON, Canada) in accordance with the 

guidelines of the Animal Care Committee of Queen’s University and the Canadian Council on 

Animal Care. 

At the end of exposure to KClO4, adult frogs were anaesthetized by immersion in a 2% 

solution of ethyl 3-aminobenzoate methanesulfonate (MS-222; Sigma Canada Ltd., Oakville, ON, 

Canada), after which each animal’s body mass (BM), snout-vent length (SVL), and hind limb 

length (HLL) was recorded (n = 10 males; n = 10 females). Animals were then euthanized by 

decapitation and exsanguinated. Blood samples (200-500 μL) were collected for sex steroid 

hormone analyses (1 sample per animal; 8 animals per treatment). Blood samples were 

immediately centrifuged and the plasma fraction—the main medium for sex steroid hormones—
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collected and stored at −80°C. The whole left testis (n = 7-9 males per treatment) and an ovary 

section (10-30 mg from each of 7-9 females per treatment) were dissected, weighed, and stored at 

−80°C for further gene expression analysis. The whole right testis of each male was also 

dissected and weighed, then placed in 2X Simplified Amphibian Ringers (SAR; 113.0 mM NaCl, 

1.0 mM CaCl2, 2.0 mM KCl, and 3.6 mM NaHCO3) on ice for immediate sperm analysis. 

3.3.2 Sex steroid analysis 

Plasma concentrations of testosterone (T) and 5α-dihydrotestosterone (5α-DHT) were measured 

using commercially available ELISAs (T: Cayman Chemical, Cedarlane, Burlington, ON, 

Canada; 5α-DHT: IBL America, Cedarlane, Burlington, ON, Canada). Plasma samples were 

thawed on ice and diluted in the immunoassay buffer. The quality criteria for the application of 

commercial kits were verified as instructed by the manufacturer and their immunoassay protocols 

were followed. All plasma samples were measured in duplicate (2 samples per animal; 6 animals 

per treatment). I measured the absorbance of samples using an Infinite® M1000 PRO plate reader 

(Tecan, Montreal, QC, Canada) at 405 nm for T and 450 nm for 5α-DHT. The limit of detection 

according to the manufacturer was 6 pg/mL for both T and 5α-DHT.  

3.3.3 Gene expression analysis 

Total RNA from ovary and testis tissue was isolated using TRIzol (Life Technologies, 

Burlington, ON, CA) using the manufacturer’s protocol. The quantity of RNA was determined on 

a NanoDrop-2000 spectrophotometer (Thermofisher, Ottawa, ON, Canada). Total RNA was 

purified using the TURBO DNA-free™ Kit from Ambion (Ambion; ThermoFisher Scientific, 

Ottawa, ON). First strand cDNA was synthesized following the GoScript Reverse Transcription 

kit protocol (Promega, Madison, WI, USA) in a Mastercycler Pro S Thermocycler (Thermo 

Fisher, Ottawa, ON, Canada). The cDNA products were diluted 80-fold prior to PCR 

amplification. I included negative control reactions for quality control (i.e., no reverse-

transcriptase, noRT; no-template-controls, NTC).  
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Primer sequences for aromatase (cyp19), estrogen receptor (erα), androgen receptor (ar), 

5α-reductase type 2 (srd5α2), deiodinases (dio1, dio2, and dio3), TH receptors (trα and trβ), and 

the reference genes ornithine decarboxylase (odc) and elongation factor-1 alpha (ef1α) were 

previously designed and validated by Langlois et al. (2010). I performed all qPCR assays using a 

Bio-Rad CFX 96 Real-Time System (Bio-Rad Laboratories Inc, Mississauga, ON) and Promega 

GoTaq qPCR MasterMix (Madison, WI, USA). The thermocycler program included an enzyme 

activation step at 95°C for 2 min, followed by 40 cycles at 95°C for 15 s, and 1 min at a gene-

specific annealing temperature of 58°C, 60°C, or 62°C, followed by a denaturation step of 1 min 

at 95°C. I then generated a dissociation curve to confirm the presence of a single amplicon. The 

threshold for each gene was assessed automatically by the Bio-Rad CFX Manager Software 3.0. 

Pooled cDNA samples from each treatment were serial diluted (1:4) to produce a standard curve 

with a starting concentration of 50 ng. Each assay required a reaction efficiency of 100 ± 15% 

and an R2 ≥ 0.989. I ran the standard curve, control reactions, and samples in duplicate for further 

quality control. Gene expression data is presented as fold change relative to the mean control 

treatment. Fold change data of ovary and testis tissue samples were then normalized to the mean 

fold change of the housekeeping genes ef1α and odc, respectively.  

3.3.4 Sperm analysis 

I transferred the right testis from each frog to a clean Kimwipe™ and gently rolled it to remove 

fat bodies and blood vessels from the surface. The cleaned testes were then placed in 500 μL of 

2X SAR and carefully macerated using long-nosed dissecting scissors to release sperm into 

solution. The diluted testicular macerate was centrifuged at 1000 rpm for 2 min to remove large 

cellular debris. I then collected the supernatant for sperm video analysis. Placed on ice, the 

spermatozoa in this supernatant (sperm stock) remained inert until activated with water.  

I adapted the sperm video analysis from Burness et al. (2004). Two sub-samples of the 

sperm stock were analyzed per testis. A drop of room temperature distilled water was added to 
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two drops of each sub-sample of sperm stock to activate motility on a disposable Sperm Count 

CELL-VU Cytometer (Fisher Scientific, Ottawa, ON). Sperm motility was recorded for 120 s on 

a high-resolution monochrome CCD camera (Sony model XC-ST50) mounted on a negative 

phase contrast CH30 microscope (Olympus, Tokyo) at 100X. The swimming paths of all 

spermatozoa were quantified for each sample for 0.5 s sometime between 30 s and 60 s post 

activation. Five sperm parameters were measured using a CEROS (v.12) video analysis system 

(Hamilton-Thorne Research, Beverly, Maine, USA). The average path velocity (VAP) is the 

velocity over a smoothed path; straight-line velocity (VSL) is the straight-line distance between 

the first and last sample point of the sperm’s path divided by the total track time; curvilinear 

velocity (VCL) is the total distance moved between successive frames on the video recording 

divided by the time taken for the sperm to move that total distance; straightness (STR) is an 

estimate of the sperm’s departure from a straight line while swimming, and is calculated by 

dividing VSL by VAP; and amplitude of lateral head displacement (ALH) is the average value of 

the extreme side-to-side movement of the sperm head in each flagellar beat cycle.  

An additional sub-sample (15 μL) was taken from the sperm stock to calculate the total 

number of sperm in the sample (whole right testis) from each male. At high magnification 

(400X), all spermatozoa in the four large corner squares and the large center square on a 

haemocytometer were counted (five squares total). The sperm density of the sperm stock was 

then calculated by dividing by the total spermatozoa count by the volume under these five squares 

(0.02 µL). 

3.3.5 Statistical analysis 

Statistical analyses were performed using Prism 6 (GraphPad Software Inc., San Diego, CA, 

USA) and JMP (Version 12; SAS, Cary, NC, USA). Data and residuals were tested for normality 

and homoscedasticity using the Shapiro–Wilk and Levene tests, respectively. Statistical outliers 

were removed and the data was log transformed when necessary to improve the fit to normality. 
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Morphometric data and plasma sex steroid data are presented as means (least squares means [95% 

CL]) calculated from a linear model for each morphological variable (with sex, treatment and 

their interaction as predictors). Sperm motility data are presented as means (least squares means 

[95% CL]) and comparisons were calculated from a restricted maximum likelihood method, 

including male identity as a random factor to account for multiple measurements per male. Testis 

and ovary gene expression data are presented as standardized means ± 95% CL relative to rpl8 

and ef1α expression, respectively. The relationships between relative gene expression and KClO4 

concentration were examined using linear regression. Treatments were compared to controls 

using one-way ANOVAs and Dunnett’s post hoc tests or posthoc contrast analysis for models that 

include random effects. 

3.4 Results 

3.4.1 Morphometric indices 

Chronic exposure to KClO4 during development generally resulted in smaller adult frogs (Table 

1), with some statistically significant effects in females (but not males) despite the relatively 

small sample sizes per treatment. For example, all treatments significantly reduced female BM 

and the 53 and 107 µg/L treatments significantly decreased both SVL and HLL of females. The 

magnitudes of the effects of all treatments on females were similar, with an approximately 40% 

reduction in BM, and a 10% reduction in both SVL and HLL. Developmental exposure to KClO4, 

however, did not significantly affect either HSI or GSI in females or males (Dunnnett’s tests, p > 

0.05; data and analyses not shown). The statistically significant interaction terms in all linear 

models (Table 3.1) suggests that KClO4 exposure during development has a different effect on 

male and female size, for example reducing the degree of sexual size dimorphism compared to 

frogs developing without such exposure. In some cases sexual dimorphism was even reversed 

such that adult males were larger than females (e.g., at 53 μg KClO4/L; Table 3.1).  
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3.4.2 Sex steroid hormone plasma levels 

Plasma androgen content (T and 5α-DHT concentrations) was significantly different between the 

sexes of S. tropicalis in every treatment of KClO4 (Table 3.2), with males producing 7–15 times 

as much T and 2–3 times as much 5α-DHT as females across treatments. T production in female 

frogs was not significantly affected by chronic exposure to KClO4. In males, exposure to KClO4 

produced a 30% and 45% decrease in T in 53 μg/L- and 107 μg/L-treated frogs, respectively, 

though the differences between these treatments and the control are not significant, possibly due 

to the relatively small sample sizes coupled with high variation within treatments. Levels of 5α-

DHT production by female and male frogs were not significantly affected by chronic exposure to 

KClO4, and the differences in mean values of 5α-DHT across treatments within each sex were 

small, on the order of 5–10%. 

3.4.3 Gene expression 

A year-long exposure to KClO4 resulted in distinct TH- and sex steroid-related gene expression 

patterns in the reproductive tissues of male and female S. tropicalis frogs. Differences in the 

mean values for the house-keeping transcripts between treatments within sexes were small, on the 

order of 5–10%. Expression of dio1 decreased significantly with increasing KClO4 concentrations 

(F1, 32 = 9.3, p = 0.005; Fig. 3.1C). Exposure to 107 μg/L of KClO4 significantly decreased the 

expression of dio1 by 40% in the testis of males compared to control males (Dunnett’s test, p < 

0.05). In female frogs, expression of both srd5α2 (F1, 29 = 16.9, p = 0.0003; Fig. 3.2D) and cyp19 

(F1, 29 = 15.9, p = 0.0004; Fig. 3.2H) in ovarian tissue were significantly positively related to 

KClO4 concentration. Exposure to 107 μg/L KClO4 significantly increased by twofold, on 

average, both ovarian srd5α2 and cyp19 transcripts (Dunnett’s tests, p < 0.05). Transcript levels 

of the remaining TH- or sex steroid-related genes did not change significantly in male and female 

frogs (p > 0.05; Fig. 3.1 and 3.2).  
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3.4.4 Sperm motility  

Sperm motility was significantly impaired by chronic exposure to KClO4 (Table 3.3). For 

example, the 53 µg/L treatment significantly increased VSL and STR, while all three treatments 

significantly reduced ALH, and the 107 µg/L treatment significantly decreased the VAP of 

spermatozoa. The magnitudes of all of the effects of the treatments on sperm motility parameters 

(except VCL) were approximately the same resulting, on average, in a 20% increase in both VSL 

and STR and in a 25% reduction in VAP and ALH. VCL was not significantly affected by 

exposure to KClO4, and the differences in mean values for this variable between treatments was 

small, on the order of 5%. There was also a small (15%) but not significant (p > 0.05) decrease in 

sperm count in the 20 and 107 µg/L KClO4 treatments, suggesting that the effect of KClO4 on 

sperm count might be worth further study with larger sample sizes. 

3.5 Discussion 

The yearlong exposure to KClO4 during development had several effects on adult S. tropicalis 

frogs, including: 1) the loss of natural sexual dimorphism resulting in females with morphometric 

indices similar to those of control males; 2) the disruption of highly dimorphic expression 

patterns of cyp19 and srd5α2 in ovary tissue of treated-female S. tropicalis; and 3) the negative 

impact of long-term exposure to KClO4 on male-biased traits such as plasma androgen content 

and sperm motility.  

The frogs used in this study were sacrificed after one year of development– instead of 

upon the completion of metamorphosis – and this lengthened period could have further 

influenced their size and reproductive development. During the period of metamorphosis, male 

and female frogs are the same size – sex differences in body size emerge only 10 to 20 weeks 

metamorphosis in S. tropicalis (Olmstead et al., 2009). Circulating sex steroid levels also develop 

sexually-dimorphic patterns as males and females differentiate in body size (Olmstead et al., 

2009). Both sex steroid- and TH-related gene expression are characterized by sexually dimorphic 
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patterns in testicular and ovarian tissues of adult S. tropicalis (Duarte-Guterman and Trudeau, 

2011). Disruption of sex-specific morphological, biochemical, and transcriptional dimorphisms 

would therefore not likely be evident until after the completion of metamorphosis. Previous 

studies examining the developmental toxicity of ClO4
‒ on aquatic species often focused on a 

single sex, pooled male and female individuals, or simply did not examine gender differences. 

Developmental and reproductive data on the differential effects of ClO4
‒ as a function of gender 

is lacking in amphibians. 

Female S. tropicalis are significantly larger (BM and SVL) than males in nature (in the 

absence of KClO4), but that difference was reduced at every level of KClO4 exposure and even 

reversed in some treatments. I previously documented a significant but small difference between 

the HLL of female NF stage 60 tadpoles exposed to 107 µg/L of KClO4 and control females prior 

to the completion of metamorphosis (S. tropicalis: Flood and Langlois, 2014 – Ch. 2), and other 

short-term studies have confirmed that ClO4
‒ at concentrations ≤ 100 µg/L can alter BM, hind leg 

growth, as well as tail resorption in developing tadpoles (X. laevis: Hu et al., 2006; Goleman et 

al., 2002a, 2002b). The morphometric data of the present study revealed, for the first time, both 

the permanence of KClO4-induced developmental effects in amphibian ontogeny and the sex 

difference in the developmental toxicity of KClO4. Female anuran fecundity is correlated with 

body size (Monnet and Cherry, 2002), so the KClO4-mediated decrease in female size could be 

associated with impaired ovarian development and function.  

Transcript levels of srd5α2 and cyp19 increased in ovary tissue following chronic 

exposure to low concentrations of KClO4. Imperative to androgen biosynthesis, the srd5α2 

enzyme converts T to the more potent and non-aromatizable androgen, 5α-DHT – actively 

competing with cyp19 for T as a substrate. The enzyme cyp19 is responsible for the conversion of 

T to estradiol. I observed a significant positive linear relationship between cyp19 expression and 

increasing KClO4 concentrations in ovary tissue, a result consistent with the prevailing hypothesis 
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that TH action is mediated via cyp19 transcription and activity in reproductive tissues (reviewed 

in Duarte-Guterman et al., 2014). Several studies have, however, provided evidence refuting TH-

mediated cyp19 induction in this species (Duarte-Guterman and Trudeau, 2011; Flood and 

Langlois, 2014). I therefore also investigated potential androgenic modes of KClO4 action, and 

our data confirm that the ovary tissue of females exposed to 53 and 107 μg/L of KClO4 expressed 

levels of srd5α2 mRNA twice that of control animals. I first documented a KClO4-mediated 

increase in srd5α2 mRNA levels in hepatic tissue – an important tissue for androgen metabolism 

– of S. tropicalis tadpoles treated during sexual differentiation, earlier in development (Flood and 

Langlois, 2014 – Ch. 2). The identification of TREs in the promoter region of srd5α2 further 

confirms the potential for direct regulation of androgen synthesis by THs (Flood et al., 2013 – Ch. 

1). Androgens are principle physiological mediators of ovarian maturation in frogs influencing 

nuclear maturation, oviduct growth, and overall ovary size (Bufo arenarum: Medina et al., 2004; 

X. laevis: Lutz et al., 2001). Alterations in srd5α2 and cyp19 expression could, therefore, 

negatively impact ovarian development post-metamorphosis. Several studies have confirmed that 

chronic exposure to ClO4
‒ increases the proportion of early-stage ovarian follicles and reduces 

follicle size in fish (G. aculeatus: Furin et al., 2015; Petersen et al., 2015). In summary these 

findings indicate that KClO4 can induce long-term androgen disruption via srd5α2 expression in 

female S. tropicalis, but the functional significance of srd5α2 as a possible androgenic mediator 

of KClO4 requires further investigation. 

Male-biased traits such as plasma androgen content and sperm motility were also 

negatively impacted by the long-term exposure to KClO4. Although the relationship between 

KClO4 and T production was not significant in either female or male frogs (with relatively small 

sample sizes), there was a large difference (45%) between the T plasma levels in control and 107 

μg/L KClO4-treated male frogs. This trend warrants further investigation in amphibians as 

chemically and surgically induced hypothyroid conditions have been shown to decrease 
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circulating T levels in male fish and tetrapods (reviewed in Flood et al. 2013 – Ch. 1; Romano et 

al., 2013; reviewed in Wagner et al., 2008; reviewed in Maran, 2003). I observed that the KClO4 

mediated alternations in testicular steroidogenesis were associated with a decrease in sperm 

quality. It is noteworthy that spermatozoa motility (measured as progressiveness (VAP, VSL), 

vigor (VCL), and straightness (STR)) was comparable to that in Larroze et al. (2014), a study on 

the validity of computer-assisted sperm analysis (CASA) for S. tropicalis. Sperm motility was 

impaired by chronic exposure to KClO4 in that the sperm of KClO4-treated males had a slower 

swimming speed (< VAP) and less lateral head displacement (< ALH) than the sperm of control 

males. Inhibition of flagellar motility could produce these motility patterns. The observed 

increase in VSL and STR further suggest a decrease in flagellar bending. Romano et al. (2016) 

observed a significant decrease in mitochondrial activity in spermatozoa of hypothyroid male 

Wistar rats – less energy would be generated for the flagellum and movement would be impaired. 

Sperm density and sperm velocity are considered to be primary determinants of male fertility in 

externally fertilizing aquatic species, so in vivo exposure to KClO4 may negatively affect male 

reproductive success. The sperm of externally-fertilizing amphibians may also come in direct 

contact with ClO4
‒ ions in aquatic environments during spawning. Since sperm activity is 

strongly influenced by the surrounding aqueous chemical conditions, the effect of direct ClO4
‒ 

exposure on sperm motility should also be investigated in future studies. 

Changes in TH related transcription in the testes of male S. tropicalis also suggests that 

KClO4 exposure affects testicular tissue. THs play an important role in testicular development 

and function (reviewed in Flood et al., 2013 – Ch. 1; reviewed in Wagner et al., 2009, 2008; 

reviewed in Maran, 2003), with TH-related genes demonstrating a male-biased pattern of 

expression in reproductive tissues of adult S. tropicalis (Duarte-Guterman and Trudeau, 2011). 

Among the five TH biomarkers examined in the present study, transcript levels of dio1 decreased 

significantly in testicular tissue following exposure to low concentrations of KClO4, but changes 
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were not observed in ovary tissue. The activation or deactivation of THs are mediated by dios. 

The dio1 enzyme can activate T4 to produce T3 via outer (5′)-ring deiodination as well as 

inactivate T4 or T3 via inner (5)-ring deiodination – dio1 activity has been proposed to be crucial 

in a depleted thyroidal status as dio1 recycles I- and operates as a scavenger enzyme (reviewed in 

Orozco et al., 2012; reviewed in St. Germain et al., 2009). The observed decrease in testicular 

dio1 expression could consequently be a result of the prolonged inhibition of the NIS by KClO4. 

Nevertheless, the functional significance of impeded peripheral TH metabolism in the 

reproductive tissues of amphibians remains to be determined. 

I demonstrated that under prolonged exposure to KClO4 from embryogenesis to post-

metamorphosis, KClO4 triggers a sex-specific developmental toxicity in S. tropicalis. I provided 

evidence that the targeted disruption of TH synthesis results in morphological, biochemical, and 

transcriptional changes reflecting a loss of natural sexual dimorphism in adult S. tropicalis after 

metamorphosis. Environmental ClO4
‒ may have profound effects on amphibian development as 

the concentrations of KClO4 shown to induce sub-lethal developmental and reproductive 

endpoints are (i) representative of ubiquitous environmental levels in North America and (ii) 

orders of magnitude lower than concentrations reported at more heavily contaminated 

anthropogenic sites. 
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Table 3.1.  

Effects of chronic KClO4 treatments (for one year from fertilization) on mean body mass (g), snout-vent length (mm), and hind limb length (mm) 

of adult S. tropicalis. 

