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Abstract 

Although numerous studies on various aspects of endocrine axes and the physiology of 

both juvenile and adult life stages of several teleosts exists, studies characterizing the 

basic functions and cross-talk of endocrine axes during early developmental stages (i.e. 

embryonic to early feeding fry), in particular, are limited. The goal of this study was to 

characterize morphological and molecular effects in rainbow trout alevins after 

waterborne exposures to 17β-estradiol (E2 0.0008 to 0.5 μg/L), triiodothyronine (T3; 

0.52 to 65 μg/L), and various co-treatments for 21 to 23 days. Interestingly, there was no 

consistent evidence that E2 alone influenced growth, development or deformity rates, 

nor the co-treatments of 0.02 and 0.1 μg/L of E2 with up to 65 μg/L of T3. However, 13 

and 65 μg/L T3 alone expedited development and caused a unique opercular deformity 

not previously reported. Gene expression changes were observed, but these were 

mainly at the highest concentrations tested. These data suggest low-level E2 does not 

negate abnormal growth and development caused by hyperthyroidism and examining 

more time points is likely required to demonstrate a stronger response profile for 

individual hormones and endocrine axes cross-talk. 

 

Keywords:  thyroid hormone; estrogen; endocrine cross-talk; gene expression; 

rainbow trout; early development 
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Glossary 

Teleosts Group of fish including all modern bony fishes except 
lungfishes, holosteans and crossopterygians. They have 
thin bony scales covered by an epidermis, a homocercal 
tail, a hydrostatic air bladder (swim bladder), no spiracle 
and no spiral valve in the gut. (Lawrence, 2005)  
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Chapter 1. Introduction 

1.1. Fish endocrinology 

The endocrine system is comprised of a complex network of cells, tissues, and 

glands that produce hormones that act via receptors in target cells to control and 

coordinate several major biological processes in vertebrates and invertebrates (Duarte-

Guterman et al., 2014; Norris and Carr, 2013). It is composed of multiple endocrine axes 

that exhibit many aspects that are functionally conserved across vertebrate taxa (Duarte-

Guterman et al., 2014; Norris and Carr, 2013). The two major vertebrate endocrine axes 

of interest in this thesis are integral to reproduction, metabolism, growth and 

development; these are the hypothalamic-pituitary-gonad axis (HPG) and the 

hypothalamic-pituitary-thyroid axis (HPT). This thesis will specifically focus on the 

interactions (or, cross-talk) between the HPG and HPT axes in a teleost vertebrate 

model: the rainbow trout (Oncorhynchus mykiss). There are numerous potential targets 

that may contribute to the coordination and regulation of the endocrine system and its 

component axes leading to endocrine axis cross-talk (e.g. modulation of hormone 

activity, synthesis, secretion, degradation, transport or receptor activity). There is 

mounting evidence that hormones of one endocrine axis influence other endocrine axes 

in juveniles and adults of multiple vertebrate taxa: notably in mammals (Dittrich et al., 

2011; Jiang et al., 2001; Maran, 2003; Wagner et al., 2008), fish (Cyr and Eales, 1996; 

Duarte-Guterman et al., 2014; Hernández-Puga et al., 2016; Matta et al., 2002; Swapna 

et al., 2006), and amphibians (Duarte-Guterman et al., 2014; Warren, 1940); however, 

there is relatively less information on this cross-talk for vertebrate early life stages, 

particularly in fish. In lower vertebrates like teleost fishes, the presence of hormones 

from multiple endocrine axes in early life stages has been demonstrated (Cyr and Eales, 

1996; Habibi et al., 2012; Leet et al., 2011), yet the underlying mechanisms and the 

extent of HPG and HPT axis cross-talk during these early life stages in teleosts are not 

clear. 

1.1.1. Reproductive Endocrine Axis 

The HPG axis in teleosts, as in most vertebrates, plays a fundamental role 

because it regulates the necessary components to one of the most basic evolutionary 



2 

requirements: reproduction. This endocrine axis regulates genes and proteins involved 

in responses and functions such as gonadal development and maturation, oogenesis, 

vitellogenesis, sexual behaviour, and development of secondary sexual characteristics; 

this axis is key in gonadotropin regulation and also plays roles in metabolism, tissue and 

bone growth, immune function, cardiovascular and skeletal systems, and the 

differentiation and regeneration of the central nervous systems: reaching into 

neuroplasticity and cognition (Cyr and Eales, 1988; Duarte-Guterman et al., 2014; 