 

KClO4 

(μg/L) 
Body mass (g) Snout-vent length (mm) Hind limb length (mm) 

 Male Female Male Female Male Female 

0 9.5 [7.9, 11.2] 14.7 [13.1, 16.4]† 44.9, [42.1, 47.7] 51.5 [48.7, 54.2]† 47.2 [44.6, 49.8] 52.0 [49.4, 54.6] 

20 9.3 [7.6, 10.9] 11.5 [9.9, 13.2]* 45.2, [42.4, 48.0] 46.9 [44.1, 49.7] 46.0 [43.4, 48.6] 47.5 [44.9, 50.1] 

53a 9.6 [7.9, 11.2] 9.0 [7.3, 10.8]* 44.4, [41.6, 47.2] 43.0 [40.2, 45.8]* 46.8 [44.2, 49.4] 44.2 [41.6, 46.8]* 

107 8.8 [7.2, 10.5] 10.2 [8.6, 11.9]* 43.0, [40.2, 45.8] 45.6 [42.8, 48.4]* 45.2 [42.6, 47.8] 45.7 [43.1, 48.3]* 

 

Model: F7, 71 = 5.7, p < 0.0001; R2 = 0.36 

Effects: Sex, F1, 71 = 12.8, p = 0.0006; 

Treatment, F3, 71 = 4.8, p = 0.004;  

Sex x Treatment, F3, 71 = 4.1, p = 0.01 

Model: F7, 71 = 4.1, p < 0.0008; R2 = 0.29 

Effects: Sex, F1, 71 = 5.0, p = 0.03; 

Treatment, F3, 71 = 4.6, p = 0.005;  

Sex x Treatment, F3, 71 = 3.2, p = 0.03 

Model: F7, 71 = 3.3, p < 0.004; R2 = 0.25 

Effects: Sex, F1, 71 = 1.0, p = 0.32; 

Treatment, F3, 71 = 4.6, p = 0.006;  

Sex x Treatment, F3, 71 = 2.9, p = 0.04 

 

Means (least squares means [95% CL]) and comparisons were calculated from a linear model for each morphological variable with sex, treatment, 

and their interaction as predictors. ANOVA statistics for each model are presented below the least squares statistics.  

 
a Sample size for each sex per treatment is 10 except for females in this treatment where n = 9 

* treatment is significantly different (p < 0.05; Dunnett’s tests) from the control (KClO4 = 0 µg/L) 

† sexes are significantly different within treatment (p < 0.05; Tukey HSD tests)  
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Table 3.2.  

Effects of chronic KClO4 treatments (for one year from fertilization) on mean T (pg/mL) and 5α-DHT (pg/mL) plasma levels in male and female 

S. tropicalis. 

 

KClO4 (μg/L) T (pg/mL)a  5α-DHT (pg/mL)  

 Male Female b Male Female 

0 991.3 [607.1, 1618.8]† 63.3 [36.6, 109.5] 1277.9 [975.5, 1580.2]† 577.6 [275.2, 879.9] 

20 1096.3 [671.3, 1790.2]† 79.3 [45.8, 137.2] 1301.2 [998.8, 1603.6]† 487.6 [185.2, 790.0] 

53 716.5 [438.8, 1170.0]† 82.8 [47.9, 143.3] 1026.7 [724.3, 1329.1]† 407.1 [104.7, 709.4] 

107 540.8 [331.1, 883.0]† 71.4 [41.3, 123.6] 1099.4 [797.1, 1401.8]† 347.2 [44.8, 649.6] 

 

Model: F7, 28 = 26.2, p < 0.0001; R2 = 0.87 

Effects: Sex, F1, 28 = 117.2, p < 0.0001;  

Treatment, F3, 28 = 0.86, p = 0.47;  

Sex x Treatment, F3, 28 = 0.97, p < 0.42 

Model: F7, 32 = 7.3, p < 0.0001; R2 = 0.61 

Effects: Sex, F1, 32 = 47.2, p < 0.0001;  

Treatment, F3, 32 = 1.12, p = 0.36;  

Sex x Treatment, F3, 28 = 0.15, p < 0.93 

 

Means (least squares means [95% CL]) and comparisons were calculated from a linear model for each androgen with sex, treatment, and their 

interaction as predictors. ANOVA statistics for each model are presented below the least squares statistics.  

 
a T was log-transformed to normalize residuals.  
b For each sex per treatment n = 6, except n = 5 for levels of T in females in all treatments. 

† sexes are significantly different within treatment (p < 0.05; Tukey HSD test) 
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Table 3.3. 

Effects of chronic KClO4 exposure on mean sperm swimming speed (VAP, VSL, and VCL), linearity (STR), head displacement (ALH), and 

sperm count of male S. tropicalis.  

 

KClO4 

(μg/L) 
VAP (μm s

-1
) 

F3, 550.7 = 3.16 

p = 0.03, R2 = 0.04 

VSL (μm s
-1

) 

F3, 211.2 = 3.74 

p = 0.01, R2 = 0.004 

VCL (μm s
-1

) 

F3, 557.7 = 0.64 

p = 0.59 

STR (%) 

F3, 548.6 = 4.17, 

p = 0.006, R2 = 0.04 

ALH (μm) 

F3, 483.8 = 6.05 

p = 0.0005, R2 = 0.03 

Sperm countb (x 10
6 
mL–1) 

F3, 26.1 = 0.24  

p = 0.87 

0 23.9 [21.7, 26.0] 7.8 [7.0, 8.6] 46.2 [42.1, 50.3] 34.6 [30.9, 38.3] 3.5 [3.2, 3.8] 6.3 [4.5, 8.2] 

20a 21.8 [19.7, 23.9] 8.9 [8.1, 9.7] 44.1 [40.1, 48.1] 40.9 [37.3, 44.4]* 3.0 [2.7, 3.3]* 5.9 [4.0, 7.7] 

53 22.2 [20.0, 24.3] 9.1 [8.3, 9.9]* 44.5 [40.4, 48.5] 41.3 [37.7, 44.9]* 2.6 [2.3, 2.9]* 6.6 [4.6, 8.6]b 

107 19.8 [17.5, 22.1]* 7.1 [6.2, 8.1] 42.8 [38.4, 47.2] 38.8 [34.9, 42.8] 2.8 [2.4, 3.1]* 5.5 [3.5, 7.5]b 

 

Abbreviations: VAP, average path velocity; VSL, straight-line velocity; VCL, curvilinear velocity; STR, straightness; ALH, lateral head displacement. 

Means (least squares means [95% CL]) and comparisons were calculated from a linear model for each sperm parameter with treatment as predictor 

(statistics for each of the fixed effects shown at top of each column) and male identity as a random effect (to account for several sperm being measured 

from each male).  

 

Sample size for each sperm parameter per treatment is six unless noted otherwise. Sample size for sperm count per treatment is 10 unless noted 

otherwise (a n = 7; b n = 9). 

* treatment is significantly different (p < 0.05; post hoc contrast analyses) from the control (where KClO4 = 0 µg/L) 
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Figure 3.1.  

Relative expression of tr (trα and trβ) and dio (dio1, dio2, and dio3) in testis (A and C, respectively) and ovary (B and D, respectively) tissue of 

Silurana tropicalis frogs chronically exposed to different aqueous concentrations of KClO4 (0, 20, 53, and 107 μg/L; n = 7-9 frogs per treatment) 

for one year after fertilization. Testis and ovary gene expression data are normalized to odc and ef1α, respectively, and presented as fold changes 

relative to the control treatment. Equations and R2 are presented for the significant linear regression. Note that the scales of the y-axes vary.  
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Figure 3.2.  

Relative expression of ar, srd5α2, erα, and cyp19 genes in testis (A, C, E, and G, respectively) 

and ovary (B, D, F, and H, respectively) tissues of Silurana tropicalis frogs chronically exposed 

to KClO4 (0, 20, 53, and 107 μg/L; n = 7-9 frogs per treatment) for one year after fertilization. 

Testis and ovary gene expression data are normalized to odc and ef1α, respectively, and presented 

as fold changes relative to the control treatment. Equations and R2 are presented for the 

significant linear regressions. Note that the scales of the y-axes vary. 
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Chapter 4 

Thyroid hormones and androgens differentially regulate gene 

expression in testes and ovaries of juvenile Silurana tropicalis 

 

 

Chapter adapted from:  

Campbell, D.E.K.1, and Langlois, V.S.2. Thyroid hormones and androgens differentially regulate 

gene expression in testes and ovaries of juvenile Silurana tropicalis. Molecular and Cellular 

Endocrinology – Under review. 
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4.1 Abstract 

A series of ex vivo exposures using testicular and ovarian tissues of juvenile Western clawed 

frogs (Silurana tropicalis) were designed to examine molecular mechanisms of thyroid hormone 

(TH) and androgen crosstalk sans hypophyseal feedback as well as investigate potential sex-

specific differences. Tissues were exposed ex vivo to either triiodothyronine (T3), iopanoic acid 

(IOP), one co-treatment of IOP and 5α-dihydrotestosterone (5α-DHT), 5α-DHT, 5β-

dihydrotestosterones (5β-DHT), or testosterone (T). Gonadal tissues responded to androgens by 

modulating the expression of TH receptors (trs) and deiodinases (dios) in a sex-specific manner – 

increasing trβ and dio1 transcripts in testes, but decreasing trβ and dio3 expression in ovaries. 

These findings provide evidence for direct androgen-mediated regulation of TH transcription and 

peripheral metabolism in amphibians. Elevated TH levels differently regulate sex-steroid-related 

transcription (5α-reductase type 2 (srd5α2) and estrogen receptor alpha (erα)), and production 

(5α-DHT). In summary, this study provides an improved mechanistic understanding of TH- and 

androgen-mediated actions and reveals differential transcriptional effects as a function of sex in 

juvenile S. tropicalis. 
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4.2 Introduction 

The actions of thyroid hormones (THs) are highly diverse and impact nearly every biological 

endocrine system (Mullur et al., 2014). The challenge remains to characterize and predict the 

interactions among THs and the major endocrine axes. THs have been shown to cross-regulate 

with the hypothalamus–pituitary–gonadal axis (HPG) – targeting gonadotropin synthesis, 

steroidogenesis, and gonadal cellular differentiation in vertebrates (reviewed in: Duarte-Guterman 

et al., 2014; Cortés et al., 2014; Flood et al., 2013 – Ch. 1; Habibi et al., 2012; Wagner et al., 

2009, 2008). Research into the effects of THs on gonadal development and functioning has 

largely been characterized by a reliance on morphological, biochemical, and histopathological 

endpoints. Although we have considerable knowledge of the molecular mechanisms underlying 

TH-mediated reproductive effects in gonadal tissue (Duarte-Guterman et al., 2014; Flood et al., 

2013– Ch. 1; Habibi et al., 2012; Wajner et al., 2009; Wagner et al., 2009, 2008; Cooke et al., 

2004; Maran, 2003), relatively little is known with regard to the function of sex. Previous studies 

examining TH actions often focused on a single sex, pooled male and female individuals, or 

simply did not examine gender differences. Furthermore, TH-related transcripts have been 

demonstrated to develop sexually-dimorphic patterns - with higher mRNA levels of TH receptors 

(trs: trα and trβ) and deiodinases (dios: dio1, dio2, and dio3) reported in testes than in ovaries of 

various species (Silurana tropicalis: Duarte-Guterman and Trudeau, 2011; Scarus iseri: Johnson 

and Lema, 2011; Oncorhynchus mykiss: Sambroni et al., 2001). Sex specific transcriptional 

mechanisms in reproductive tissues consequently may not be evident until after the completion of 

sexual development once the animal has reached sexual maturity. The main goal of this study was 

to examine the differential effects of THs as a function of gender in amphibians and to elucidate 

possible sex specific mechanisms of crosstalk in juvenile S. tropicalis. 

Understanding mechanisms of sex steroid-regulation of the TH axis is highly relevant to 

amphibians due to the absolute dependence of metamorphosis on THs. Estrogenic compounds 
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(e.g., estradiol (E2) and 17α-ethinylestradiol (EE2)) have been shown to repress TH function and 

impede growth in aquatic species (X. laevis: Sharma and Patiño, 2010; Carr et al., 2003; Rana 

pipiens: Hogan et al., 2008; R. pipiens and Rana sylvatica: Hogan et al., 2006; Teleost fish: 

reviewed in Brown et al., 2004; Oncorhynchus masou: Yamada et al., 1993). In contrast, 

androgens appear to stimulate the TH system in vertebrates. Exposure to testosterone (T) and 

17α-methyltestosterone has shown to elevate circulating TH levels and peripheral TH metabolism 

in fish (reviewed in: Brown et al., 2004; Cyr and Eales, 1996; Salvelinus alpinus: MacLatchy and 

Eales, 1988; Salmo gairdneri, Richardson: Hunt and Eales, 1979). More recently, exposure to 

anti-androgenic compounds have been shown to alter TH-related transcription and activity in 

developing S. tropicalis tadpoles (Langlois et al., 2011; Langlois et al., 2010; Duarte-Guterman et 

al., 2009), which substantiates the potential for this crosstalk in amphibians. Androgen response 

elements (AREs) have also been identified in the putative promoter regions of trs and dios in 

model fish and tetrapod species (Mus musculus, S. tropicalis, and Oryzias latipes: Flood et al., 

2013– Ch. 1); I can therefore hypothesize for direct androgenic regulation of TH-related 

transcription.  

Isolating direct TH- or androgen-mediated crosstalk in vivo is difficult as this assay 

encompasses all pathways of regulation, including compensatory feedback mechanisms by higher 

regulatory centres, such as the hypothalamus–pituitary axis. An ex vivo assay ascertains direct 

and independent molecular responses by eliminating factors, such as hormonal feedback loops 

and biotransformation of the chemical by other organs (e.g., liver; Scholz et al., 2013). To 

characterize molecular mechanisms of TH- and androgen-action as a function of sex, testicular 

and ovarian tissues of juvenile S. tropicalis were exposed ex vivo to either triiodothyronine (T3), 

iopanoic acid (IOP), one co-treatment of IOP + 5α-dihydrotestosterone (5α-DHT), 5α-DHT, 5β-

dihydrotestosterones (5β-DHT), or T for 6 h. I first conducted a novel in silico promoter analysis 

to examine the presence and frequency of putative thyroid-, androgen- and estrogen-response 
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elements (TREs, AREs, and EREs, respectively) in S. tropicalis TH- and sex steroid related genes 

and made species comparisons with rodent and fish models. Gonadal TH- and sex steroid-related 

transcript levels and sex-steroid media levels were examined in testis and ovary tissue to elucidate 

molecular mechanisms of crosstalk with regard to the function of sex.  

4.3 Material and methods 

4.3.1 Animals and exposure  

Juvenile male and female S. tropicalis frogs were raised and housed in a Queen’s University 

Animal Care Facility (Kingston, ON, Canada). Animals were kept in dechlorinated and aerated 

water (25 ± 1°C) on a 12:12 h light:dark regime (light commencing at 0700 h). All aspects of 

animal care were performed in accordance with the guidelines of the Animal Care Committee of 

Queen’s University and the Canadian Council on Animal Care.  

 Two ex vivo assays were performed as per Bissegger et al. (2014). In the first ex vivo 

assay, I examined whether TH status affects sex steroid-related transcription and hormone 

production in testes and ovaries of sexually mature juvenile S. tropicalis. Juvenile frogs were 

anaesthetized by immersion in 2% of 3-aminobenzoic acid ethyl ester (MS-222; Sigma Canada 

Ltd., Oakville, ON, Canada) and euthanized by decapitation. Whole testis (n = 32) and samples of 

ovary tissue (5 – 25 mg pieces; n = 32) were dissected, weighed, and placed in separate 1.5 mL 

centrifuge tubes filled with 500 μL of cold Lebovitz (L-15 media, Sigma, Oakville, ON, Canada) 

containing 10 mM HEPES, 50 μg/mL gentamicin (Fisher Scientific, Ottawa, ON, Canada) and 

2% synthetic serum replacement (Sigma, Oakville, ON, Canada) at pH 7.4. Tissues were kept on 

ice until the exposure commenced. Testes and ovary samples were randomly transferred into 

designated wells in a 96-well plate containing either 500 μL L-15 media (control samples) or L-

15 media containing T3 (50 nM; Sigma, Oakville, Ontario, CA), IOP (10 μM; TCI America), or 

one co-treatment of IOP (10 μM) + 5α-DHTα (1 μM). The 96-well plates were incubated for 6 h 
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at 26°C using an orbital shaker. After 6 h, the tissues and media were collected and stored at 

−80°C for subsequent gene expression and sex steroid hormone analysis, respectively. 

 In the second ex vivo assay, I investigated androgen-mediated regulation of sex steroid- 

and TH-related transcription in isolated testis and ovary tissue of juvenile S. tropicalis. Animals 

were euthanized and tissues were collected as described above. Once all the tissue samples were 

dissected, the whole testes and pieces of ovary were transferred from the 1.5 mL centrifuge tubes 

filled with 500 μL of cold Lebovitz into designated wells in a 96-well plate containing either 500 

μL of L-15 media (control samples) or L-15 media containing 1 μM of T, 5α-DHT, or 5β-DHT 

purchased from Steraloids, Newport, RI, USA. The 96-well plates were incubated for 6 h at 26°C 

using an orbital shaker. After 6 h, the organs were collected and stored at −80°C for subsequent 

gene expression analysis. 

4.3.2 Sex steroid analysis 

Media concentrations of E2, T, and 5α-DHT were measured using commercially available 

enzyme-linked immunosorbent assays (ELISAs; E2 and T: Cayman Chemical, Cedarlane, 

Burlington, ON, Canada; 5α-DHT: IBL America, Cedarlane, Burlington, ON, Canada). Media 

samples were thawed on ice and diluted in the immunoassay buffer. The immunoassay protocols 

were then followed as described by the manufacturer. All media samples (n = 5-8 per treatment) 

were measured in duplicate. The absorbance of samples were measured using an Infinite® M1000 

PRO plate reader (Tecan, Montreal, QC, Canada) at 405 nm for E2 and T, and 450 nm for 5α-

DHT. The limit of detection according to the manufacturer was 15 pg/mL for E2, and 6 pg/mL for 

both T and 5α-DHT. Note that the T and 5α-DHT levels could not be accurately quantified in the 

co-treatment IOP + 5α-DHT because the antiserums to both T and 5α-DHT were reported to 

cross-react with 5α-DHT by 27.4% and 100%, respectively.  
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4.3.3 In silico promoter analysis 

To further characterize mechanisms of molecular crosstalk, I examined the presence and 

frequency of TREs, AREs, and EREs in the putative promotor regions of S. tropicalis sex steroid- 

(erα and cyp19)-related genes. The presence and frequency of EREs were examined in TH-

related genes (trβ) and androgen-related genes (ar and srd5α2). For information on tr and ar half-

site motifs in these genes please refer to Flood et al. (2013 – Ch.1). All sequences used for 

analysis were collected from the Ensembl Project (http://www.ensembl.org). Weighted matrices 

of tr-, ar-, and er-binding sites were obtained using the PROMO matrices search engine (v.3.0.2; 

Farré et al., 2003) in conjunction with the TRANSFAC matrices database (v.7.0). I then used the 

FIMO software (v.4.11.1; Grant et al., 2011) to scan for the tr-, ar-, and er-motifs within the 

putative promoter region (−2000 to +1) of our target genes. A p-value output threshold of 0.001 

was selected. The matched tr, ar, and er motif sequences were searched against the core 

recognition motif sequence with the criterion of allowing no mismatches as a final validation 

step. The frequency on single half-sites (TRE: 5'-TGACCT-3', 5'-TGTCCT-3'; ARE: 5'-

TGTTCT-3'; ERE: 5'-TGACC-3'), direct repeats, and palindrome sequences were evaluated.  

4.3.4 Gene expression analysis 

Total RNA from ovary and testis tissue was isolated using TRIzol (Life Technologies, 

Burlington, ON, CA) in accordance with the manufacturer’s protocol. I purified total RNA using 

the TURBO DNA-free™ Kit from Ambion (Ambion; ThermoFisher Scientific, Ottawa, ON). The 

quantity of RNA was then determined on a NanoDrop-2000 spectrophotometer (Thermofisher, 

Ottawa, ON, Canada). First strand cDNA was synthesized following the GoScript Reverse 

Transcription kit protocol (Promega, Madison, WI, USA) in a Mastercycler Pro S Thermocycler 

(Thermo Fisher, Ottawa, ON, Canada). The cDNA products were diluted 80-fold prior to PCR 

amplification. For quality control purposes negative control reactions were also included (i.e., no 

reverse-transcriptase (noRT) and no-template-controls (NTC)).  
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Primer sequences for androgen receptor (ar), aromatase (cyp19), estrogen receptor (erα), 

deiodinases (dio1, dio2, and dio3), 5α-reductases (srd5α1, srd5α2, srd5α3), TH receptors (trα and 

trβ), and the reference genes ornithine decarboxylase (odc) and ribosomal protein L8 (rpl8) were 

previously designed and validated by Langlois et al. (2010). Real-time PCR primers for dax-1 

(dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1) 

were designed based on a GenBank sequence (accession no. XM_002933615; forward 5’ – 3’: 

AATCCCACAACAGCAACCCA; reverse 5’ – 3’: GTGGGCTTTTTAGGCTGACTTT; 

amplicon size: 99 bp) using the Primer-BLAST tool from NCBI 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/). All qPCR assays were performed using a Bio-

Rad CFX 96 Real-Time System (Bio-Rad Laboratories Inc, Mississauga, ON) and Promega 

GoTaq qPCR MasterMix (Madison, WI, USA). The thermocycler program used included an 

enzyme activation step at 95°C for 2 min, followed by 40 cycles at 95°C for 15 s, and 1 min at a 

gene-specific annealing temperature of 58°C, 60°C, or 62°C. After this amplification phase, there 

was a denaturation step of 1 min at 95°C. A dissociation curve was subsequently generated to 

confirm the presence of a single amplicon. The threshold for each gene was assessed 

automatically by the Bio-Rad CFX Manager Software 3.0. Pooled cDNA from each treatment 

were serial diluted (1:4) to produce a standard curve with a starting concentration of 50 ng. Each 

assay required a reaction efficiency of 100 ± 15% and an R2 ≥ 0.989. To further quality control 

measures the standard curve, control reactions, and samples were run in duplicate. Gene 

expression data is presented as fold change relative to the mean control treatment. Fold change 

data of testis and ovary tissue exposed to TH-related compounds were then normalized to the 

mean fold change of the housekeeping genes odc and rpl8, respectively. Fold change data of 

testis and ovary tissue exposed to androgenic compounds were then normalized to the mean fold 

change of the housekeeping gene odc. 

  

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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4.3.5 Statistical analysis 

Statistical analyses were performed using Prism 6 (GraphPad Software Inc., San Diego, CA, 

USA) and JMP (Version 12; SAS, Cary, NC, USA). Data and residuals were tested for normality 

and homoscedasticity using the Shapiro–Wilk and Levene tests, respectively. Statistical outliers 

were removed and the data was log transformed when necessary to improve the fit to normality. 

Media sex steroid data were are presented as means ± 95% CL. Testis and ovary gene expression 

data are presented as individual samples relative to housekeeping gene expression. Treatments 

were compared to controls through one-way ANOVAs and Dunnett’s post hoc analyses. 

Differences were accepted as significant at an alpha level of p < 0.05.  

4.4 Results 

4.4.1 Testis and ovary tissue modulate sex steroid levels in response to T3 and 5α-DHT 

Exposure to T3, IOP, or a co-treatment of IOP + 5α-DHT altered levels of sex steroids (i.e., E2, T, 

and 5α-DHT) in the media surrounding treated ovary and testis tissues (Table 4.1). Treatment 

with T3 significantly increased production of 5α-DHT from testis tissue by 50%. I found that sex 

steroid hormone levels were unaffected by IOP treatment alone; however, co-treatment with 5α-

DHT significantly increased E2 levels in the media surrounding testes by 50% and ovaries by 

100%. Gonadal tissues did not respond to TH-related compounds by modulating T levels (p > 

0.05; Table 4.1).  

4.4.2 Promoter analysis reveals potential for crosstalk 

The identified putative response elements (TREs, AREs, and EREs), their relative positions to the 

start codon, along with the core recognition motifs are shown in Fig. 4.1. The putative promoters 

of trβ, ar, and srd5α2 are characterized by one to three er half-site motifs (5’-TGACC-3’) in all 

species. For all three species, a single tr half-site motif (5’-TGACCT-3’) was detected in the 

putative promoter of erα. The M. musculus erα promoter contained four AREs; however, EREs 

were not detected. In contrast, five EREs were identified in the promoter region of erα in S. 
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tropicalis, and a single er palindrome motif plus four er half site motifs were identified in O. 

latipes. One to two AREs were found in the frog and fish erα promoter. In the putative cyp19 

promoter, the number of TREs decreased in a stepwise fashion in mice, frogs, and fish. Five tr 

half site motifs and a single direct half site repeat were observed in the putative promoter of 

cyp19 in M. musculus. A total of three tr half site motifs were identified in S. tropicalis, and a 

single tr half site motif was detected in O. latipes. Putative androgenic regulation was as 

prevalent in the promoter of cyp19 as it was for erα. I identified two to three ar half site motifs in 

the putative cyp19 promoter of each species. Two er half site motifs were detected in M. 

musculus, a single half site motif and a direct half site repeat was identified in S. tropicalis and a 

single palindromic sequence was observed in O. latipes.  

4.4.3 Gene expression 

4.4.3.1 Androgens and T3 share analogous regulatory mechanisms of TH-related gene 

expression in gonadal tissues  

The relative abundances of tr and dio mRNAs were differentially modulated by testes and ovaries 

in response to all three androgens (i.e., T, 5α-DHT, or 5β-DHT; Fig. 4.2). Expression of trβ 

increased on average by 1.5-fold in T or 5α-DHT treated testes (F3, 26 = 3.8, p = 0.02); whereas, 

trβ transcripts decreased by approximately 50% in 5α-DHT treated ovaries (F3, 26 = 5.5, p = 

0.005). I found that trα expression in gonadal tissues of male and female juvenile S. tropicalis 

was not however affected by T, 5α-DHT, or 5β-DHT ex vivo (p > 0.05). Exposure to 5α-DHT 

significantly increased dio1 expression by 1.7-fold in testis tissue (F3, 22 = 3.6, p = 0.02), while 

dio2 and dio3 mRNA levels remained unchanged. Ovary tissue did not respond to androgenic 

compounds by modulating dio1 or dio2 expression, rather exposure to T or 5α-DHT significantly 

decreased dio3 expression by approximately 40% (F3, 27 = 8.2, p = 0.001).  

Testes and ovaries responded to T3 and IOP by modulating the expression of trs and dios 

in sex-specific manner analogous to that observed for androgens (Fig. 4.3). Exposure to T3 
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significantly increased trβ transcripts 2-fold in testes (F3, 26 = 20.6, p < 0.0001), in contrast to 

ovary tissue, which did not modulate trβ expression in response to the TH exposure. A 40% 

decrease in trβ mRNA levels was observed however in IOP-treated ovary tissue (F3, 22 = 3.3, p = 

0.04). Transcriptional regulation of dio3 was similar between sexes with T3 increasing dio3 

expression by 3.5-fold in testes (F3, 25 = 13.2, p < 0.0001) and 5-fold in ovaries (F3, 21 = 16.2, p < 

0.0001). I found that TH-related gene expression in ovary tissue was unaffected by the co-

treatment of 5α-DHT; however, co-treatment with IOP + 5α-DHT significantly increased dio1 

transcripts by 1.5-fold in testes (F3, 21 = 3.3, p = 0.04) – complimenting the previously observed 

increase in dio1 expression in 5α-DHT treated testes. Transcripts of trα and dio2 were not 

affected by T3 or IOP treatments (p > 0.05). 

4.4.3.2 TH-related and androgenic compounds differentially regulate androgen-related gene 

expression in testis and ovary tissue 

Gonadal tissues responded to compounds with TH-, anti-thyroid-, and androgen-related modes of 

action by differentially modulating the relative abundance of sex steroid-related transcripts (i.e., 

era, cyp19, ar, srd5a1, srd5a2, srd5a3, and dax-1; Fig. 4.4). Exposure to T3 significantly 

decreased srd5α2 expression by 47% in treated ovary tissue relative to the control (F3, 22 = 3.4, p 

= 0.04). The mRNA levels of srd5a2 also decreased by 40% in IOP treated ovaries, albeit non-

significantly. A thyroid-mediated effect was indicated as the expression of srd5α2 did not 

increase in ovary tissue co-treated with IOP + 5α-DHT (p > 0.05). Testis tissue did not respond to 

treatments by modulating srd5α2 transcription (p > 0.05). Exposure to T significantly decreased 

dax-1 expression by 50% in testis tissue (F3, 25 = 5.20, p = 0.006; Fig. 4.5); while ovary tissue did 

not respond to androgenic compounds by modulating dax-1 transcription (p > 0.05). Furthermore, 

I observed a sexually dimorphic pattern in the gene expression of dax-1 where the mRNA levels 

of dax-1 in testis tissue were 23-fold more than in ovary tissue in (Two-tailed t-test, t11 = 11.0, p < 

0.0001; Fig. 4.5). 
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4.4.3.3 TH-related and androgenic compounds positively regulate estrogen-related gene 

expression in testis and ovary tissue 

THs differentially regulated the transcription of estrogen-related genes between sexes (Fig.4. 6). 

Exposure to T3 significantly increased erα expression by 2.3-fold in treated ovaries (F3, 22 = 6.4, p 

= 0.003). Testis tissue did not respond to T3 or IOP by modulating erα transcription (p > 0.05); 

however, co-treatment with IOP + 5α-DHT significantly increased erα expression by 1.6-fold in 

treated-testis tissue relative to the control (F3, 24 = 4.3, p = 0.01), supporting an androgen mediated 

effect. Gonadal tissues did not respond to TH related compounds by modulating ar, srd5α1, 

srd5α3, cyp19, or dax-1 transcription (p > 0.05; Fig. 4.6).  

Androgens differentially regulated the transcription of estrogen-related genes between 

sexes (Fig. 4.7). Elevated levels of 5α-DHT or 5β-DHT were confirmed to significantly increase 

erα expression by 1.5-fold in testis tissue (F3, 25 = 3.5, p = 0.03). Both 5α-DHT and 5β-DHT 

significantly increased erα expression in ovary tissue by 2-fold (F3, 26 = 6.3, p = 0.002). A 

significant 1.6-fold increase in cyp19 expression was also noted in 5α-DHT-treated testes (F3, 25 = 

3.6, p = 0.03). I observed that cyp19 transcription was however unaffected by androgenic 

compounds in ovaries (p > 0.05). Gonadal tissues did not respond to androgenic related 

compounds by modulating ar, srd5α1, srd5α2, and srd5α3 transcription (p > 0.05; Fig. 4.7).  

4.5 Discussion 

TH status has been shown to affect gonadal development and functioning in amphibians; 

however, our understanding of the molecular mechanisms underlying TH-induced effects is 

limited. To further characterize the molecular mechanisms of TH and androgen crosstalk, 

testicular and ovarian tissues of juvenile S. tropicalis were exposed ex vivo to compounds with 

TH-, anti-TH-, and androgen-related modes of action. The first aim of this study was to establish 

whether androgens reciprocally regulate TH-related gene expression as well as further 

characterize TH-mediated actions in testis and ovary tissue at sexual maturity.  
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The transcription of trs and dios were differentially modulated within testes and ovaries 

in response to androgens. These findings complement our previous identification of AREs in the 

putative promoter of S. tropicalis trα and trβ (Flood et al., 2013– Ch. 1), and thus, confirm our 

hypothesis of reciprocal regulation. Exposure to 5α-DHT or 5β-DHT significantly increased trβ 

mRNA levels by approximately 1.5-fold in testicular tissue; whereas, trβ expression decreased as 

much as 50% in T and 5α-DHT treated ovary tissue. Few studies to date have evaluated the 

effects of direct androgenic actions on the TH axis. Several early studies have shown that 

exposure to T and 17α-methyltestosterone elevate circulating TH levels in immature fish (S. 

alpinus: MacLatchy and Eales, 1988; S. gairdneri, Richardson: Hunt and Eales, 1979). 

Fontaínhas‐Fernandes et al. (2001) demonstrated that exposure to 17α-methyltestosterone 

increased plasma T3 levels significantly in female Oreochromis niloticus, eliminating the natural 

sexually dimorphism in TH levels. To the best of our knowledge no studies have examined 

molecular mechanisms underlying androgenic effects on the TH axis. The maintenance of 

sexually dimorphic transcriptional patterns with regard to tr expression have however been 

observed in several studies on chemicals with estrogenic effects. For example, exposure to EE2 

significantly increased trβ expression in vivo in ovaries of P. promelas, but testicular tissues 

remained unaffected (Filby et al., 2007, 2006). Exposure to metolachlor, a pesticide with anti-

androgenic and TH-related properties, similarly increased trα and trβ in whole body of female 

medaka, while TH-related transcripts in males remained unaffected. Peripheral metabolism of 

THs was also differentially regulated by androgens between sexes. I previously identified AREs 

in the putative promoter regions of the dio1, dio2, and dio3 genes (Flood et al., 2013 – Ch. 1); 

thus, these findings indicate that androgens can either directly interact with dios or at the very 

least, indirectly via modulated trβ expression. In this study, I showed that exposure to 5α-DHT 

significantly increased dio1 expression by 1.7-fold and dio1 mRNA levels were restored in testes 

co-treated with IOP + 5α-DHT. In castrated rats, T replacement has been shown to have a 



 

 

 

101 

stimulatory effect in restoring hepatic Dio1 expression and activity in mice (Šošić-Jurjević et al., 

2015; Miyashita et al., 1995). I propose that androgens may act as the main regulators of dio1 

expression in testicular tissue. Furthermore, Anguiano et al. (2008) hypothesized that Dio1 plays 

a role in gametogenesis in male rats. A significant decrease in testicular dio1 expression in vivo 

was associated with a decrease in plasma T and sperm motility in male frogs chronically exposed 

to KClO4 (Campbell et al., Submitted – Ch. 3) supporting this hypothesis. The responsiveness of 

dio1 to androgens suggests that it is crucial for normal testicular functioning. Exposure to T or 

5α-DHT also significantly decreased the expression of dio3 by as much as 50% in ovary tissue. 

The transcription of dio3 has been proposed to serve as biomarker for tr activation (reviewed by 

Nelson and Habibi, 2009); thus, the decrease in dio3 expression could be indirectly mediated via 

androgenic suppression of trβ expression. In summary, our findings provided further evidence 

that TH-related gene expression can be directly regulated by androgens and demonstrated for the 

first time the sex-specific effects of androgen mediated action on tr- and dio-transcription in 

amphibians.  

Mirroring androgenic actions, T3 treatment positively regulated trβ transcription in testis 

tissue; whereas, trβ expression significantly decreased in ovary. Lema et al. (2009) showed that 

transcripts of thyroid stimulating hormone receptor (tshβ) significantly increased in T3-treated 

testes, but not in ovaries, and that trα and trβ expression remained unaffected in gonadal tissues 

(P. promelas: Lema et al., 2009). Johnson and Lema (2001) demonstrated that trα isoforms 

significantly increased in testes, but not ovaries, while trβ remained unchanged in gonadal tissues 

(S. iseri: Johnson and Lema, 2011). Nelson et al. (2011) confirmed that trβ mRNA levels 

decreased significantly in vitro at 8 h in ovary tissue, but remained unchanged in testicular tissue. 

Taken together, these findings show that the expression of tr isoforms in testes and ovaries are 

regulated in a sex-, isoform-, and species-specific manner; nevertheless, discernible sex 

differences were observed.  
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Difference in the basal endogenous trs mRNA levels could serve as one possible reason 

for the differential responses observed between the two sexes (Flamant and Gauthier, 2013). TH-

related gene expression is sexually dimorphic in reproductive tissues of adult S. tropicalis with 

testes being characterized by higher tr and dio mRNA levels than ovaries (Duarte-Guterman et 

al., 2014; Duarte-Guterman and Trudeau, 2011). As trβ is a functional receptor, androgen-treated 

testis tissue would be characterized by an increased responsiveness to circulating TH levels, 

whereas ovary tissue exposed to androgens would be less likely to mediate TH actions. In 

mammals, active TH signaling has been shown to be imperative in pubertal and adult testicular 

functioning (reviewed in Wagner et al., 2009, 2008; Wajner et al., 2009; Cooke et al., 2004; 

Maran, 2003); whereas, exogenous exposure to THs as well as hypothyroidism have equally been 

shown to have a debilitating effect on mature ovary tissue (reviewed in Cooke et al., 2004). Thus, 

the differential responses measured between the testes and ovaries appear to play a protective 

function, which relevantly is maintained in our ex vivo experiments. Although transcriptional 

regulation of dio3 was similar between sexes, the increase in dio3 expression was higher in T3-

treated ovaries. The dio3 enzyme catalyzes the conversion of thyroxine to reverse-T3 and the 

conversion of T3 to 3, 3'-diiodo-thyronine, both of which are biologically inactive (Galton, 2005); 

thus, the main function of dio3 is to prevent organ and tissue exposure to excessive levels of THs. 

The greater fold-change in dio3 transcripts, coinciding with the negative self-regulation of trβ 

transcripts in ovary tissue are indicative of the inhibitory action of THs in juvenile females. In 

summary, our findings revealed that TH-related and androgenic actions share analogous 

regulatory mechanisms in gonadal tissues of S. tropicalis.  

One other overarching explanation for the differential regulation of TH-related gene 

expression between sexes could be via DNA methylation and/or histone modification. DNA 

methylation has been associated with transcriptional repression leading to low mRNA levels of 

highly methylated genes (Chen and Riggs, 2005). Exposure to T3 has been shown to affect 
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histone and polymerase II modification, but does not affect hyper-methylation in the promoter 

region of trβ in X. laevis tadpoles (Kasai et al., 2015). Moreover, sexually dimorphic DNA 

methylation patterning has been observed in sex steroid-related genes in frogs and fish (Bissegger 

and Langlois, 2016; Navarro-Martín et al., 2011; Contractor et al., 2004), but sex differences in 

methylation patterns have not yet been investigated with regard to TH-related genes. Tissue and 

age specific DNA methylation and histone modification patterns have however been thoroughly 

studied in amphibians. During metamorphosis, different tissues in developing tadpoles (e.g., hind 

limbs, tail tissues, etc.) have been shown to respond to exogenous T3 by differentially modulating 

histone modifications in trs and dios (reviewed in: Darras et al., 2015; Grimaldi et al., 2013; Shi 

et al., 2009, 1996), indicating the potential for differential epigenetic regulation of TH-related 

genes in reproductive tissues. In summary, epigenetic regulation may play a role in differential 

modulation of TH- and sex steroid-related gene expression between sexes; however, further study 

on the role of epigenetic mechanisms in TH and androgenic crosstalk in amphibians is required. 

The second aim of this study was to further characterize mechanisms of TH-related and 

androgenic regulation of sex steroid-related transcription and hormonal production in testis and 

ovary tissues. Following exposure to compounds with TH-, anti-thyroid-, and androgen-related 

modes of action sex steroid-related transcription and activity were found to be differentially 

regulated between sexes. Although testis tissue did not respond to T3 by modulating srd5α2 

expression, a significant 50% increase in 5α-DHT levels was observed in the media surrounding 

the T3-treated testis tissue. In mammals, testicular tissues have been shown to alter 

steroidogenesis in response to T3 by increasing gene expression of the steroidogenic acute 

regulatory (StAR) protein and testosterone production from isolated mouse Leydig cells (reviewed 

in Manna et al., 2001a,b). Exposure to methimazole, a known TH-disruptor, has been shown to 

decrease Srd5α expression and activity, as well as 5α-DHT production from testis tissue (R. 

norvegicus: Anbalagan et al., 2010; Kala et al., 2002). In fish, Morais et al. (2013) proposed that 
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T3-modulation of steroidogenesis in testes was mediated by trβ in Leydig cells of Danio rerio. In 

conjunction with the identification of TREs in srd5α2 of M. musculus, S. tropicalis, and O. 

latipes (Flood et al., 2013 – Ch. 1) – these findings support a direct and positive cross-regulation 

of srd5α2 activity in testicular tissue following T3 treatment. This present study also showed that 

exposure to either T3 or IOP conversely decreased srd5α2 expression on average by 40% in 

ovary tissue suggesting again differential TH-mediated regulation between sexes. When tested 

concurrently with IOP, 5α-DHT did not alter srd5α2 transcript levels. Bissegger and Langlois 

(2016) similarly demonstrated that srd5a2 expression was unaffected by T, 5α-DHT, or 5β-DHT 

ex vivo in ovary tissue of frogs. I therefore concluded that the decrease in srd5α2 mRNA levels 

was most likely mediated by elevated TH levels induced by both the T3 and IOP treatments. 

Relatively little is known about the mechanisms underlying T3-mediated repression of gene 

expression. Recent studies propose that the T3-mediated repression of select genes occurs via 

binding to negative response elements in the putative promoter (reviewed in Santos et al., 2011). 

In support to T3-mediated repression of srd5α2 expression, chronic exposure to the TH disruptor 

potassium perchlorate was shown to significantly increase srd5α2 transcripts in vivo in ovary 

tissue of adult S. tropicalis (Campbell et al., Submitted – Ch. 3). In summary, these findings 

reveal differential regulation of srd5α2 between sexes and maintain from our earlier studies 

(Campbell et al., Submitted – Ch. 3; Flood and Langlois, 2014 – Ch. 2) that srd5α2 is an 

important biomarker of TH-related reproductive effects. 

The analogous positive regulation shared by TH-related and androgenic compounds in 

testicular tissues prompted us to examine the expression of dax-1. The expression and activity of 

this gene has been shown to be essential for normal testicular development in vertebrates 

(reviewed in Iyer and McCabe, 2004; reviewed in Lalli and Sassone-Corsi, 2003; reviewed in 

Parker and Schimmer, 2002) and was identified only recently in the reproductive tissues of S. 

tropicalis post-metamorphosis (Haselman et al., 2014). This suggests that the regulatory role of 
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dax-1 may extend past the period of sexual differentiation and later into sexual development in 

amphibians. Gonadal tissues of male and female juvenile S. tropicalis did not respond to TH-

related compounds by modulating dax-1 transcripts, suggesting that this gene is not cross-

regulated by THs at sexual maturity. Androgenic actions were however mediated via dax-1 

transcription. Exposure to T significantly decreased dax-1 expression by 50% in testis tissue. 