Fushimi et al., 2009; Lei et al., 2013; Marlatt et al., 2014). The most well-known and 

natural stimulators of the HPG axis are external signals that are received in the 

hypothalamic region of the brain; they include environmental (temperature, photoperiod), 

social, nutritional, and hormonal states (Norris and Carr, 2013). Specifically, these 

external signals stimulate the release of gonadotropin-releasing hormone (GnRH) from 

neurons in the hypothalamus that, in teleosts, directly innervate the gonadotropes of the 

anterior pituitary (Norris and Carr, 2013). This hormone, GnRH, then binds to 

membrane-bound G-protein coupled receptors on gonadotropes and ultimately causes 

the production of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) in the 

type 2 basophils of the anterior pituitary (Norris and Carr, 2013). These two hormones 

are then released into the blood, enter systemic circulation, and ultimately target 

hormone receptors on and in the cells of gonads. The gonads respond by producing 

various sex steroid hormones (estrogens and progestogens in females, and androgens 

in males) (reviewed by Maruska and Fernald, 2011). In teleosts, the estrogens promote 

liver vitellogenin production, oogonial proliferation and vitellogenesis, and — along with 

other hormones (e.g., progestins) — are involved in the initiation of germ cell meiosis 

and follicular maturation and ovulation (Yaron and Levavi-Sivan, 2011). In males, the 

main androgen produced in testes of teleosts is 11-ketotestosterone; this is a key 

regulator of spermatogenesis and spermiogenesis, while a progestogen (17α, 20β 

dihydroxy-4-pregnen-3-one) has been shown to control spermatozoa maturation and 

spermiation (Yaron and Levavi-Sivan, 2011). The most well-known mechanism of action 

for estrogens and androgens is through binding to nuclear ligand-activated transcription 

factors and thereby regulating gene expression; additionally, rapid non-genomic actions 

via a plasma membrane receptor and second messenger signalling pathways have been 

discovered for estrogens (Nelson and Habibi, 2013). Both estrogens and androgens, as 

well as other hormones of the HPG axis, are involved in feedback and regulation of this 

endocrine axis in a complicated manner that is influenced by several factors that are not 
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yet fully understood (i.e., physiological state, sex, species, etc.) (Ankley et al., 2009; 

Dang et al., 2015).  

Estrogens bind to estrogen receptors (ERs) that are part of the nuclear hormone 

receptor superfamily; two major forms are found in mammals (α and β) and ray-finned 

fishes express subtypes of these major isoforms (Nelson and Habibi, 2016, 2013). It has 

been established that three subtypes exist in most ray-finned fishes (ERα, ERβ1, and 

ERβ2) and a fourth subtype (ERα2) has been found in rainbow trout (Nagler et al., 2007; 

Nelson and Habibi, 2013). The functional roles and regulation of ERs have not been fully 

elucidated, although ERα autoregulation and its key role in vitellogenin induction has 

been observed in several ray-finned species. For example, in vivo in goldfish, 17β-

estradiol (E2) caused increased transcript levels of ERα, but not ERβ1 and ERβ2, in the 

liver (Marlatt et al., 2012; Nelson and Habibi, 2010). It has recently been demonstrated 

that E2 induction of ERα can occur via ERβ receptors; this ultimately resulted in an 

upregulation of vitellogenin synthesis (Nelson and Habibi, 2016, 2010). The intracellular 

mechanism of action of estrogens begins when E2 diffuses through the cell membrane 

and then binds intracellular estrogen receptors (ERs); these belong to a receptor 

superfamily of nuclear, ligand-activated transcription factors (Hall et al., 2002). Once 

bound by E2, the ER will dimerize with another ligand-bound ER and bind to an estrogen 

responsive element (ERE) in the promoter region of a target gene. By binding to the 

ERE, the ER dimer modulates transcription of genes through interactions with other 

transcription factors and components of the transcription initiation complex (Hall et al., 

2002; Katzenellenbogen and Katzenellenbogen, 1960; Marlatt et al., 2014). Several 

studies in teleosts have demonstrated the induction of ERα (an ER subtype) by E2 and 

E2 mimics as well as autoregulation of ER-mediated genes by E2 (e.g., in teleosts, this 

is seen in an egg yolk precursor gene, vitellogenin (vtg)) (Bowman et al., 2002; Nelson 

and Habibi, 2013, 2010; Pakdel et al., 1991).  