Similarly, Mukai et al. (2002) observed that T treatment decreased dax-1 expression in the 

adrenal cortex in male mice. Exposure to androgens has been shown to conversely increase dax-1 

expression in female aquatic species (Carassius auratus of Pengze: Li et al., 2013; O. mykiss: 

Baron et al., 2008; R. rugosa: Sugita et al., 2001); thus, the androgen-mediated decrease in dax-1 

expression could potentially be explained by differential regulation between sexes. I observed a 

sexually dimorphic pattern in the gene expression of dax-1 in which the mRNA levels of dax-1 

were 23-fold higher in testis tissue as compared to ovarian tissue. Testes are characterized by 

higher dax-1 levels than ovaries in amphibians and fish (S. tropicalis: Haselman et al., 2014; R. 

rugosa: Sugita et al., 2001; O. mykiss: Von Schalburg et al., 2010; Baron et al., 2005), supporting 

a natural sexual dimorphism. Overall, research on the mechanism of dax-1 in adult amphibians is 

limited and future studies should examine the role of dax-1 in TH and androgen crosstalk in 

frogs. 

I made the counterintuitive observation that androgens increased estrogen-related 

transcription and activity in gonadal tissues. I identified two AREs in the putative promoter 

regions of both erα and cyp19 in S. tropicalis, supporting possible direct androgenic regulation. 

Transcriptional regulation was similar between sexes, exposure to 5α-DHT significantly 

increased erα and cyp19 transcripts by 1.5-fold in testes, and the expression of erα significantly 

increased by two-fold in 5α-DHT and 5β-DHT treated ovary tissue. Likewise, short-term 

exposure (< 4 weeks) to 17α-methyltestosterone significantly increased cyp19 and erα expression 

in ovaries of immature female fish (C. auratus of Pengze: Zheng et al., 2016). Exposure to 5α-
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DHT significantly increased Erα expression in the prostate of male rats (Oliveira et al., 2007). 

Ovary tissue of S. tropicalis did not respond to androgen treatment by modulating cyp19 levels in 

the present study. Bissegger and Langlois (2016) demonstrated however that androgens (T, 5α-

DHT, and 5β-DHT) significantly decreased srd5α1 and srd5α3 transcripts in ovary tissue ex vivo, 

which could negatively affect 5α-DHT production in the ovary tissue and in turn promote 

estrogen biosynthesis and signaling. The increase in erα and/or cyp19 expression in testicular and 

ovarian tissues were presumably associated with significant increases in E2 levels of the media 

surrounding testis and ovary tissues treated with IOP + 5α-DHT. Plasma levels of E2 were found 

to be unaffected by in vivo exposure to 5α-DHT in male and female adult frogs (X. laevis: 

Urbatzka et al., 2007; Coady et al., 2005), possibly as a result of hypophyseal-feedback 

mechanisms causing the peripheral degradation and elimination of produced steroids in vivo. 

Nevertheless, exposure to 5α-DHT has been shown to result in a rapid and consistent increase in 

E2 production in vitro from ovarian explants of P. promelas (Ornostay et al., 2016, 2013). These 

5α-DHT-mediated increases in E2 production are also consistent with findings in female fish 

species exposed to the androgenic compounds 17α-methyltestosterone or 17β-trenbolone 

(Carassius auratus of Pengze: Zheng et al., 2016; G. rarus: Gao et al., 2015; P. promelas: 

Ankley et al., 2008; Gadus morhua: Kortner and Arukwe, 2007). Production of E2 from testes of 

male S. tropicalis exposed to 5α-DHT were similar to findings in male fish species exposed to 

17β-trenbolone (Ankley et al., 2003). Revelently, studies in fish and rodents have demonstrated 

that a metabolite of 5α-DHT, 5α-androstane-3β, 17β-diol, is weakly estrogenic (Mouriec et al., 

2009; Oliveira et al., 2007). Moreover, Miller et al. (2013) demonstrated that 5α-androstane-3β, 

17β-diol can bind to either erα or erβ significantly increasing transcription of both isoforms. In 

summary, androgens increased erα and cyp19 expression in testes and ovaries, which presumably 

contributed to increased E2 levels in media surrounding tissues. Research into the mechanisms of 

the non-aromatizable androgen 5α-DHT on estrogen-related gene expression and E2 production in 
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adult vertebrates is limited – further investigation on the complex interplay between the androgen 

and estrogen axes in reproductive tissues is warranted. 

Gonadal tissues also modulated estrogen-related gene expression in response to THs. 

Expression of erα increased by 2.3-fold in T3-treated ovary tissue. I identified one TRE half site 

(5’ – AGGTCA – 3’) in the putative erα promoter in S. tropicalis. Moreover, studies have shown 

that the tr can bind to EREs - altering targeted gene expression as well as interfering with the 

ability of the er to transactivate from tr-bound EREs (Vasudevan and Pfaff, 2005; Vasudevan et 

al., 2001). Five total half site ERE’s were identified in the promoter region of erα. These findings 

suggest that ers could serve as secondary mediators of TH action in reproductive tissues. Several 

studies have shown however that exposure to T3 decreases estrogen-related gene expression in 

vitro and in vivo in reproductive tissues of fish and mammals (reviewed in Duarte-Guterman et 

al., 2014). For example, Nelson et al. (2010) showed that expression of erα, erβ1, and erβ2 

decreased in fish ovary tissue in vitro after 8 h of exposure to T3; however, testicular tissue 

remained unaffected, which is indicative of sexual dimorphism. However, several studies reveal 

that er transcription is not only dependent on the type of ligand, but the ligand concentration as 

well. For example, expression of erα and erβ decreased in testes of sexually regressed male 

goldfish exposed to 20 nM of T3; however, the er transcripts were unaffected in the 100 nM 

treatment (Marlatt et al., 2012). Moreover, Erα expression remained static under hypothyroid 

conditions in ovary tissue of rats (Hapon et al., 2010). I therefore suggest that T3 can regulate the 

expression of erα via both positive and negative feedback mechanisms, with differential 

modulations based on the type of chemical, duration of exposure, tissue context, gender of the 

animal, and the species examined. Nevertheless, these findings demonstrated that THs also cross-

regulate with the estrogen axis via estrogen-related gene expression. These findings provide 

support for our previous hypothesis that the TH axis orchestrates and responds to feedback from 

other hormone pathways playing a central role in the reproductive system. 
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To conclude, exposures to compounds with TH-, anti-thyroid-, and androgen-related 

modes of action resulted in distinct gene expression profiles in the testes and ovaries of juvenile 

S. tropicalis. Analysis of TREs, AREs, and EREs in the putative promotor regions of select S. 

tropicalis TH- and sex steroid-related genes revealed potential for tr, ar, and er regulation and 

were also supported by our transcriptional data. I presented the first evidence for direct androgen-

mediated regulation of TH-related transcription and peripheral metabolism in amphibians. TH-

related and androgenic actions moreover shared highly analogous mechanisms of regulation in 

reproductive tissues. Transcriptional data further supported that srd5α2 is an important biomarker 

of TH-related reproductive effects, and revealed that expression of srd5α2 was differentially 

regulated between sexes. The most relevant observation was this maintenance of differential 

transcriptional regulation between sexes ex vivo – highlighting the need for further study of the 

function of sex underlying any endocrine action. In summary, this study provides an improved 

mechanistic understanding of TH-related and androgenic actions and reveals differential 

transcriptional effects as a function of sex in juvenile S. tropicalis. 
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Table 4.1. 

Total testosterone (T), 5α-dihydrotestosterone (5α-DHT), and estradiol (E2) produced by testes [pg] and ovaries [pg/g] during a 6 h ex vivo 

incubation. Media sex steroid data are presented as means (least squares means [95% CL]. Testicular sex steroid hormone levels are normalized by 

organ mass. Ovarian sex steroid hormone levels are reported per g tissue. Significant differences between treatments and the control (*) were 

identified by one-way ANOVAs followed by post hoc Dunnett’s tests (p < 0.05).  

 

Sex Sex steroid-hormones CTRL 
T3  IOP  IOP   + 5α-DHT  

(50 nM) (10 μM) (10 μM)  (1 μM) 

Male 

[pg] 

T (F2, 13 = 0.31, p = 0.74)b 3,605 [2588, 4622] 4,094 [2980, 5208] 3,595 [2481, 4709] NM 

5α-DHT (F2, 21 = 5.79, p = 0.01) 14,186 [10991, 17381] 21,436 [18241, 24631]* 16,558 [13363, 19753] NM 

E2 (F3, 28 = 40.1, p < 0.0001) 227.3 [204.0, 250.6] 203.7 [180.3, 227.0] 207.8 [184.5, 231.1] 355.6 [332.3, 378.9]* 

Femalea 

[pg/g] 

T (F2, 21 = 1.84, p = 0.18) 14,533[5386, 23680] 22,870 [13723, 32016] 25,054 [15907, 34200] NM 

5α-DHT (F2, 21 = 2.39, p = 0.12) 9,957 [7168, 12746] 13,976 [11187, 16765] 13,667 [10880, 16459] NM 

E2 (F3, 28 = 3.94, p = 0.02) 12,040 [6226, 17853] 16,677 [10864, 22491] 14,035 [8222, 19849] 25,814 [20000, 31627]* 
 

a Female sex steroid-hormones were log-transformed to normalize residuals.  
b For each sex per treatment n = 8, except n = 5 for levels of T in males in all treatments.  



 

 

 

110 

 
 

Figure 4.1. 

Promoter analysis of M. musculus, S. tropicalis, and O. latipes TH-related genes (trβ) and sex steroid- related genes (ar, srd5α2, erα, and cyp19). 

All sequences used for analysis were collected from the Ensembl Project (http://www.ensembl.org). Putative transcription factor binding sites 

within the putative promoter (-2000 to +1) were identified using PROMO (v.3.0.2; Farré et al., 2003) and FIMO (v.4.11.1; Grant et al., 2011) 

software. TREs are shown in blue, AREs are shown in green, and EREs are represented by purple arrows. This figure was adapted from Figure 1 

in Flood et al., 2013 (Ch. 1). 
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Figure 4.2. 

Expression of trs (trβ) and dios (dio1, dio2, and dio3) in testes (A, C, E, and G, respectively) and 

ovaries (B, D, F, and H, respectively) exposed ex vivo to testosterone (T; 1 μM), 5α-

dihydrotestosterone (5α-DHT; 1 μM), and to 5β-dihydrotestosterone (5β-DHT; 1 μM) for 6 h. 

Symbols represent individual samples (n = 6–8 per treatnent). Gene expression data are 

normalized to odc and presented as fold changes relative to the control treatment. Significant 

differences between treatments and the control (*) were identified by one-way ANOVAs 

followed by post hoc Dunnett’s tests (p < 0.05). Note that the scales of the y-axis vary.  
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Figure 4.3. 

Expression of trs (trβ) and dios (dio1, dio2, and dio3) in testes (A, C, E, and G, respectively) and 

ovaries (B, D, F, and H, respectively) exposed ex vivo to triiodothyronine (T3; 50 nM), iopanoic 

acid (IOP; 10 μM), and to a co-treatment of IOP (10 μM) + 5α-dihydrotestosterone (5α-DHT; 1 

μM) for 6 h. Symbols represent individual samples (n = 5–8 per treatment). Testis and ovary gene 

expression data are normalized to odc and rpl8, respectively and presented as fold changes 

relative to the control treatment. Significant differences between treatments and the control (*) 

were identified by one-way ANOVAs followed by post hoc Dunnett’s tests (p < 0.05). Note that 

the scales of the y-axis vary.  
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Figure 4.4. 

Expression of ar, srd5α1, srd5α2, and srd5α3 in testes (A, C, E, and G, respectively) and ovaries 

(B, D, F, and H, respectively) exposed ex vivo to triiodothyronine (T3; 50 nM), iopanoic acid 

(IOP; 10 μM), or a co-treatment of IOP (10 μM) + 5α-dihydrotestosterone (5α-DHT; 1 μM) for 6 

h. Symbols represent individual samples (n = 5–8 per treatment). Testis and ovary gene 

expression data are normalized to odc and rpl8, respectively and presented as fold changes 

relative to the control treatment. Significant differences between treatments and the control (*) 

were identified by one-way ANOVAs followed by post hoc Dunnett’s tests (p < 0.05). Note: 

scales of the y-axis vary.
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Figure 4.5. 

Expression of dax-1 in testes (A) and ovaries (B) exposed ex vivo to testosterone (T; 1 μM), 5α-

dihydrotestosterone (5α-DHT; 1 μM), and to 5β-dihydrotestosterone (5β-DHT; 1 μM) for 6 h. 

The sexually dimorphic expression of dax-1 (C) in ovary and testis tissue of juvenile S. tropicalis 

is also presented. Symbols represent individual samples (n = 5–8 per treatment). For exposures, 

testis and ovary gene expression data are normalized to odc and presented as fold changes relative 

to the control treatment. Significant differences between treatments and the control (*) were 

identified by one-way ANOVAs followed by post hoc Dunnett’s tests (p < 0.05). For sex 

differences, gene expression data are presented as fold changes relative to the ovaries. Significant 

differences between sexes (†) were identified by a two-tailed t-test (p < 0.05).  
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Figure 4.6. 

Expression of erα and cyp19 in testes (A and C, respectively) and ovaries (B and D, respectively) 

exposed ex vivo to triiodothyronine (T3; 50 nM), iopanoic acid (IOP; 10 μM), and to a co-

treatment of IOP (10 μM) + 5α-dihydrotestosterone (5α-DHT; 1 μM) for 6 h. Symbols represent 

individual samples (n = 5–8 per treatment). Testis and ovary gene expression data are normalized 

to odc and rpl8, respectively and presented as fold changes relative to the control treatment. 

Significant differences between treatments and the control (*) were identified by one-way 

ANOVAs followed by post hoc Dunnett’s tests (p < 0.05). Note that the scales of the y-axis vary. 
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Figure 4.7. 

Expression of erα and cyp19, in testes (A and C, respectively) and ovaries (B, and D, 

respectively) exposed ex vivo to testosterone (T; 1 μM), 5α-dihydrotestosterone (5α-DHT; 1 μM), 

and to 5β-dihydrotestosterone (5β-DHT; 1 μM) for 6 h. Symbols represent individual samples (n 

= 6–8 per treatment). Gene expression data are normalized to odc and presented as fold changes 

relative to the control treatment. Significant differences between treatments and the control (*) 

were identified by one-way ANOVAs followed by post hoc Dunnett’s tests (p < 0.05). Note that 

the scales of the y-axis vary.  
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Chapter 5 

Expression of sf1, dax-1, and sox9 are regulated by thyroid hormones 

and androgens during Silurana tropicalis early development 

 

 

Chapter adapted from:  

Campbell, D.E.K.1, and Langlois, V.S.2 Expression of sf1, dax-1, and sox9 are regulated by 

thyroid hormones and androgens during Silurana tropicalis early development. Molecular and 

Cellular Endocrinology – Under Review. 
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5.1 Abstract 

Thyroid hormones (THs) and androgens have been shown to be extensively involved in sexual 

development; however, relatively little is known with regard to TH-related and androgenic 

actions in sex determination. I first established expression profiles of three sex determining genes 

(sf1, dax-1, and sox9) during embryogenesis and early larval development of Western clawed 

frogs (Silurana tropicalis). Transcripts of sf1 and sox9 were detected in embryos before the 

period in which embryonic transcription commences indicating maternal transfer, whereas dax-1 

transcripts were not detected until later in larval development. To examine whether TH status 

affects sex-determining gene expression in embryonic S. tropicalis, embryos were exposed to co-

treatments of iopanoic acid (IOP), thyroxine (T4), or triiodothyronine (T3) for 96 h. Expression 

profiles of TH receptors and deiodinases confirmed inhibition of peripheral deiodinase activity by 

IOP and recovery by T3. Relevantly, elevated TH levels significantly increased the expression of 

sf1 and dax-1 in larval S. tropicalis. In silico examination of the presence and frequency of 

transcription factor binding sites in the putative promoter regions of sex determining genes in S. 

tropicalis, fish, and rodent models revealed TH motifs in the putative promoter regions of sf1 and 

dax-1. Taken together, these findings advocate that TH actions as early as the period of 

embryogenesis could affect gonadal fate in frogs. Mechanisms of TH and androgenic 

mechanisms of crosstalk in relation to the regulation of steroid-related gene expression were also 

investigated.  
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5.2 Introduction 

Sex determination is highly diverse in vertebrates. Sex determining mechanisms have broadly 

been divided into either genotypic sex determination (GSD) or environmental sex determination 

(ESD). In GSD, inherited sex chromosomes at fertilization determine gonadal fate and the 

ensuing sex differentiation (Barske and Capel, 2008; reviewed in Vilain and McCabe, 1998); 

whereas, in ESD, sexual fate is controlled by environmental factors experienced after fertilization 

(Sarre et al., 2004; Valenzuela and Lance, 2004; Bull, 1983). Endocrine processes provide the 

foundation for sex determination and subsequent gonadal formation in all vertebrate species. A 

growing body of literature advocates that endocrine disruption can overcome the sex-determining 

program irrespective of GSD or ESD (Mizoguchi and Valenzuela, 2016; Golan and Levavi-Sivan, 

2014; Nakamura, 2010). Thyroid hormones (THs) have pleotropic effects in developing 

vertebrates, including effects on gonadal development. Several studies have demonstrated that 

TH status alters sex-ratios in fish (Sharma and Patino, 2013; Mukhi et al., 2007; Bernhardt et al., 

2006) and amphibians (Goleman et al., 2002). THs have been shown to crosstalk with both the 

estrogen and androgen axis regulating sex steroid-related transcription and production (reviewed 

in: Duarte-Guterman et al., 2014; Flood et al., 2013 – Ch. 1; Habibi et al., 2012; Wagner et al., 

2009, 2008; Wajner et al., 2009; Cooke et al., 2004; Maran, 2003). Although our knowledge of 

the molecular mechanisms underlying TH mediated reproductive effects is increasing, relatively 

little is known with regard to sex determination. 

I previously identified potential crosstalk via several candidate sex-determining genes 

imperative to bipotential gonad formation and differentiation (Flood et al., 2013 – Ch. 1). The 

steroidogenic factor 1 (sf1) is encoded by the NR5A1 gene and is important for sexual 

differentiation as it is expressed in primordial organ cell clusters fated to differentiate into 

mammalian adrenal glands, testes and ovaries (reviewed in: Hoivik et al., 2010; Parker and 

Schimmer 2002; Vilain and McCabe, 1998). Moreover, sf1 is considered a master regulator of 
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steroidogenic-related genes. Numerous studies have demonstrated the ability of TH status to not 

only influence steroid hormone production, but also the underlying transcriptional activity 

(Duarte-Guterman et al., 2014; Flood et al., 2013 – Ch. 1). The widespread effects of THs on 

steroidogenesis could thus be mediated via sf1. Another sex-determining gene of interest is dax-1 

(dosage-sensitive sex reversal, adrenal hypoplasia critical region, on chromosome X, gene 1). 

Encoded by NR0B1, dax-1 expression is restricted to tissues directly involved in steroid hormone 

production and reproductive function. This gene served primarily as a negative regulator by 

binding to the promoter of different genes, including, but not limited to, sf1, androgen receptor 

(ar), and aromatase (cyp19) (reviewed in: Orekhova and Rubtsov, 2015; Lalli and Sassone-Corsi, 

2003). The expression and activity of Dax-1 has been shown to be essential for normal testicular 

development in vertebrates (reviewed in: Iyer and McCabe, 2004; Lalli and Sassone-Corsi, 2003; 

Parker and Schimmer, 2002). Studies have shown that Dax-1 can negatively regulate TH receptor 

transcription (Valadares et al., 2008; Moore et al., 2004); however, reciprocal TH regulation has 

not yet been investigated. The sex-determining region Y box 9 (sox9) is a male-specific 

transcription factor that mediates testis differentiation (Kobayashi et al., 2005; Kent et al., 1996). 

Outside the reproductive axes, studies showed that THs can influence sox9 transcript levels. 

Okubo and Reddi (2003) observed that Sox9 expression in Mus musculus chondrocytes 

significantly decreases with thyroxine (T4) exposure. THs may thus regulate sox9 expression 

during the period of sexual determination and gonadal formation. The gonadal expression profiles 

of all three sex-determining genes are characterized by sexually dimorphic patterns with higher 

expression in differentiating testes (Kobayashi et al., 2005; Hoyle et al., 2002; Ikeda et al., 2001, 

1994; Kent et al., 1996). I can therefore hypothesize that TH status can affect gonadal fate. 

All three genes (sf1, dax-1, and sox9) are co-expressed in precursor testis and ovary cells 

within the gonadal ridge of embryonic vertebrates (Kobayashi et al., 2005; Hoyle et al., 2002; 

Ikeda et al., 2001, 1994; Kent et al., 1996). The genital ridge is formed during the period of 
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embryogenesis (i.e., 72 hours post-fertilization (hpf) in amphibians (El Jamil et al., 2008) and 10 

days postcotium (dpc) in mice (Tanaka and Nishinakamura, 2014; Kent et al., 1996). Thyroid 

gland organogenesis begins at approximately Nieuwkoop and Faber (NF) stage 40 (~72 hpf) with 

consequential I‒ uptake at approximately NF stage 46 (~96 hpf) in the frog Xenopus laevis 

(Brown, 2005). Thyroid gland activity is not detected until post-partum in mice; however, the 

fetus’ TH requirements are met via the placenta (reviewed in Darras et al., 2015). Several studies 

have, however, detected deiodinase (dio) transcription and activity during the period of 

embryogenesis in amphibians (Silurana tropicalis: Tindall et al., 2007; X. laevis: Morvan Dubois 

et al., 2006) and unlike their mammalian counterparts dios serve as the only source for de novo 

production of THs prior to thyroid gland activity. Taken together these findings suggest that dio-

related transcription and activity may play a putative role in gonadal fate in amphibians. 

To understand the putative role of THs and androgens in gonadal fate, I first established 

expression profiles of the sf1, sox9, and dax-1 from the commencement of amphibian 

embryogenesis (NF stage 2) to the beginning of larvae development (NF stage 46). I then 

conducted novel in silico promoter analysis to examine the presence and frequency of putative 

transcription factor binding sites in S. tropicalis and compare it with a rodent and fish models. 

Embryos (NF stage 10–12) were exposed to co-treatments of iopanoic acid (10 μM; IOP), 

thyroxine (5 nM; T4) or triiodothyronine (50 nM; T3) for 96 h to examine whether TH status 

affects sex-determining gene expression in embryonic S. tropicalis. Embryos were also exposed 

to T3 (0.5, 5 or 50 nM) or 5α-dihydrotestosterone (5α-DHT; 4, 40, or 400 nM) to further examine 

TH and androgenic mechanisms of crosstalk in relation to the regulation of sex-determining gene 

expression.   
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5.3 Materials and Methods 

5.3.1 Animals 

Sexually mature male and female S. tropicalis frogs were housed in a Queen’s University Animal 

Care Facility (Kingston, ON, Canada). Adults were reared in tanks containing dechlorinated and 

aerated water (25 ± 1°C) on a 12:12 h light:dark regime (light commencing at 0700 h). Fertilized 

eggs were obtained from three pairs of adult frogs. Spawning was artificially induced by injecting 

human chorionic gonadotropin hormone (hCG; 2500 IU/mL; Sigma Canada Ltd., Oakville, ON, 

Canada) into the dorsal lymph sac. Both males and females received a priming injection of 50 μL 

hCG (12.5 IU) followed by a boosting injection of 200 μL hCG (100 IU) after 24 h as previously 

outlined by Flood and Langlois (2014 – Ch. 2). Eggs were present within 2 to 3 h post-injection. 

Developmental stages were determined following the Nieuwkoop and Faber (NF) developmental 

staging system (Nieuwkoop and Faber, 1994). Animal care was performed in accordance with the 

guidelines of the Animal Care Committee of Queen’s University and the Canadian Council on 

Animal Care. 

5.3.2 Developmental profile 

Samples of whole embryos and larvae were taken at different NF stages of development: 2, 7, 16, 

21, 27, 34, 41 and 46. At each stage, embryos were pooled (20 embryos for NF 2 to NF 34 and 10 

embryos for NF 41 and NF 46) to ensure sufficient material for RNA isolation. Pools (n = 6-8 per 

NF stage) were flash frozen on dry ice and stored at -80°C for further analysis.  

5.3.3 Exposures and material 

Eggs were allowed to develop to NF stage 8, at which point they were collected and de-jellied 

with 2% (w/v) l-cysteine (pH 8.0; Sigma Canada Ltd., Oakville, ON, Canada) for 2 min. The eggs 

were washed three times with modified Ringer’s solution (0.1 M NaCl, 1.8 mM KCl, 2.0 mM 

CaCl2, 1.0 mM MgCl2, 300 mg/L NaHCO3). Two experiments were run in parallel using 

methodology previously outlined by Flood and Langlois (2014 – Ch. 2). In the first experiment, I 
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examined whether TH status affects sex-determining gene expression in embryonic S. tropicalis. 

Embryos (NF stage 10–12) were placed in either modified Ringer’s solution (1:9 v/v) or one of 

six test solutions in 125-mL glass jars at a density of 50 embryos per jar. Embryos were exposed 

to DMSO (0.001%), 10 μM of IOP (TCI America) a co-treatment of 10 μM IOP + 50 nM T3 

(Sigma, Oakville, Ontario, Canada), a co-treatment of 10 μM IOP + 5 nM T4 (Sigma, Oakville, 

Ontario, Canada), 5 nM T4 or 50 nM of T3. In the second experiment, we examined TH and 

androgenic mechanisms of crosstalk in embryonic S. tropicalis. Embryos (NF stage 10–12) were 

placed in either modified Ringer’s solution (1:9 v/v) or one of 7 test solutions in 125-mL glass 

jars at a density of 50 embryos per jar. Embryos were exposed to DMSO (0.001%), T3 (0.5, 5 or 

50 nM), or 5α-DHT (4, 40, or 400 nM; Steraloids, Newport, RI, USA). In all exposures, a 

concentration of 0.04 ppm of the antibiotic gentamycin (Sandoz Canada, Inc Boucherville, QC, 

Canada) was administered for every 24 h. Water changes occurred every 24 h until NF stage 46. 

At NF stage 46 embryos were pooled (10 embryos per pool) to ensure sufficient material for 

RNA isolation. Pools (n = 5-8 per treatment) were flash frozen on dry ice and stored at -80 °C for 

further analysis. 

5.3.4 Promoter analysis 

To further characterize mechanisms of molecular crosstalk I examined the frequency of thyroid 

response elements (TREs), androgen response elements (AREs), and estrogen response elements 

(EREs) in the putative promotor regions of S. tropicalis dax-1 (dosage-sensitive sex reversal, 

adrenal hypoplasia critical region, on chromosome X, gene 1), steroidogenic factor 1 (sf1), and 

sex-determining region Y box 9 (sox9). In silico promoter analysis was performed using 

methodology previously outlined by Campbell and Langlois (submitted – Ch. 4). All sequences 

used for analysis were collected from the Ensembl Project (http://www.ensembl.org). Weighted 

matrices of tr-, ar-, and er-binding sites were obtained using the PROMO matrices search engine 

(v.3.0.2; Farré et al., 2003) in conjunction with the TRANSFAC matrices database (v.7.0). I then 
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used the FIMO software (v.4.11.1; Grant et al., 2011) to scan for the tr-, ar-, and er-motifs within 

the putative promoter regions (−2000 to +1) of our target genes. A p-value output threshold of 

0.001 was selected. The matched tr, ar, and er motif sequences were searched against the core 

recognition motif sequence with the criterion of allowing no mismatches as a final validation 

step. The frequency of single half-sites (TRE: 5'-TGACCT-3', 5'-TGTCCT-3'; ARE: 5'-TGTTCT-

3'; ERE: 5'-TGACC-3'), direct repeats and palindrome sequences were evaluated.  

5.3.5 Gene expression analysis 

Total RNA from NF stage 46 larvae was isolated using an e.Z.N.A. Total RNA Kit I (VWR 

International, Mississauga, ON, Canada) in accordance with the manufacturer’s protocol. I 

purified total RNA using the TURBO DNA-free™ Kit from Ambion (Ambion; ThermoFisher 

Scientific, Ottawa, ON, Canada). The quantity of RNA was then determined on a NanoDrop-

2000 spectrophotometer (Thermofisher, Ottawa, ON, Canada). First strand cDNA was 

synthesized following the GoScript Reverse Transcription kit protocol (Promega, Madison, WI, 

USA) in a Mastercycler Pro S Thermocycler (Thermo Fisher, Ottawa, ON, Canada). The cDNA 

products were diluted 20-, 40-, or 80-fold prior to PCR amplification. For quality control 

purposes negative control reactions were also included (i.e., no reverse-transcriptase (noRT) and 

no-template-controls (NTC)). Primer sequences for androgen receptor (ar), deiodinases (dio1, 

dio2, and dio3), 5α-reductases (srd5α1, srd5α2, srd5α3) and TH receptors (trα and trβ) were 

previously designed and validated by Langlois et al. (2010). Primers for dax-1 were previously 

designed and validated by Campbell and Langlois (submitted – Ch. 4). Real-time PCR primers 

for sf1 and sox9 were designed based on a GenBank sequences (sf1: accession no. 

NM_001145741.1, forward 5’ – 3’: ACCCTGTGACTAAAAACCTCCC, reverse 5’ – 3’: 

GCATAGTCATTCCAAGCGGTG, amplicon size: 99 bp; sox9: accession no. 

NW_004668240.1; forward 5’ – 3’: ATGCTGGAGGCAGAATGTGGGGAA; reverse 5’ – 3’: 

CGGCGCAGAAAGTCCGTAAAGAATG; amplicon size: 125 bp) using the Primer-BLAST 
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tool from NCBI (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). Elongation factor-1 alpha 

(ef1α) and 18s ribosomal RNA (18s) were used as reference genes to normalize the expression of 

target genes. All qPCR assays were performed using a Bio-Rad CFX 96 Real-Time System (Bio-

Rad Laboratories Inc, Mississauga, ON, Canada) and Promega GoTaq qPCR MasterMix 

(Madison, WI, USA). The thermocycler program used included an enzyme activation step at 

95°C for 2 min, followed by 40 cycles at 95°C for 15 s, and 1 min at a gene-specific annealing 

temperature of 58°C, 60°C, or 62°C. After this amplification phase, there was a denaturation step 

of 1 min at 95°C. A dissociation curve was subsequently generated to confirm the presence of a 

single amplicon. The threshold for each gene was assessed automatically by the Bio-Rad CFX 

Manager Software 3.0. Pooled cDNA from each treatment were serial diluted (1:4) to produce a 

standard curve with a starting concentration of 50 ng. Each assay required a reaction efficiency of 

100 ± 15% and an R2 ≥ 0.989. To further quality control measures the standard curve, control 

reactions, and samples were run in duplicate. For the developmental profile, gene expression data 

is presented as fold change relative to NF stage 2 for sox9 and sf1, and NF stage 21 for dax-1. For 

exposures, gene expression data is presented as fold change relative to the mean control 

treatment. Fold change data of NF stage 46 larvae from IOP-exposure and 5α-DHT exposure 

were then normalized to the mean fold change of the housekeeping genes ef1α and 18s, 

respectively.  

5.3.6 Statistical analysis 

Statistical analyses were performed using Prism 6 (GraphPad Software Inc., San Diego, CA, 

USA) and JMP (Version 12; SAS, Cary, NC, USA). Data and residuals were tested for normality 

and homoscedasticity using the Shapiro–Wilk and Levene tests, respectively. Statistical outliers 

were removed and the data was log transformed when necessary to improve the fit to normality. 

Developmental profile data are presented as individual samples relative to the first stage mRNA 

was detected. NF stage 46 expression data are presented as individual samples relative to 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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housekeeping gene expression. Developmental stages were compared through one-way ANOVAs 

and Tukey post hoc analyses. Treatments were compared to controls through one-way ANOVAs 

and Tukey’s or Dunnett’s post hoc analyses. Differences were accepted as significant at an alpha 

level of p < 0.05.  

5.4 Results 

5.4.1 Developmental profile 

The expression profiles of the sex-determining genes differ in pattern and magnitude of change; 

however, for all of the genes, transcript levels increased during embryogenesis (Fig. 5.1). Levels 

of sf1 (Fig. 5.1A) and sox9 (Fig. 5.1B) mRNA were detected at all stages of development and low 

levels of maternally-derived mRNA were observed at NF stage 2 and NF 7. Transcripts of dax-1 

(Fig. 5.1C) however were first detected at NF stage 21. Expression of sf1 significantly increased 

3.1- to 5.5-fold between NF stage 16 and NF 21, mRNA levels then increased 27- to 45-fold from 

NF stage 27 (F7, 45 = 89.1, p < 0.0001). Levels of dax-1 mRNA dramatically increased 75- to 195-

fold between NF stage 27 and NF 46 (F4, 26 = 234.0, p < 0.0001). In contrast sox9 expression 

remained relatively constant throughout embryonic development and only show a 2-fold 

significant increase at NF stage 34 compared to NF stage 2 (F7, 44 = 18.3, p < 0.0001). 

5.4.2 Promoter analysis of sex determining genes 

The relative positions of response elements (TREs, AREs, and EREs) to the start codon, along 

with the core recognition motifs are shown in Fig. 5.2. The putative M. musculus, S. tropicalis, 

and O. latipes promoters of sf1 were characterized by the presence of TREs and EREs. Two tr 

half-site motifs (5’-TGACCT-3’) and two er half-site motifs (5’-TGACC-3’) were identified in 

the promoters of mice and frogs, respectively. While a combination of four tr and er half-site 

motifs were identified in the promoter region of fish. I distinguished five tr half-site motifs (5’-

TGACCT-3’or 5’-TGTCCT-3’), one ar half-site motif (5’-TGTCCT-3’), one direct ar half site 
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motif repeat (5’-TGTCCTnnnnnTGTCCT-3’), and three er half-site motifs in the putative 

promoter of dax-1 in M. musculus. A similar diversity of response elements was observed in the 

putative promoter of dax-1 in O. latipes. I identified a total of five tr half-site motifs, three ar 

half-site motifs, and one er half-site motif between -2000 bp and +1 bp upstream of dax-1. In 

contrast, I only identified a single tr half-site motif in the putative promoter of dax-1 in S. 

tropicalis. The putative promoters of sox9 contained a single ar half-site motif in mice, two ar 

half-site motifs in frogs and AREs were not detected in fish. The promoter of sox9 in S. tropicalis 

was also characterized by a single tr half-site motif and er-half site motif. The promoter of sox9 in 

O. latipes contained a single tr half-site.  

5.4.3 Gene expression 

5.4.3.1 TH disrupting chemicals alter sex determining gene expression 

The expression profiles of dios and trs eloquently reflected the inhibitory properties of IOP 

(Table 5.1; Fig. 5.3). The TH-disrupting chemical competitively inhibits dio1, dio2, and dio3 

activity (reviewed in Schweizer and Steegborn, 2015). Expression of dio2 increased 2.7-fold in 

larvae co-treated with IOP + T3 and 4.9-fold in T3 treated larvae. A similar expression pattern 

was observed for dio3 – transcripts increased 6.4-fold in larvae co-treated with IOP + T3 and 8.6-

fold in T3 treated larvae. These findings clearly reflect IOP mediated inhibition of dio activity 

and subsequent altered TH status. In contrast, expression of dio1 decreased by 50 % in T3-treated 

larvae. Expression of trα appeared to be unaffected by IOP as transcripts increased 2.2-fold in 

larvae co-treated with IOP + T3 and 3.9-fold in T3 treated larvae. Expression of trβ however 

increased 1.5 fold in IOP treated larvae, 2-fold in larvae co-treated with IOP + T4, 8.6-fold in 

larvae co-treated with IOP + T3, 2-fold in larvae treated with T4 alone and 4.9-fold in T3 treated 

larvae. The higher expression of trβ in the co-treatment of IOP + T3 compared to the T3 

treatment is presumably concomitant with the accumulation of THs following dio3 inhibition.  
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The expression of sf1 and dax-1 was significantly altered by peripheral TH metabolism 

(Table 5.1; Fig. 5.4). Expression of sf1 increased 1.6-fold in in larvae co-treated with IOP + T3 

and 2.2-fold in T3 treated larvae. Expression of dax-1 significantly increased 1.7-fold in larvae 

co-treated with IOP + T3, however dax-1 mRNA levels were unaffected in T3 treated larvae. In 

support of the trβ expression profile, the higher transcript levels of dax-1 observed in the co-

treatment of IOP + T3 is also presumably associated with the accumulation of THs. I found sox9 

expression to be unaffected by TH status in embryogenic S. tropicalis (p > 0. 05; Table 5.1). 

5.4.3.2 Androgens negatively regulate TH-, sex-steroid-, and sex determining- gene expression 

In the second experiment, sf1 and dax-1 were not affected by T3; however, I observed significant 

increases in trα, trβ, and ar expression (Table 5.2; Fig. 5.5). T3 increased the expression of trβ 

mRNA in a dose-related manner. Transcript levels of trα and ar increased on average by 1.5-fold 

in NF stage 46 larvae treated with 50 nM of T3. I also observed a significant 60% decrease in 

srd5α1 expression of NF stage 46 larvae exposed to 50 nM of T3. 

Transcripts of TH-, sex steroid-, and sex-determining genes decreased in NF stage 46 

larvae exposed to different concentrations of 5α-DHT (4, 40, and 400 nM; Table 5.2; Fig. 5.5). 

Expression of trβ, ar, sf1, dax-1, and sox9 significantly decreased by approximately 50% in 40 

nM or 400 nM 5α-DHT treated larvae. Transcripts of srd5α2 demonstrated the largest decrease of 

approximately 75% in the same treatments. I found the expression of trα, srd5α1, and srd5α3 

expression to be unaffected by 5α-DHT treatments (p > 0.05; Table 5.2).  

5.5 Discussion 

To characterize possible mechanisms of TH mediated regulation of sex-determining and 

differentiating genes, I first established the expression profiles of sf1, dax-1, and sox9 from the 

start of amphibian embryogenesis to the beginning of larvae development. The expression 

profiles of the sex-determining genes show distinct changes; however, mRNA levels increased 

during embryogenesis for all of the genes. Expression of sf1 was detected in stage NF 2 and NF 7 
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embryos before the period in which embryonic transcription commences indicating maternal 

transfer. Similarly, homologs to sf1 in fish are present in unfertilized eggs and early stages of 

embryogenesis in Danio rerio (von Hofsten et al., 2005). Expression of sf1 is associated with the 

onset of steroidogenesis in vertebrates and is thought to be a master regulator of steroidogenic 

genes (reviewed in Hoivik et al., 2010; Parker and Schimmer, 2002). Sex steroids have been 

detected in a wide range of concentrations (1 pg/g to 1000 pg/g) in unfertilized embryos as well 

as in subsequent embryogenic stages in vertebrate species (Gasterosteus aculeatus: Paitz et al., 

2015; reviewed in Carere and Balthazart, 2007; Coturnix japonica: Adkins-Regan et al., 1995). 

Steroid hormones in eggs can thus come directly from maternal transfer; moreover, a study 

conducted by Langlois et al. (2010) detected sex steroid biosynthetic enzyme mRNAs and 

activities in eggs suggesting that steroid hormones can also be synthesised de novo in the frog 

embryo. Studies have shown that disruption of steroidogenesis during embryogenesis can lead to 

sex reversal in fish (Oreochromis niloticus: Gennotte et al., 2015, 2014; O. latipes: Iwamatsu et 

al., 2006, 2005). Exposures to cyp19 and srd5a inhibitors have been shown to alter embryonic 

and larval steroid related-gene transcription and activity in frogs (S. tropicalis: Langlois et al., 

2010). I can therefore hypothesize for direct regulation of sex steroid-related transcription by the 

sf1 transcription factor during embryogenesis. Levels of sf1 transcripts increased dramatically 

after NF stage 21, which coincides with a rise in processes related to steroid metabolism and male 

gonadal development in S. tropicalis (Langlois and Martyniuk, 2013). In zebrafish, transcripts of 

sf1 increase significantly between hatch (48 hpf) and juvenile stages (30 dpf; von Hofsten et al., 

2005). In mice, Sf1 is expressed in the urogenital ridge at 9.5 dpc (Ikeda et al., 2001, 1994). This 

increase in reproductive-related processes also corresponds to the increase in dax-1 transcripts. 

Expression of dax-1 was first observed at NF stage 21 in S. tropicalis embryos. A similar 

expression pattern was observed in Pimephales promelas, where dax-1 was not detected until 3 

dpf (Wood et al., 2015). In mice, Dax-1 was first expressed in the genital ridge at 11.5 dpc in both 
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males and females (Swain et al., 1996). Thus, it appears that expression of dax-1 in S. tropicalis, 

like in other vertebrates, is delayed until the onset of testis differentiation. The expression and 

activity of this gene has been shown to be essential for normal testicular development in 

vertebrates (reviewed in: Iyer and McCabe, 2004; Lalli and Sassone-Corsi, 2003; Parker and 

Schimmer, 2002).  

I observed that levels of sox9 mRNA were detected as early as NF stage 2, indicating an 

important function in early embryogenesis. In contrast to sf1 and dax-1 expression profiles, sox9 

transcription remained relatively constant throughout development. A temporal transcriptome 

study by Yanai et al. (2011) produced a comparable gene expression profile of sox9 in S. 

tropicalis. In P. promelas embryos, low levels of sox9 are expressed at 1 dpf and expression only 

increases two-fold between 1 and 12 dpf (Wood et al., 2015). Initially expressed in the bipotential 

gonad of both sexes at 10.5 dpc in mice, Sox9 then becomes highly upregulated in male gonads 

and down-regulated in female gonads at 11.5 dpc (Kent et al., 1996). Gonadal differentiation in S. 

tropicalis takes place between NF stage 49 and NF stage 52 (Hu et al., 2008; Miyata et al., 1999; 

Nieuwkoop and Faber, 1994). Consequently, during this period of development, sox9 may play a 

role other than sex determination in S. tropicalis. Studies have shown that sox9 is expressed in a 

conserved fashion in the developing skeletal systems of vertebrates. For example, sox9 plays a 

role in chondrocyte differentiation and cartilage morphogenesis, and has shown to be involved in 

limb generation in amphibians and fin development in fish (Keenan and Beck, 2015; Satoh et al., 

2006; Yan et al., 2005; Spokony et al., 2002). Taken together, these findings suggest that sox9 

transcription is not imperative to sex determination and early gonadal differentiation in frogs.  