Androgens are critical hormonal participants in the HPG axis and are necessary 

for normal male sexual development and reproduction. Like estrogens, these act through 

ligand-activated transcription factors (androgen receptors, ARs), which are a part of the 

ligand-responsive transcription modifier superfamily (Takeo and Yamashita, 1999). The 

ligand-bound AR translocates into the nucleus where it mediates effects by binding 

directly to the DNA in association with an androgen-responsive element, interacts with 

transcriptional mechanisms, and influences the up- or down-regulation of target genes 
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based on the presence of certain adaptors or co-activators (Lee et al., 2003; Takeo and 

Yamashita, 1999). While only one form of AR has been observed in humans, two distinct 

isoforms (i.e., ARα and ARβ) have been observed in rainbow trout (Takeo and 

Yamashita, 1999). Distinct functions for these subtypes in teleosts have not been 

established (these subtypes are not observed in tetrapods) (Ogino et al., 2015). It is 

hypothesized that evolutionary gene duplication events have led to multiple subtypes of 

steroid receptors, giving rise to specializations over time of these duplicate subtypes 

(e.g., ERβ1 and ERβ2 (Ogino et al., 2015)). Phylogenetic evidence suggests that the 

ARα subtype has been lost in salmoniformes (or, trout; specifically the 

Protacanthopterygii superorder within the infraclass Teleostei), leaving only ΑRβ as 

functionally active (Ogino et al., 2015).  

1.1.2. Thyroid Endocrine Axis 

The HPT endocrine axis in teleosts, and vertebrates in general, regulates and 

influences a wide array of biological processes, including basal metabolism, 

osmoregulation, growth, differentiation, reproduction, metamorphosis and development 

(Bhumika and Darras, 2014; Cyr and Eales, 1988; Flood et al., 2013; Janz and Weber, 

2000; Nelson and Habibi, 2016; Norris and Carr, 2013; Raine and Leatherland, 2000; 

Wiens, 2009). The thyroid gland is a critical component in the HPT axis; it is present in 

all vertebrates as a single mass (e.g., mammals) or multiple diffuse masses (e.g., 

teleosts) containing follicles (spheres lined with epithelial cells surrounding central fluid 

colloid cavities) that are highly vascularised and located in the pharyngeal region (Norris 

and Carr, 2013). Thyroid hormones are produced in the thyroid gland after a sequence 

of events that begin with the neurological stimulation of the hypothalamus resulting in the 

release of thyrotropin-releasing hormone (TRH) (Norris and Carr, 2013). This TRH 

travels via the general circulation of blood and binds to G-coupled protein receptors in 

the anterior pituitary, in turn stimulating the production of (thyrotropin, or) thyroid-

stimulating hormone (TSH), which is then secreted into the blood and binds to 

membrane integrated TSH G-protein coupled receptors on follicular cells of the thyroid 

gland (Kopp, 2012; Norris and Carr, 2013). Upon the binding of TSH binds to TSH 

receptors, second messenger signalling pathways are activated (cyclic adenosine 

monophosphate and phosphatidylinositol bisphosphate), which influence key aspects of 

TH synthesis in the thyroid gland (e.g. iodide uptake/efflux, thyroglobulin and thyroid 
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peroxidase transcription; Norris, 2013). The major products of the thyroid gland in all 

vertebrates are the THs, 3,5,3’-triiodothyronine (T3) and 3,5,3’,5’-tetraiodothyronine 

(thyroxine, or T4) which are both derivatives of tyrosine. The metabolism and 

concentration of THs in the vertebrate circulatory system and tissues are also influenced 

by several enzymes, the deiodinases (types 1, 2, and 3), that are expressed in a tissue 

specific manner. Deiodinases perform various deiodination reactions metabolizing THs 

such as converting T4 into T3 or converting T4 and T3 into less biologically active TH 

metabolites (Darras et al., 2012; Mol et al., 1997; Norris and Carr, 2013). The peripheral 

metabolism of THs, as well as the negative feedback of T4 and T3 on TSH secretion 

from the pituitary, are key regulators of the HPT axis (Cyr and Eales, 1996; Eales et al., 

1999). Although there is some evidence that the actions of THs are also mediated by 

rapid non-genomic signalling pathways, the most well-known actions of the THs are 

mediated by binding to their specific nuclear receptors that act as inducible transcription 

factors. Specifically, TRs bind the THs, homo- or hetero-dimerize with multiple TRs or 

retinoic acid-bound retinoic acid X receptor (RXR) and bind thyroid responsive elements 

(TRE) that are found in the promoter regions of a gene and promote or inhibit the 

transcription (Marchand, 2001; Norris and Carr, 2013). While thyroid hormones have 

direct action on cells, tissues, and organs via nuclear TRs that control growth, 

development and metabolism, their effects are widespread as a result of their permissive 

role in many cells (Blanton and Specker, 2007; Cyr and Eales, 1996; Marlatt et al., 2012; 

Nelson and Habibi, 2016). Indeed, these permissive actions of THs result in a cell or 

tissue’s heightened responsiveness and sensitivity to various stimuli, including 

hormones from other endocrine axes. 