The expression of sex-determining genes was differentially influenced by inhibition of 

peripheral dio activity and direct T3 exposure. Although I did not observe TREs in the putative 

promoter region of sf1 in S. tropicalis, the expression of sf1 significantly increased 1.5-fold in 

larvae co-treated with IOP + T3 and 2.2-fold in T3 treated larvae. Relevantly, studies have shown 
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that the trs can also bind to EREs - altering targeted gene expression (Vasudevan and Pfaff, 2005; 

Vasudevan et al., 2001). The core recognition element (AGGTCA) found in EREs is a shared 

transcription binding motif with trs (Parker and Schimmer, 1997). In the present study, a total of 

two EREs were identified in the putative promoter region of sf1 in S. tropicalis. I can therefore 

hypothesize that the increase in sf1 expression is mediated by T3-bound trβ complexes binding to 

EREs in the promoter of S. tropicalis. Moreover, a species comparison did reveal two TREs in 

each of the putative promoters of sf1 in M. musculus and O. latipes, which indicates conserved 

control of sf1 expression by THs across vertebrates. Manna et al. (1999) demonstrated that Sf1 

expression increased significantly in a step-wise fashion in mouse Leydig tumor cells with 

increasing T3 concentrations. In fish, Morais et al. (2013) proposed that T3-modulation of 

steroidogenesis in testes is mediated by trβ in Leydig cells of Danio rerio. The T3-mediated 

increase in sf1 expression may enhance the sf1 protein abundance, which could then indirectly 

mediate TH-related effects on other sf1 target genes. For instance, exposure to T3 has been shown 

to increase StAR mRNA levels (Manna et al., 2001b). StAR is a transport protein that regulates 

cholesterol transfer within the mitochondria, which is the rate-limiting step in the production of 

steroid hormones. The T3-mediated increases in StAR mRNA levels are dependent on Sf1 

expression, as inhibition of the latter by Dax-1 considerably diminishes T3-mediated regulation 

of StAR expression (Manna et al., 2001a). By means of sf1, THs can therefore regulate the rate 

limiting step to steroidogenesis and thus putatively have considerable influence over 

steroidogenesis as a whole. Furthermore, Brannick et al. (2012) demonstrated that in utero 

exposure to BPA, a plasticizer with anti-androgenic and TH disrupting properties, significantly 

decreased Sf1 expression in the pituitary of female mice at parturition. BPA has been shown to 

bind TRs inhibiting TH actions (Sheng et al., 2012; Moriyama et al., 2002), it is therefore 

conceivable that maternally transferred endocrine disruptors can target TH signaling prior to 
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thyroid gland organogenesis and alter sex determining gene expression. In summary, these 

findings demonstrate that THs can regulate sf1 mRNA in early development. 

THs reciprocally regulate dax-1 transcription in larval S. tropicalis. I identified a single 

TRE in the putative promoter of dax-1 in S. tropicalis suggesting that dax-1 could directly 

respond to THs by promoter binding. Indeed, the expression of dax-1 increased 1.7-fold in larvae 

when co-treated with IOP + T3; however, dax-1 mRNA levels were unaffected in only T3-treated 

larvae. This discrepancy could be explained by the levels of T3 being higher in the IOP+T3 

treatment as compared to T3 alone. Similarly, TREs were also found in the putative promoters of 

dax-1 in M. musculus and O. latipes, which provides support for a vertebrate-wide control of dax-

1 expression by THs. Expression of dax-1 appears to mirror the trβ transcript profile. In vitro 

binding assays demonstrated that TRβ bound to either T3 or GC1 (a potent tr agonist), strongly 

interact with Dax-1 (Moore et al., 2004). As a testis differentiating gene, dax-1 exhibits sexually 

dimorphic patterns with higher expression levels in testes than ovaries in S. tropicalis (Campbell 

et al., under review – Ch. 4). Thus, the T3 mediated increase in dax-1 expression may be 

reflective of a more masculinized profile. Testis tissue in S. tropicalis is characterized by higher 

concentrations of THs, as well as tr transcripts and tr related-machinery (Duarte-Guterman et al., 

2011). The development of this natural sexual dimorphism may act as a timing mechanism to 

increase the transcription and activity of dax-1 in the appropriate tissue and/or sex. In summary, 

disruption of peripheral TH metabolism by IOP increased dax-1 expression.  

Exposure to the potent TH T3 also affected sex steroid-related gene expression in S. 

tropicalis. In silico analysis previously identified TREs (n = 3) in the putative promoter of ar in S. 

tropicalis (Flood et al., 2013 – Ch 1) supporting direct regulation of ar expression by trβ. 

Expression of ar significantly increased 1.3-fold in larvae co-treated with IOP + T3 and 1.6-fold 

in T3 treated larvae. Duarte-Guterman et al. (2010) similarly observed a TH-mediated increase in 

ar expression in NF stage 46 S. tropicalis larvae. Studies demonstrate that T3 treatment also 
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increases ar mRNA in developing gonadal tissues during the period of sexual differentiation 

(Physalaemus pustulosus: Duarte-Guterman et al., 2012; S. tropicalis: Duarte-Guterman and 

Trudeau, 2011; Podarcis sicula: Cardone et al., 2000). I simultaneously observed a T3-mediated 

decrease in srd5α1 expression in NF stage 46 S. tropicalis larvae. The presence of AREs were 

confirmed in the putative promoter region of srd5α1 in S. tropicalis (Flood et al., 2013 – Ch 1). 

Duarte-Guterman et al. (2010) conversely demonstrated a T3-mediated increase in srd5a1 in 

stage NF 46 larvae; however, exposure duration may play a difference as embryos were only 

exposed between NF stage 27 to NF 46. Transcripts of srd5α1 were shown to decrease in the 

gonad-mesonephros complex of P. pustulosus tadpoles (Duarte-Guterman et al., 2012). 

Moreover, in S. tropicalis adults, srd5α1 transcripts are sexually dimorphic with higher mRNA 

levels observed in ovaries than testes (Duarte-Guterman and Trudeau, 2011). The decrease in 

embryonic srd5α1 expression following T3 exposure may therefore be reflective of a more 

masculinized profile. In summary, these findings provide further evidence for crosstalk between 

THs and the androgen axis in frogs. 

The expression of sf1, a key regulator of gonadal formation and differentiation, along 

with the testis determining genes dax-1 and sox9 were reduced in 5α-DHT treated larvae at NF 

stage 46. The expression of sf1 significantly decreased by 35% in NF stage 46 larvae treated with 

40 or 400 nM of 5α-DHT. Gene expression profiling revealed that sf1 expression along with a 

number of other steroidogenic genes decreased in developing female trout fed food containing 

androgen 11β-hydroxyandrostenedione (10 mg/kg of food; Baron et al., 2008). Zheng et al. 

(2015) demonstrated that 5α-DHT significantly decreased Sf1 expression in rat primary pituitary 

cell cultures. Similarly, AREs were not found in the putative promoters of sf1 in any of the model 

species. These findings provide support for a vertebrate-wide control of sf1 expression via non-

genomic binding of ar. Several studies have proposed that Ar binds the Sf1 protein preventing the 

association of key enhancers with Sf1, which abolishes the recruitment of the transcriptional 
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machinery and leads to gene repression of target genes (Grosse et al., 2012; Jorgensen et al., 

2001). Therefore, it is suggested that 5α-DHT-bound ar negatively regulates sf1 expression.  

The expression of the testis differentiating genes dax-1 and sox9 in S. tropicalis were 

similarly suppressed by exposure to 5α-DHT in the embryonic S. tropicalis. The presence and 

frequency of AREs in the putative dax-1 promoter differed between the model rodent, frog, or 

fish species. A single ARE and direct repeat were identified in the putative promoter of dax-1 in 

M. musculus, while the O. latipes promoter region was characterized by three AREs. In contrast, 

AREs were not detected in the putative promoter region of dax-1 in S. tropicalis. Nonetheless, the 

expression of dax-1 significantly decreased by approximately 50 % in NF stage 46 larvae exposed 

to 40 or 400 nM of 5α-DHT. Although dax-1 functions as a global negative regulator of the 

steroidogenesis later in gonadal differentiation, it has also been shown that Sf1 is required to 

activate Dax-1 expression during early embryogenesis (Hoyle et al., 2002). The reduced 

expression of Dax-1 in Sf1-null mice (Hoyle et al., 2002; Kawabe et al., 1999) lends further 

support to this hypothesis. Our developmental profile also supports this mechanism as the 

detection of sf1 transcripts considerably preceded that of dax-1 expression in embryonic S. 

tropicalis. The 5α-DHT-mediated decrease in sf1 may consequently impede the activation of dax-

1 related transcription. The activity of Dax-1 has been shown to decrease with DHT-bound Ar, 

which is proposed to occur via Sf1 and its binding site in the promoter region of Dax-1 (Mukai et 

al., 2002). I also observed that the expression of sox9 significantly decreased by approximately 50 

% in NF stage 46 larvae exposed to the two higher 5α-DHT treatments. The decrease in sox9 

mRNA levels could also reflect a direct genomic repression by 5α-DHT bound ar as in silico 

analysis identified two AREs were identified in the putative promoter region of sox9 in S. 

tropicalis. A single ARE was observed in the putative promoter of sox9 in M. musculus; however, 

AREs were not detected in the promoter of O. latipes. Studies have shown that the Sf1 

transcription factor is also required for Sox9 expression during early embryogenesis (Sekido et 
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al., 2008, 2004). The combined decrease in ar and sf1 expression in embryonic S. tropicalis could 

therefore affect sox9 transcription in 5α-DHT treated NF stage 46 larvae. In summary, exogenous 

5α-DHT concentrations above 4 nM may impede sex determination and gonadal formation in 

embryogenesis as I observed simultaneous decreases in sf1, dax-1, ar, and srd5α2 in NF stage 46 

larvae. In frogs, both testosterone and DHT have been detected at levels ranging from 2 to 6 ng/g 

bw (0.01 to 0.02 nM) in NF stage 20 to 40 X. laevis embryos (Bögi et al., 2002). Even though our 

lowest treatment (4 nM) is considerably higher than endogenous androgen levels in larvae frogs, 

significant changes in gene expression were not observed at this concentration. The two 

remaining treatments of 5α-DHT used in this study fall well above the endogenous range for frog 

larvae and may account for the decrease in gene expression. Moreover, as gonadal differentiation 

progresses sf1, dax-1, and sox9 transcripts become sexually dimorphic with higher expression in 

differentiating testes compared to ovaries (Kobayashi et al., 2005; Hoyle et al., 2002; Ikeda et al., 

2001, 1994; Kent et al., 1996). The concomitant decrease in expression reflects an earlier 

undifferentiated transcript profile supporting that exposure to exogenous androgens negatively 

impacts the sex-determining program in larval frogs. 

The potent androgen, 5α-DHT also reciprocally regulated TH related gene expression in 

embryonic S. tropicalis. In silico analysis previously identified three AREs in the putative 

promoter region of trβ in S. tropicalis (Flood et al., 2013 – Ch. 1). I observed a decrease of 

approximately 50 % in trβ expression in stage NF 46 larvae exposed to 40 or 400 nM of 5α-DHT. 

In adult S. tropicalis, trβ expression significantly decreased by 50% in 5α-DHT treated ovaries ex 

vivo, whereas transcripts of trβ significantly increased in 5α-DHT treated testes (Campbell and 

Langlois, submitted – Ch. 4). Exposure to fadrozole (a cyp19 inhibitor) concurrently increased ar 

and trβ expression (Langlois et al., 2010), which presumably was attributed to the accumulation 

of excess, un-aromatized androgens. The rate of androgen accumulation would be slower and 

characterized by lower concentrations, which could account for the contrasting embryonic results. 
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Nevertheless, taken together these findings provide support for direct 5α-DHT mediated 

regulation of trβ expression. Similarly, AREs were also found in the putative promoters of trs in 

M. musculus and O. latipes, which provides support for a vertebrate-wide control of tr expression 

by androgens. In summary, these findings demonstrate the potential for reciprocal cross-

regulation between androgens and THs during the period of embryogenesis in frogs.  

Recent studies have proposed that ar acts as master regulator of downstream androgen-

dependent signaling pathway networks and propose that the ligand regulated transcription factor 

should be classified as a testis-differentiating gene (reviewed in Matsumoto et al., 2013). In the 

present study, I showed several putative ar-mediated interactions with the sex-determining genes 

sf1, dax-1, and sox9 during the period of embryogenesis. Exposure to 5α-DHT revealed that ar 

may influence the sex-determining program, which provides credence that endocrine processes 

can alter gonadal fate. In addition, ar and trβ profiles demonstrate reciprocal crosstalk between 

the two endocrine axes during the period of embryogenesis. Therefore, I also propose greater 

emphasis be placed on the regulatory potential of the ar during the period of sex determination 

and sex differentiation in amphibians. 

Taken together these findings reveal the potential for crosstalk between the TH and 

androgen axes with regard to sex-determining gene pathways. In this study, the expression of sf1, 

an essential mediator of gonadal ridge formation and differentiation, along with the testis-

determining gene dax-1 were significantly increased in co-treated IOP + T3 and T3-treated larvae 

at NF stage 46. These findings advocate that TH actions during the period of embryogenesis can 

affect gonadal fate in frogs. In contrast, exposure to exogenous 5α-DHT negatively impact sex 

determination and gonadal formation in embryogenesis as simultaneous decreases in sf1, dax-1, 

sox9, ar, and srd5α2 in NF stage 46 larvae were observed. In summary, this study provides an 

improved mechanistic understanding of TH-related and androgenic actions with regard to gonadal 

formation and differentiation in embryonic S. tropicalis. 
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Table 5.1. 

Gene expression changes in NF stage 46 larvae exposed to iopanoic acid (IOP; 10 μM), a co-treatment of IOP + thyroxine (T4; 5 nM), a co-

treatment of IOP + triiodothyronine (T3; 50 nM), T4 (5 nM), or T3 (50 nM). Gene expression data are presented as means (least squares means 

[95% CL]). Genes are listed on the far left and their corresponding data reads left to right horizontally. Significant differences between treatments 

are indicated by different letters and were identified by a one-way ANOVA followed by post hoc Tukey's test (p < 0.05). 

 

 
 

a Gene expression was log-transformed to normalize residuals   

Target genes CTRL DMSO IOP IOP + T4 IOP + T3 T4 T3

(10 μM) (10 μM) (5 nM) (10 μM) (50 nM) (5 nM) (50 nM)

Thyroid 

hormone -

related

trα (F6, 42 = 14.3, p < 0.0001)a 1.00 [0.18, 1.82]A 1.05 [0.23, 1.87]A 1.12 [0.24, 1.99]A 1.38 [0.34, 2.41]AB 2.22 [1.40, 3.04]BC 1.28 [0.24, 2.32]AB 3.93 [3.11, 4.76]C

trβ (F6, 43 = 156.5, p < 0.0001)a 1.00 [0.49, 1.51]A 1.11 [0.60, 1.63]AB 1.45 [0.90, 2.00]B 1.99 [1.34, 2.64]C 8.57 [8.06, 9.09]D 2.09 [1.44, 2.74]C 4.94 [4.45, 5.42]E

dio1 (F6, 43 = 10.1, p < 0.0001) 1.00 [0.84, 1.16]A 1.00 [0.84, 1.16]A 0.97 [0.79, 1.14]A 1.36 [1.15, 1.57]A 1.14 [0.98, 1.30]A 1.05 [0.85, 1.26]A 0.49 [0.33, 0.64]B

dio2 (F6, 42 = 50.6, p < 0.0001)a 1.00 [0.31, 1.69]A 1.01 [0.32, 1.69]A 0.99 [0.26, 1.72]A 1.16 [0.29, 2.03]A 2.72 [2.03, 3.40]B 1.25 [0.38, 2.12]A 4.94 [4.25, 5.62]C

dio3 (F6, 41 = 84.2, p < 0.0001)a 1.00 [-0.11, 2.11]A 1.15 [0.11, 2.19]A 1.34 [0.23, 2.45]A 1.50 [0.19, 2.82]A 6.39 [5.35, 7.43]B 1.29 [-0.02, 2.61]A 8.55 [7.51, 9.59]B

Sex 

steroid-

related

ar (F6, 41 = 13.8, p < 0.0001) 1.00 [0.89, 1.11]A 0.99 [0.88, 1.11]A 0.95 [0.83, 1.07]A 1.04 [0.90, 1.18]AB 1.27 [1.16, 1.39]BC 1.00 [0.86, 1.14]AB 1.52 [1.41, 1.63]C

sf1 (F6, 38 = 6.05, p = 0.0002) 0.99 [0.71, 1.28]A 1.15 [0.85, 1.46]AB 1.02 [0.71, 1.33]AB 1.16 [0.80, 1.53]AB 1.63 [1.34, 1.92]BC 1.12 [0.76, 1.48]AB 2.19 [1.83, 2.55]C

sox9 (F6, 43 = 2.68, p = 0.03)a 1.00 [0.73, 1.27]A 1.05 [0.78, 1.31]A 1.01 [0.73, 1.30]A 1.26 [0.92, 1.59]A 0.90 [0.64, 1.17]A 1.05 [0.72, 1.39]A 1.54 [1.29, 1.79]A

dax-1 (F6, 43 = 8.40, p < 0.0001)a 1.00 [0.83, 1.17]A 0.95 [0.77, 1.12]A 1.01 [0.82, 1.19]A 1.22 [1.00, 1.44]A 1.68 [1.50, 1.85]B 1.16 [0.94, 1.38]A 1.05 [0.88, 1.21]A
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Table 5.2. 

Gene expression changes in NF stage 46 larvae exposed to triiodothyronine (T3; 0.5, 5, and 50 nM) and 5α-dihydrotestosterone (5α-DHT; 4, 40, 

400 nM). Gene expression data are presented as means (least squares means [95% CL]). Genes are listed on the far left and their corresponding 

data reads left to right horizontally. Significant differences between treatments and the control (*) were identified by a one-way ANOVA followed 

by post hoc Dunnett's test (p < 0.05). 

 
 

a Gene expression was log-transformed to normalize residuals 

 

Target genes 
CTRL DMSO 

T3 5α-DHT 

    (0.5 nM) (5 nM) (50 nM) (4 nM) (40 nM) (400 nM) 

Thyroid hormone 

- related 

trα (F7, 58 = 14.5, p < 0.0001) 1.00 [0.85, 1.15] 0.90 [0.76, 1.03] 1.22 [1.06, 1.38] 1.08 [0.93, 1.23] 1.56 [1.41, 1.71]* 0.79 [0.66, 0.93] 0.74 [0.60, 0.88] 0.70 [0.53, 0.87] 

trβ (F7, 59 = 50.3, p < 0.0001)a 1.00 [0.41, 1.59] 0.93 [0.41, 1.46] 2.22 [1.59, 2.86]* 3.15 [2.56, 3.74]* 7.05 [6.46, 7.64]* 0.89 [0.36, 1.41] 0.59 [0.03, 1.14]* 0.50 [0.13, 1.13]* 

Sex steroid-

related 

ar (F7, 57 = 7.18, p < 0.0001)a 1.00 [0.79, 1.21] 0.78 [0.59, 0.97] 0.85 [0.63, 1.06] 1.06 [0.85, 1.27] 1.47 [1.24, 1.69]* 0.77 [0.58, 0.96] 0.57 [0.36, 0.79]* 0.42 [0.17, 0.66]* 

srd5α1 (F7, 56 = 2.20, p = 0.02) 1.00 [0.73, 1.27] 0.74 [0.51, 0.98] 0.75 [0.49, 1.02] 0.58 [0.32, 0.85] 0.37 [0.06, 0.67]* 0.84 [0.60, 1.07] 0.85 [0.59, 1.12] 1.02 [0.72, 1.33] 

srd5α2 (F7, 50 = 6.12, p < 

0.0001)a 
1.00 [0.62, 1.38] 0.54 [0.15, 0.92] 1.05 [0.65, 1.46] 1.36 [0.98, 1.74] 1.07 [0.67, 1.48] 

0.84 [0.46, 1.22] 0.26 [-0.18, 0.70]* 0.24 [-0.20, 0.68]* 

srd5α3 (F7, 59 = 1.76, p =0.11)a 1.00 [0.74, 1.26] 0.90 [0.67, 1.13] 0.81 [0.55, 1.07] 0.93 [0.67, 1.19] 1.03 [0.77, 1.29] 1.08 [0.85, 1.31] 0.73 [0.47, 0.99] 0.65 [0.38, 0.93] 

Sex-determining 

sf1 (F7, 60 = 5.69, p < 0.0001) 1.00 [0.83, 1.17] 0.91 [0.76, 1.06] 0.89 [0.72, 1.06] 1.01 [0.84, 1.18] 1.17 [1.00, 1.34] 0.70 [0.55, 0.85] 0.64 [0.48, 0.79]* 0.62 [0.44, 0.80]* 

sox9 (F7, 60 = 2.88, p = 0.01) 1.00 [0.76, 1.24] 0.80 [0.58, 1.02] 0.82 [0.58, 1.07] 1.02 [0.78, 1.27] 0.84 [0.60, 1.09] 0.75 [0.54, 0.97] 0.54 [0.31, 0.77]* 0.40 [0.14, 0.66]* 

dax-1 (F7, 59 = 3.02, p = 0.009) 1.00 [0.73, 1.27] 0.74 [0.50, 0.99] 0.84 [0.57, 1.11] 1.08 [0.81, 1.35] 1.11 [0.84, 1.39] 0.85 [0.60, 1.09] 0.53 [0.26, 0.80]* 0.46 [0.16, 0.75]* 
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Figure 5.1.  

Developmental profiles of sex-determining genes during S. tropicalis embryogenesis and larval 

development. Transcript levels of sf1 (A), dax-1 (B), and sox9 (C) were measured in whole 

embryos and larvae from NF stage 2 (two-cell stage) to NF stage 46 (beginning of feeding). 

Levels of mRNA are expressed relative to NF 2 except for dax-1 (relative to NF 21) and are 

normalized to RNA content. Symbols represent individual samples (n = 6–8 pools). Significant 

differences between treatments (indicated by different letters) were identified by one-way 

ANOVAs followed by post hoc Tukey’s tests (p < 0.05). Note that the scales of the y-axis vary 

between genes. ND, not detected. 
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Figure 5.2.  
Promoter analysis of M. musculus, S. tropicalis, and O. latipes sf1, dax-1, and sox9. All sequences used for analysis were collected from the 

Ensembl Project (http://www.ensembl.org). Putative transcription factor binding sites within the putative promoter (-2000 to +1) were identified 

using PROMO (v.3.0.2; Farré et al., 2003) and FIMO (v.4.11.1; Grant et al., 2011) software. TREs are shown in blue, AREs are shown in green, 

and EREs are represented by purple arrows. 



 

 

 

141 

Figure 5.3.  

Expression of trα (A), trβ (B), dio1 (C), dio2 (D), and dio3 (E) in whole S. tropicalis NF stage 46 

larvae. Embryos were exposed to 10 μM of IOP, a co-treatment of 10 μM IOP + 5 nM T4, a co-

treatment of 10 μM IOP + 50 nM T3, 5 nM T4 or 50 nM of T3 from NF stage 12 to NF stage 46. 

Symbols represent individual samples (n = 5–8). Gene expression data are normalized to ef1α and 

presented as fold changes relative to the control treatment. Significant differences between 

treatments (indicated by different letters) were identified by one-way ANOVAs followed by post 

hoc Tukey’s tests (p < 0.05). Note that the scales of the y-axis vary.   
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Figure 5.4.  

Expression of ar (A), sf1 (B), dax-1 (C), and sox9 (D) in whole S. tropicalis NF stage 46 larvae.  

Embryos were exposed to 10 μM of IOP, a co-treatment of 10 μM IOP + 5 nM T4, a co-treatment 

of 10 μM IOP + 50 nM T3, 5 nM T4 or 50 nM of T3 from NF stage 12 to NF stage 46. Symbols 

represent individual samples (n = 5–8). Gene expression data are normalized to ef1α and 

presented as fold changes relative to the control treatment. Significant differences between 

treatments (indicated by different letters) were identified by one-way ANOVAs followed by post 

hoc Tukey’s tests (p < 0.05). Note that the scales of the y-axis vary.  

  

0

1

2

3

A A A
A ,B

B ,C

A ,B

C

a r

A

0

1

2

3

A A A

A

B

A

A

d a x -1

C

DMSO - + + + + + + 

IOP - - + + + - - 

T4 - - - + - + - 

T3 - - - - + - + 
 

0

3

6

9

1 2

A A ,B A ,B
A ,B

B ,C

A ,B

C
s f1

B

0

1

2

3

DMSO - + + + + + + 

IOP - - + + + - - 

T4 - - - + - + - 

T3 - - - - + - + 
 

       

        

        

        

 

A A A

A

A A

A
so x9

D

R
e

la
ti

v
e

 m
R

N
A

 l
e

v
e

l/
e

f1




 

 

 

143 

Figure 5.5.  

Expression of trβ (A), ar (B), srd5α2 (C), sf1 (D), dax-1 (E), and sox9 (F) in whole S. tropicalis 

NF stage 46 larvae. Embryos were exposed to T3 (0.5, 5 or 50 nM) or 5α-DHT (4, 40, or 400 nM) 

from NF stage 12 to NF stage 46. Symbols represent individual samples (n = 5 – 8). Gene 

expression data are normalized to 18s and presented as fold changes relative to the control 

treatment. Significant differences between treatments and the control were identified by one-way 

ANOVAs followed by post hoc Dunnett’s test (*p < 0.05; **p < 0.01; ***p < 0.001). Note that 

the scales of the y-axis vary. Control samples = open circles; T3-treatment = dark gray circles; 

5α-DHT treatment = light gray circles.  
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Chapter 6 

General discussion  

6.1 Thesis overview and future directions 

The primary objective of this thesis was to examine molecular mechanisms underlying crosstalk 

between the TH and androgen axes during the lifecycle of S. tropicalis. Here I present an 

overview of our key findings, discuss potential limitations as they arise, and indicate areas I 

believe to be important for further investigation and study within the fields of endocrinology and 

toxicology. 

Crosstalk between the TH and the androgen axes has been recognized in different 

vertebrate species. The conserved nature and the molecular basis for this crosstalk has however 

remained largely unexplored, thus our comparative review (Ch. 1) served as a valuable resource 

to interpret the known molecular mechanisms of TH and androgen crosstalk in male sexual 

development of mammalian and non-mammalian species alike. Among others, I presented the 

first overview of TH interactions with male sex-determining genes in vertebrates. I also reviewed 

the consequences of both hypo- and hyper-thyroid conditions on steroidogenic enzyme activity 

and gene expression, highlighting the extent of TH regulation in androgen biosynthesis and 

signaling. Novel in-silico promoter analysis was performed and illustrated the potential for a 

direct and vertebrate-wide crosstalk at the transcriptional level between these hormonal axes. 

While species-specific variations in the interaction between THs and male reproduction do exist, 

mechanisms of crosstalk appear to be conserved across vertebrate species. These findings 

strengthen the proposal of crosstalk between the TH and androgens axes. Several knowledge gaps 

identified in this review grew to form the foundation of this thesis. First, studies on the molecular 

mechanisms underlying potential crosstalk between THs and the reproductive axes were 

particularly scarce in lower vertebrates (i.e., fish and amphibians). Furthermore, transcriptional 
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data was especially limited with regard to hypothyroid conditions across vertebrates, and 

although I found considerable evidence for TH-mediated crosstalk, reciprocal regulation by 

androgens had received little attention to date.  

I began by first evaluating crosstalk during the period of sexual differentiation following 

chronic exposure to the prevalent environmental TH-disruptor KClO4 (Ch. 2). Androgen- and 

TH-related transcript levels in the GMC and liver – important tissues for androgen production and 

metabolism – were examined at two developmental stages (NF 56 and NF 60). Contrary to our 

initial hypothesis, I observed an increase in hepatic srd5α2 mRNA levels of KClO4-treated NF 

stage 56 tadpoles. This increase may indicate a protective function to maintain circulating 

androgen concentrations critical to differentiating gonadal tissues in the developing tadpoles. 

Hepatic biotransformation pathways facilitate the excretion of androgenic metabolites, but can 

also influence circulating levels of T and DHT (You, 2004). Chemically and surgically induced 

hypothyroid conditions have moreover been shown to decrease circulating T levels in male fish 

and tetrapods (reviewed in Flood et al. 2013; Romano et al. 2013; reviewed in Wagner et al. 

2008; reviewed in Maran 2003;). Decreases in trα and trβ expression in NF stage 56 liver tissues 

confirmed TH disruption in the developing tadpoles. A decrease in hepatic ar expression of NF 

stage 60 KClO4-treated females further supports crosstalk between the TH and androgen axes. 

Overall, these observations suggest that KClO4 has secondary androgenic-disrupting properties in 

addition to its known primary TH-disrupting role.  

One possible limitation identified in Chapter 2 was that the natural accumulation of THs 

and other TH-related machinery later in development may have transiently compensated for the 

effects of KClO4. Overall fewer transcriptional changes were observed in tissues of NF stage 60 

tadpoles. Here I propose two different approaches that could be utilized to overcome this 

limitation in future experiments on the molecular mechanisms underlying TH and androgen 

crosstalk under hypothyroid conditions. Overall, the effects of KClO4 on transcriptional responses 
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may be worth additional study with higher concentrations to fully understand the biological 

significance of these findings. A cocktail of TH disrupting chemicals could also be utilized to 

simultaneously inhibit TH biosynthesis in the thyroid gland (i.e., ClO4
‒) and target local 

peripheral TH metabolism (i.e., IOP). The period of sexual differentiation continues to be highly 

relevant from a mechanistic standpoint. Future exposures could be restricted to the developmental 

window of sexual differentiation to reduce the developmental challenges that I had encountered 

(Ch. 2). Secondly, I propose that future research consider the use of TALENs-mediated gene 

knockout technology to establish tr knockout S. tropicalis lines. Choi et al. (2014) recently 

developed a line of trα knockout tadpoles and showed that TH-related gene expression differed 

with and without exogenous TH in F1 offspring compared to control animals. The use of 

TALENs-mediated gene knockout technology could help elucidate the specific mechanisms of 

direct crosstalk mediated via trs during the period of sexual differentiation. 

Chapter 3 built upon the previous manuscript to determine the lasting effects of a 

developmental exposure (hatch to sexual maturity) to low concentrations of KClO4 on adult 

amphibians post-metamorphosis. The specific use of low concentrations of KClO4 facilitated the 

evaluation of differences in the sub-lethal toxicity of KClO4 between male and female frogs. The 

targeted disruption of TH synthesis resulted in morphological, biochemical, and transcriptional 

changes reflecting a loss of natural sexual dimorphism in adult S. tropicalis after metamorphosis. 

Increased mRNA levels of cyp19 and srd5α2 were observed in ovaries. The significant positive 

linear relationship between cyp19 expression and increasing KClO4 concentrations in ovary tissue 

was consistent with the prevailing hypothesis that TH action is mediated via cyp19 transcription 

and activity in reproductive tissues (reviewed in Duarte-Guterman et al. 2014). Several studies 

have however provided evidence refuting TH-mediated cyp19 induction in this species (Duarte-

Guterman and Trudeau 2011; Ch. 2). I therefore also investigated potential androgenic modes of 

KClO4 action, and our data confirm that the ovary tissue of females exposed to KClO4 expressed 
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levels of srd5α2 mRNA twice that of control animals. These findings maintain that KClO4 

induces long-term androgen disruption via srd5α2 expression in S. tropicalis (Ch. 2 and Ch. 3). 

KClO4 treatments triggered a sex-specific developmental toxicity in this species. Female S. 

tropicalis are significantly larger (BM and SVL) than males in nature (in the absence of KClO4), 

but that difference was reduced at every level of KClO4 exposure and even reversed in some 

treatments. I first noted a small but significant reduction in hind limb growth of putative females 

at NF stage 60 (Ch. 2). Thus, the morphometric data of the present study revealed, for the first 

time, both the permanence of KClO4-induced developmental effects in amphibian ontogeny and a 

potential sex difference in the developmental toxicity of KClO4. Upon further exploration into the 

function of sex (Ch. 4), I observed considerable potential for sex-specific differences in TH-

related actions in sexually mature animals. Vahter et al. (2007) commented on the widespread 

absence of gender even in human health risk assessment and toxicology fields. Future studies 

should assess the importance of such dimorphism in other species, to determine if the actions of 

ClO4
‒ on females are biologically significant. 

Long-term exposure to KClO4 also appeared to negatively impact male-biased traits such 

as plasma androgen content and sperm motility. To the best of our knowledge this was the first 

study to examine the effects of KClO4 on sperm swimming patterns. The sperm of KClO4-treated 

males had significant but moderately slower swimming speed (< VAP) and less lateral head 

displacement (< ALH) than the sperm of control males. Inhibition of flagellar motility could 

produce these swim patterns. The observed increase in VSL and STR further suggest a decrease 

in flagellar bending. Romano et al. (2016) observed a significant decrease in mitochondrial 

activity in spermatozoa of hypothyroid male Wistar rats (less energy would be generated for the 

flagellum and movement would be impaired). Overall the effects of KClO4 on sperm motility 

may be worth additional study with larger sample sizes and higher concentrations to fully 

understand the biological significance of these findings. A series of individual time points could 
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also be included to examine the effects of the TH disruptor on the duration of the motility period. 

Lastly, the effects of in vivo KClO4 on sperm energetics (e.g. spermatozoa ATP concentrations) 

could be included to confirm the present hypothesis. Furthermore, the sperm of externally-

fertilizing amphibians may come in direct contact with ClO4
‒ ions in aquatic environments during 

spawning presenting an additional route of exposure. Since sperm activity is strongly influenced 

by the surrounding aqueous chemical conditions, the effects of direct ClO4
‒ exposure on sperm 

motility should also be investigated in future experiments. Future experiments should use CEROS 

to assess swim patterns of spermatozoa directly exposed to a range of different ClO4
‒ 

concentrations at a series of individual time points to also evaluate the effects of direct exposure 

on swim duration. Depending on the weight of evidence, future experiments could also examine 

fertilization success. In summary, in Chapter 3 we demonstrated that the targeted disruption of 

TH synthesis results in long-term secondary androgen disruption. Taken together, these two 

studies (Ch. 2 and 3) helped elucidate molecular mechanisms underlying crosstalk between the 

TH and androgen axes under hypothyroid conditions thereby bridging the knowledge gap 

identified in our literature review (Ch. 1). The contributions of this doctoral thesis to the field of 

ecotoxicology regarding ClO4
‒ are (i) the supporting data that exposure to low levels of KClO4 

over a prolonged period of time perturbs normal development in S. tropicalis and (ii) the 

investigation of new mechanisms for endocrine disruption caused by this TH-disrupting chemical 

(Fig. 6.1). Lastly, these findings opened a new avenue of investigation regarding crosstalk: the 

potential sex-specific mechanisms of THs in reproductive tissues of male and female frogs. 

I designed a series of ex vivo exposures using juvenile testes and ovaries to examine 

direct molecular mechanisms of crosstalk sans hypophyseal feedback as well as investigate 

potential sex-specific differences (Ch. 4). Although instances of sex reversal under hypo-and 

hyperthyroid conditions have been documented, the function of gender has rarely been studied 

explicitly with regard to TH actions. Elevated TH levels decreased srd5α2 expression in ovaries, 
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while the release of 5α-DHT from testes increased. The differential regulation between males and 

females further speaks to the dependency of srd5α2 on TH status. Moreover, the consistent 

modification of srd5α2 expression under hypothyroid (KClO4 – Ch. 2 and 3; and IOP – Ch. 4) 

and hyperthyroid conditions (T3 – Ch. 4) advocates its use as a potential biomarker of TH 

induced reproductive effects. Future experiments would be required to assess the conservation of 

this crosstalk in other species and to validate the universality of srd5α2 expression as a potential 

biomarker. Unexpectedly, androgens and THs both enhanced estrogen-related transcription and 

activity in gonadal tissues. Exposure to androgens increased erα expression in – as well as the 

release of – E2 from testicular and ovarian tissues. Treatment with T3 also significantly increased 

erα expression in ovary tissue. In silico promoter analysis revealed TREs and AREs in the 

putative promoter regions of erα and cyp19 providing support for this dual regulation (Ch. 4). It 

becomes increasingly evident with this observation that the TH axis plays a central role in the 

reproductive system by orchestrating and responding to feedback from multiple hormone 

pathways.  

Bidirectional regulation was subsequently confirmed as exposure to androgens 

significantly increased trβ and dio1 expression in testes, and decreased trβ and dio3 transcripts in 

ovaries. These findings not only provided further evidence that TH-related gene expression can 

be directly regulated by androgens, but demonstrated for the first time the sex-specific effects of 

androgen mediated action on tr and dio transcription in amphibians. Mirroring androgenic 

actions, T3 treatment positively regulated trβ transcription in testis tissue, whereas trβ expression 

decreased in ovary tissue. The maintenance of differential transcriptional regulation between 

sexes ex vivo indicates that epigenetic regulation may play a role in differential modulation of 

TH- and sex steroid-related gene expression between sexes. Although sexually dimorphic DNA 

methylation patterning has been observed in sex steroid-related genes in frogs and fish (Bissegger 

and Langlois, 2016; Navarro-Martín et al., 2011; Contractor et al., 2004), sex differences in 
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methylation patterns have not yet been investigated with regard to TH-related genes. Future 

experiments should not only examine methylation patterns of TH-related genes in reproductive 

tissues, but also consider the ability of TH treatments to induce methylation and histone 

modifications. The methylation of individual CpG islands in the promoter region of target genes 

have successfully evaluated sex differences in methylation patterns of cyp19 and the effects of 

induced methylation following sex steroid treatment in fish (Dicentrarchus labrax: Navarro-

Martin et al., 2011). This technique can be coupled with in silico identification of specific 

transcription factor binding sites within the promoter region to predict the putative effects of 

methylation. Recently, Bissegger and Langlois (2016) also successfully used qMethyl kits to 

evaluate percent methylation following androgen treatment in S. tropicalis.  

I have demonstrated that THs and androgens are extensively involved in sexual 

development in frogs (Ch. 2, 3, and 4); however, relatively little is known with regard to TH-

related actions and androgenic actions in sex determination (Ch. 5). I previously identified 

potential crosstalk via several candidate sex-determining genes (sf1, dax-1, and sox9) imperative 

to bipotential gonadal formation and differentiation in our literature review (Ch. 1). Elevated TH 

levels significantly increased the expression of sf1 and dax-1 in NF stage 46 larvae. I also 

identified TH motifs in the putative promoter regions of sf1 and dax-1 in S. tropicalis further 

supporting TH-mediated regulation. Taken together, these findings advocate that TH actions 

during the period of embryogenesis can affect gonadal fate in frogs. A limitation of this study 

which will have to be addressed in future experiments is the lack of protein data (e.g., Western 

blots) to complement gene expression analyses. Presently, antibodies available for the targets of 

interest in anurans are limited. Large-scale qualitative and quantitative proteomic technologies 

have however increased over the past two decades and a number of these techniques do not rely 

on the use of antibodies (Sun et al., 2014). Detection of transcription factor protein levels of sex-

determining genes would provide stronger evidence for TH mediated effects. Moreover, future 
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experiments should investigate whether or not altered sex determining gene expression in early 

embryogenesis and larval development results in male-biased sexual development.  

The putative role for THs in gonadal fate raises questions as to the ability of maternally 

transferred EDCs with TH disrupting properties to target sex determination in embryogenesis. 

Species with isolated embryos or eggs (i.e., fish, amphibians, reptiles and/or birds) with 

predetermined transcripts and hormone quantities would be at the highest risk of TH disruption 

prior to thyroid gland organogenesis. Moreover, in these species temperature and hormonal sex 

determination are prevalent and it is widely accepted that these programs are more easily 

influenced by external factors (Mizoguchi and Valenzuela, 2016; Golan and Levavi-Sivan, 2014; 

Nakamura, 2010; Sarre et al., 2004; Valenzuela and Lance, 2004; Bull, 1983). For example, BPA 

has been shown to be maternally transferred to eggs in several species (reviewed in: Mizoguchi 

andValenzuela 2016; Chrysemys picta: Jandegian et al., 2015; Oryzias latipes: Kang et al., 2002). 

Specifically, BPA can bind TRs inhibiting TH actions (Sheng et al., 2012; Moriyama et al., 

2002). It is therefore conceivable that maternally transferred EDCs can target TH signaling prior 

to thyroid gland organogenesis and alter sex determining gene expression.  

The other primary finding from chapter 5 was that exposure to exogenous 5α-DHT 

negatively impacted sex determination and gonadal formation in embryogenesis as concomitant 

decreases in sf1, dax-1, sox9, ar, and srd5α2 in NF stage 46 larvae were observed. The levels of 

androgens I utilized well exceeded known endogenous levels for larval frogs (Bögi et al., 2002), 

consequently future studies should re-evaluate the actions of androgenic compounds at lower 

concentrations. Nonetheless, these transcriptional findings demonstrated the potential for ar-

mediated actions. Studies have shown that the ar can bind to the promoter regions of sex-

determining gene expression (Grosse et al., 2012; Mukai et al., 2002; Jorgensen et al., 2001) in 

addition the transcription of the receptor itself be regulated by sex-determining transcription 

factors (reviewed in: Orekhova and Rubtsov, 2015; Lalli and Sassone-Corsi, 2003). Moreover, 
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my findings indicate that the ar sits at the center of the nexus of TH and androgen crosstalk (Ch. 

1, Ch. 2, and Ch. 5). The targeted knockout of ar during early development would provide 

valuable insight into the extent of its transcriptional regulation between the two axes. In 

summary, this study provides insight into the androgenic actions with regard to gonadal formation 

and differentiation in embryonic S. tropicalis. 

6.2 Significance in a broader context 

Crosstalk between endocrine axes introduces an additional degree of complexity when studying 

the effects of EDCs. As seen with KClO4, EDCs with a highly specific mechanism of action may 

indirectly have effects on other hormone signaling pathways via the initial endocrine target. 

Several EDCs known to affect steroidogenic pathways have also been shown to have TH 

disrupting properties. Examples of this dual endocrine system disruption include, but are not 

limited to, brominated flame retardants (BFRs), bisphenol A (BPA), polychlorinated biphenyls 

(PCBs), pesticides, and phthalates (reviewed in: Yu et al., 2015; Boas et al., 2012; Carr and 

Patino, 2011; Rohr and McCoy, 2010; Zoeller, 2010; Pearce and Braverman, 2009; Brown et al., 

2004). These studies provided considerable evidence for the conservation of this dual endocrine 

function across vertebrates. Here I restrict myself however to two specific examples (BPA and 

atrazine) of this duality in amphibians. BPA has been shown to not only have estrogenic and 

feminizing effects in frogs (Qin et al., 2007; Levy et al., 2004), but in developing tadpoles 

exposure to the plasticizer disrupts metamorphosis by altering TH-related transcription (Heimeier 

et al., 2009; Lehigh Shirey et al., 2006). The widely used herbicide atrazine has been shown to 

have anti-androgenic properties (R. pipiens: Langlois et al., 2010; Hayes et al., 2002, 2003); 

exposure to atrazine decreases TH-related transcription, and impedes growth in fish and 

amphibians (R. pipiens: Langlois et al., 2010; reviewed in Rohr and McCoy, 2010). Taken 

together, these findings highlight an interesting caveat regarding the reproductive toxicity of 

EDCs in that the reproductive effects may in fact be secondary to TH disruption.  
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6.3 Concluding remarks 

Despite the limited scope of this doctoral research, I demonstrated that TH actions are pervasive 

throughout the reproductive lifecycle of S. tropicalis from sex determination and gonadal 

formation during embryogenesis, through the period of sexual differentiation, and up to sexual 

maturity in male and female frogs. I elucidated molecular mechanisms of TH mediated regulation 

of sex steroid-related transcripts under hypothyroid (KClO4 and IOP) and hyperthyroid conditions 

(T3 and T4). Exposure to androgens also confirmed bidirectional crosstalk between the androgen 

and TH axes in S. tropicalis. I also demonstrated for the first time the sex-specific effects of TH- 

and androgen-mediated actions on tr and dio transcription in sexually mature male and female S. 

tropicalis. These findings could have profound implications on endocrine disruption research 

both in the fields of endocrinology and toxicology. 
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Figure 6.1. 

Schematic showing the known developmental and reproductive effects of ClO4
‒ in fish and amphibians. An individual fish or frog indicate a single study in 

which the corresponding effect was observed. Wedges shown in yellow depict the findings that I was the first to report. Frogs with a square represent our data. 

Fish (Campostoma anomalum: Theodorakis et al., 2006; Danio rerio: Schmidt et al., 2012; Liu et al., 2007, 2006; Mukhi et al., 2007, 2005; Mukhi and Patino, 

2007; Patino et al., 2003; Gambusia holbrooki: Park et al., 2006; Bradford et al., 2005; Gasterosteus aculeatus: Furin et al., 2015a,b; Peterson et al., 2015; 

Bernhardt et al., 2006; Bernhardt and von Hippel, 2008;Gobiocypris rarus: Li et al., 2011; Petromyzon marinus L.: Manzon and Youson, 1996; Pimephales 

promelas: Crane et al., 2005). Frogs (Acris crepitans: Theodorakis et al., 2006; Lithobates sylvaticus: Bulaeva et al., 2015; Rana catesbeiana: Carr et al., 2003; 

Rana sphenocephala: Ortiz-Santaliestra and Sparling, 2007; Silurana tropicalis: Campbell et al., submitted; Flood and Langlois, 2014; Xenopus laevis: Carr et 

al., 2015; Brausch et al., 2010; Goleman and Carr, 2006; Hu et al., 2006; Tietge et al., 2005; Goleman et al., 2002a,b
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Summary of Chapters 

Chapter 1. My general introduction is adapted from a previously published literature review. 

Thyroid hormones (THs) exert a broad range of effects on development in vertebrate species, 

demonstrating connections in nearly every biological endocrine system. In particular, studies 

have shown that THs play a role in sexual differentiation and gonadal development in mammalian 

and non-mammalian species. This review exemplifies that THs can directly regulate male 

reproductive development by (1) coordinating sex-determining-genes that set the reproductive 

ontogeny in favor of males; (2) enhancing steroidal gene expression, which contributes to 

stimulated androgen synthesis; (3) enhancing androgen responsiveness by increasing ar 

expression; and (4) directly binding to response elements within select androgen-related genes. 

Moreover, we identified AREs in the promoter regions of TH-related genes which suggest 

potential for the androgen axis to regulate components of TH biosynthesis. From this we 

developed several research questions of interest, including: 

1. What are the molecular mechanisms underlying crosstalk between the TH and 

reproductive axes during hypothyroid conditions? (Ch. 2 & Ch. 3).  

2. Can androgens reciprocally regulate TH-related transcription? (Ch. 4).  

3. Do THs play a putative role in gonadal fate? (Ch. 5) 

 

Chapter 2. The objective of this chapter was to determine whether chronic exposure to low 

concentrations of potassium perchlorate (KClO4) affected sex steroid-related gene expression in 

S. tropicalis tadpoles during the period of sexual differentiation. Androgen- and TH-related 

transcript levels in the gonadal-mesonephros complex (GMC) and liver – important tissues for 

androgen production and metabolism – were examined at two developmental stages (NF 56 and 
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NF 60) during the period of sexual differentiation. Morphological parameters were also measured 

to provide insight into the potential developmental effects of the TH disruptor.  

OUTCOMES 

1. Expression of trα and trβ decreased, while srd5α2 transcripts increased in hepatic tissue 

at NF stage 60 tadpoles.  

2. Low concentrations of KClO4 differentially altered sex ratios between treatments.  

3. Hind limb development was impeded in putative female tadpoles following KClO4 

exposure. 

Chapter 3. This chapter built upon the previous manuscript to determine the lasting effects of a 

developmental exposure (hatch to sexual maturity) to low concentrations of KClO4 on adult 

amphibians after metamorphosis. To do this I examined the effects of KClO4 on the morphology, 

gonadal TH- and sex steroid-related transcript levels, androgen plasma levels, and sperm motility 

of adult S. tropicalis frogs after one-year of exposure. The specific use of low concentrations of 

KClO4 also facilitated the evaluation of differences in the sub-lethal toxicity of KClO4 between 

male and female frogs.  

OUTCOMES 

1. Dimorphic expression patterns of cyp19 and srd5α2 were disrupted in ovary tissue of 

KClO4-treated female frogs.  

2. Male-biased traits such as plasma androgen content and sperm motility were negatively 

impacted by long-term exposure to KClO4.  

3. Female growth (e.g., body mass, snout vent length, and hind limb length) was reduced by 

chronic exposure to low concentrations of KClO4.  

 

Chapter 4. I designed a series of ex vivo exposures using juvenile testes and ovaries to examine 

direct molecular mechanisms of crosstalk sans hypophyseal feedback as well as investigate 
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potential sex-specific differences. As thyroid gland function is not present, I used iopanoic acid 

(IOP) to inhibit peripheral TH metabolism in testes and ovaries, and utilized THs (T3 and T4) to 

examine direct crosstalk. I also incorporated the use of androgens (T, 5α-DHT, and 5β-DHT) to 

elucidate potential reciprocal mechanisms of crosstalk between the androgen and TH axes. The 

presence and frequency of thyroid-, androgen-, and estrogen-response elements (TREs, AREs, 

and EREs, respectively) were also examined in the putative promoter regions of aromatase 

(cyp19) and the estrogen receptor (erα) in S. tropicalis. Although instances of sex reversal under 

hypo- and hyperthyroid conditions have been documented, the function of gender has rarely been 

studied explicitly with regard to TH actions.  

OUTCOMES 

1. In silico promoter analysis reveals TREs and AREs in the putative promoter regions of 

erα and cyp19. 

2. Ex vivo exposure to either THs or androgens increased trβ expression in testes and 

decreased trβ transcripts in ovaries. 

3. Elevated TH levels decreased srd5α2 expression in ovary tissue, while the release of 5α-

DHT from testis tissue increased. 

4. Ex vivo exposure to androgens increased erα expression in – as well as the release of – E2 

from testicular and ovarian tissues. 

 

Chapter 5. I have demonstrated that THs and androgens are extensively involved in sexual 

development in frogs (Ch. 2, 3, and 4); however, relatively little is known with regard to TH-

related and androgenic actions in sex determination. I previously identified potential crosstalk via 

several candidate sex-determining genes (sf1, dax-1, and sox9) imperative to bipotential gonadal 

formation and differentiation in our literature review (Ch. 1). To understand the putative role of 

THs and androgens in gonadal fate, I first established expression profiles of the sf1, sox9, and 
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dax-1 from the commencement of amphibian embryogenesis (NF stage 2) to the beginning of 

larvae development (NF stage 46). I also conducted novel in silico promoter analysis to examine 

the presence and frequency of putative transcription factor binding sites in S. tropicalis as well as 

in rodent and fish models. I exposed embryos (NF stage 10-12) to co-treatments of IOP, T4, or T3 

for 96 h to examine how TH status affects sex-determining gene expression in embryonic S. 

tropicalis. Embryos were also exposed to different concentrations of T3 or 5α-DHT to further 

examine TH and androgenic mechanisms of crosstalk in relation to the regulation of sex-

determining gene expression.  

OUTCOMES 

1. All sex-determining genes were detected during early frog development.  

2. TH binding motifs were identified in the putative promoter regions of sf1, dax-1, and 

sox9 in S. tropicalis. 

3. Inhibition of peripheral dio-activity increased the expression of sf1 and dax-1 in NF stage 

46 larvae.  

4. Exposure to androgens decreased sf1, dax-1, sox9, ar, srd5α2, and trβ transcripts. 
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Appendix A 

Supplementary Material for Chapter 4 

Table A1. Gene expression changes in testis tissue exposed ex vivo to triiodothyronine (T3; 50 nM), iopanoic acid (IOP; 10 μM), and to a 

co-treatment of IOP + 5α-dihydrotestosterone (5α-DHT; 1 μM) for 6h. 

 

Gene expression data are presented as means (least squares means [95% CL]. 

(*) indicates significant differences between treatments and the control (p < 0.05) 

(§) indicates significant differences between IOP + 5α-DHT and IOP (p < 0.05) 

  

Target genes 

Testis 

CTRL T3 IOP IOP + 5α-DHT 

  (50 nM) (10 μM) (10 μM + 1 μM) 

Thyroid 

hormone - 

related 

trα (F3, 26 = 1.3, p = 0.31) 1.0 [0.89, 1.1] 0.93 [0.82, 1.0] 0.95 [0.84, 1.07] 0.85 [0.73, 0.97] 

trβ (F3, 26 = 20.6, p < 0.0001) 1.0 [0.78. 1.2] 2.0 [1.8, 2.2]* 0.99 [0.76, 1.2] 1.0 [0.77. 1.2] 

dio1 (F3, 21 = 3.3, p = 0.04) 1.0 [0.73. 1.3] 0.88 [0.58, 1.2] 0.66 [0.41, 0.91] 1.2 [0.90, 1.4]§ 

dio2 (F3, 26 = 1.7, p = 0.19) 1.0 [0.90, 1.1] 0.87 [0.77, 0.96] 0.92 [0.81, 1.02] 0.99 [0.88, 1.1] 

dio3 (F3, 25= 13.2, p < 0.0001) 1.0 [0.2, 1.6] 3.5 [2.9, 4.1]* 1.3 [0.67, 1.9] 1.3 [0.61, 1.9] 

 ar (F3, 26 = 2.0, p = 0.14) 1.0 [0.91, 1.09] 0.86 [0.77, 0.96] 0.86 [0.76, 0.96] 0.89 [0.79, 0.99] 

Sex steroid - 

related 

srd5α1 (F3, 21 = 1.1, p = 0.39) 1.0 [0.72, 1.28] 0.88 [0.58, 1.19] 0.87 [0.61, 1.12] 1.2 [0.89, 1.41] 

srd5α2 (F3, 25 = 0.9, p = 0.44) 1.0 [0.81, 1.19] 1.1 [0.91, 1.27] 1.2 [1.03, 1.41] 1.1 [0.92, 1.30] 

srd5α3 (F3, 26 = 0.4, p = 0.77) 1.0 [0.70, 1.30] 0.94 [0.61, 1.27] 0.80 [0.52, 1.08] 0.90 [0.62, 1.18] 

erα (F3, 24 = 4.3, p = 0.01) 1.0 [0.72, 1.3] 1.2 [0.93, 1.5] 1.0 [0.75, 1.3] 1.6 [1.3, 1.9]* 

 cyp19 (F3, 20 = 2.0, p = 0.14) 1.0 [0.73, 1.27] 0.76 [0.47, 1.05] 0.59 [0.33, 0.86] 0.93 [0.68, 1.17] 

 dax-1 (F3, 20 = 2.0, p = 0.14) 1.0 [0.70, 1.30] 0.84 [0.54, 1.15] 0.66 [0.41, 0.92] 0.72 [0.44, 1.00] 
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Table A2. Gene expression changes in ovary tissue exposed ex vivo to triiodothyronine (T3; 50 nM), iopanoic acid (IOP; 10 μM), and to a 

co-treatment of IOP + 5α-dihydrotestosterone (5α-DHT; 1 μM) for 6 h. 

 

Target genes 

Ovary 

CTRL T3 IOP IOP + 5α-DHT 

  (50 nM) (10 μM) (10 μM + 1 μM) 

Thyroid 

hormone - 

related 

trα (F3, 22 = 0.57, p = 0.64) 1.0 [0.75, 1.3] 0.81 [0.51, 1.1] 0.87 [0.58, 1.2] 0.78 [0.49, 1.1] 

trβ (F3, 22 = 3.3, p = 0.04) 1.0 [0.76, 1.2] 1.1 [0.80, 1.4]- 0.57 [0.29, 0.85]* 1.0 [0.73, 1.3] 

dio1 (F3, 18 = 0.17, p = 0.92) 1.0 [0.50, 1.5] 1.0 [0.40, 1.6] 1.0 [0.52, 1.5] 1.2 [0.73, 1.7] 

dio2 (F3, 22 = 2.0, p = 0.14) 1.0 [0.64, 1.4] 1.6 [1.19, 2.0] 1.1 [0.71, 1.5] 1.4 [0.98, 1.8] 

dio3 (F3, 21 = 16.2, p < 0.0001) 1.0 [0.28, 1.7] 5.0 [4.06, 5.9]* 1.3 [0.43, 2.1] 1.1 [0.21, 1.9] 

 ar (F3, 22 = 0.46, p = 0.72) 1.0 [0.77, 1.2] 0.87 [0.61, 1.1] 0.91 [0.65, 1.2] 0.81 [0.55, 1.1] 

Sex steroid 

- related 

srd5α1 (F3, 22 = 1.8, p = 0.18) 1.0 [0.84, 1.2] 0.93 [0.74, 1.1] 0.80 [0.62, 0.99] 1.1 [0.90, 1.3] 

srd5α2 (F3, 22 = 3.4, p = 0.04) 1.0 [0.77, 1.2] 0.53 [0.27, 0.79]* 0.64 [0.38, 0.90] 0.59 [0.33, 0.86] 

srd5α3 (F3, 21 = 1.2, p = 0.33) 1.0 [0.88, 1.1] 0.98 [0.83, 1.1] 0.92 [0.78, 1.1] 1.1 [0.96, 1.2] 

erα (F3, 22 = 6.4, p = 0.003) 1.0 [0.54, 1.5] 2.3 [1.8, 2.8]* 1.2 [0.67, 1.7] 0.87 [0.33, 1.4] 

cyp19 (F3, 21 = 1.8, p = 0.19) 1.0 [0.65, 1.4] 1.0 [0.60, 1.4] 0.59 [0.15, 1.0] 0.54 [0.13, 0.95] 

 dax-1 (F3, 22 = 3.0, p = 0.05) 1.0 [0.77, 1.2] 1.0 [0.73, 1.3] 1.1 [0.81, 1.4] 0.58 [0.31, 0.86] 

 

Gene expression data are presented as means (least squares means [95% CL]. 

(*) indicates significant differences between treatments and the control (p < 0.05) 
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Table A3. Gene expression changes in testicular tissues exposed ex vivo to testosterone (T; 1 μM), 5α-dihydrotestosterone (5α-DHT; 1 

μM), and to 5β-dihydrotestosterone (5β-DHT; 1 μM) for 6 h. 

 

Target genes 

Testis 

CTRL T 5α-DHT 5β-DHT 

 (1 μM) (1 μM) (1 μM) 

Thyroid 

hormone - 

related 

trα (F3, 27 = 0.42, p = 0.74) 1.0 [0.74, 1.3] 1.1 [0.85, 1.3] 1.2 [0.95, 1.4] 1.1 [0.83, 1.3] 

trβ (F3, 26 = 3.8, p = 0.02) 1.0 [0.70, 1.3] 1.4 [1.1, 1.7] 1.5 [1.2, 1.8]* 1.5 [1.3, 1.8]* 

dio1 (F3, 22 = 3.6, p = 0.03) 1.0 [0.59, 1.4] 1.3 [0.93, 1.6] 1.7 [1.3, 2.1]* 1.3 [0.93, 1.7] 

dio2 (F3, 27 = 1.1, p = 0.38) 1.0 [0.80, 1.2] 1.2 [1.0, 1.4] 1.2 [1.0, 1.4] 1.1 [0.88, 1.3] 

dio3 (F3, 27 = 0.37, p = 0.78) 1.0 [0.58, 1.4] 0.87 [0.47, 1.3] 1.1 [0.73, 1.5] 1.1 [0.70, 1.5] 

Sex steroid - 

related 

erα (F3, 25 = 3.5, p = 0.03) 1.0 [0.66, 1.3] 0.69 [0.35, 1.0] 1.4 [1.1, 1.7] 1.1 [0.67, 1.4] 

cyp19 (F3, 25 = 2.4, p = 0.05) 1.0 [0.76, 1.3] 1.4 [1.1, 1.6] 1.5 [1.2, 1.8] 1.2 [0.95, 1.5] 

dax-1 (F3, 25 = 5.2, p = 0.006) 1.0 [0.65, 1.4] 0.44 [0.06, 0.82]* 0.97 [0.64, 1.3] 1.2 [0.86, 1.5] 

 

Gene expression data are presented as means (least squares means [95% CL]. 

(*) indicates significant differences between treatments and the control (p < 0.05) 
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Table A4. Gene expression changes in ovarian tissues exposed ex vivo to testosterone (T; 1 μM), 5α-dihydrotestosterone (5α-DHT; 1 μM), 

and to 5β-dihydrotestosterone (5β-DHT; 1 μM) for 6 h. 

 

Target genes 

Ovary 

CTRL T 5α-DHT 5β-DHT 

 (1 μM) (1 μM) (1 μM) 

Thyroid 

hormone - 

related 

trα (F3, 27 = 0.28, p = 0.84) 1.0 [0.78, 1.2] 0.93 [0.73, 1.1] 0.87 [0.67, 1.1] 0.91 [0.71, 1.1] 

trβ (F3, 26 = 5.5, p = 0.005) 1.0 [0.75, 1.3] 0.57 [0.35, 0.79]* 0.45 [0.23, 0.66]* 0.78 [0.56, 0.99] 

dio1 (F3, 26 = 1.6, p = 0.22) 1.0 [0.74, 1.3] 1.1 [0.85, 1.3] 0.75 [0.50, 0.99] 0.94 [0.69, 1.2] 

dio2 (F3, 25 = 0.82, p = 0.49) 1.0 [0.79, 1.2] 1.1 [0.94, 1.3] 0.93 [0.75, 1.1] 1.1 [0.88, 1.2] 

dio3 (F3, 27 = 8.2, p = 0.0005) 1.0 [0.80, 1.2] 0.51 [0.32, 0.69]* 0.64 [0.46, 0.83]* 1.0 [0.86, 1.2] 

Sex steroid - 

related 

erα (F3, 26 = 6.3, p = 0.002) 1.0 [0.56, 1.4] 1.1 [0.73, 1.5] 1.6 [1.24, 2.0] 2.0 [1.66, 2.4]* 

cyp19 (F3, 27 = 0.97, p = 0.42) 1.0 [0.61, 1.4] 0.65 [0.29, 1.0] 1.0 [0.65, 1.4] 1.0 [0.64, 1.4] 

dax-1 (F3, 26 = 0.68, p = 0.57) 1.0 [0.76, 1.2] 0.78 [0.55, 1.0] 0.90 [0.67, 1.12] 0.83 [0.60, 1.1] 

 

Gene expression data are presented as means (least squares means [95% CL]. 

(*) indicates significant differences between treatments and the control (p < 0.05) 

 