Currently, in teleosts and other vertebrates (i.e., reptiles, amphibians, birds, 

mammals), two TR subtypes encoded by two separate genes are known to exist TRα 

and TRβ and belong to the nuclear hormone receptor superfamily (Applebaum et al., 

2012; Horn and Heuer, 2010; Nelson and Habibi, 2016, 2009; Norris and Carr, 2013). 

Additionally, there are various splice variants of each of these subtypes whose presence 

are not consistent across species and that vary in expression between tissues within a 

species (Flamant and Samarut, 2003; Lazcano and Orozco, 2018). The physiological 

roles of the two subtypes splice variants are not completely clear, but many studies 

indicate unique roles in terms of regulating gene transcription and ultimately 

physiological effects (Essner et al., 1999; Lazcano et al., 2019). For instance, zebrafish 
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possess four variants of TRα and three variants of TRβ (Bertrand et al., 2007; Lazcano 

et al., 2019; Marelli et al., 2017). Lazcano et al. (2019) recently reported novel data 

using CRISPR/Cas9 methodology that at least two of these (both an α and β variant) 

regulate early development genes including sox10 and eve in zebrafish, with major 

deleterious effects on body symmetry and laterality in early development when their 

expression is knocked down. Goldfish possess three TRα splice variants and a single 

TRβ isoform (Nelson and Habibi, 2009). Only a single splice variant or isoform of each of 

the two major subtypes (TRα and TRβ) have been characterized in rainbow trout 

(Marchand, 2001; Nelson and Habibi, 2009). No studies describing specific functions of 

TR isoforms in these latter two species have been reported and this is the case for 

several thousand teleosts, thus further research is necessary to better understand the 

roles and regulators of TRs in teleosts in general.  

In fish and amphibians, THs are key regulators of metamorphosis from larval to 

juvenile body forms (Norris and Carr, 2013); however, much remains to be discovered 

regarding the molecular pathways underpinning early life stage development, including 

potential cross-talk mechanisms. For example, in teleosts, the gradual morphological 

changes during the transition from embryonic to larval to juvenile stages, including 

craniofacial, skeletal and fin development as well as growth, scale formation, and 

pigmentation are known to be dependent on endogenous TH levels (Sharma et al., 

2016a, 2016b). Indeed, TRα has been shown in many studies to play an important role 

in both embryogenesis and in the repression of retinoic acid signalling in zebrafish 

implicating both TRα and THs in the control of Hox gene expression, and therefore in the 

early patterning of the central nervous system and tissue differentiation (Das et al., 2014; 

Essner et al., 1999; Fernández et al., 2014). The RXRs have also been shown to play a 

role in influencing sex ratio, fecundity, and aromatase expression levels (Lima et al., 

2015). The lack of clarity surrounding molecular pathways of the HPT axis – particularly 

in light of its broad-reaching effects – makes it a key area of study in the context of 

endocrine axis cross-talk. 

1.2. Endocrine Axis Cross-Talk in Fish 

There are numerous potential targets for endocrine axes interactions or cross-

talk (e.g. modulation of hormone activity, synthesis, secretion, degradation, transport or 

receptor activity) and there is mounting evidence for these interactions in multiple 
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vertebrate taxa. For example, exogenous TH treatment affects sexual development, 

reproductive function and associated molecular signalling pathways in fish, frogs and 

mammals (reviewed by Duarte-Guterman et al., 2014). Similar findings have been 

reported for the effects of corticosteroids on reproductive processes in fish (Leatherland 

et al., 2010). However, conflicting results within and between species are prevalent in 

the literature (Duarte-Guterman et al., 2014; Leatherland et al., 2010). Thus, further 

research to determine the magnitude and mechanisms underlying the interactions 

between endocrine axes in vertebrates is warranted; in particular, further 

characterization of endocrine system cross-talk by measuring in vitro and in vivo 

hormone levels, enzymes, proteins and genes involved in endocrine axes combined with 

whole-organism physiological responses are needed.  

The molecular mechanisms by which hormones influence the vast array of 

organismal level effects in several tissues and organs during various life stages of 

vertebrate development is an ongoing central question in endocrinology. Numerous 

studies have demonstrated that part of the answer is the presence of multiple tissue- 

and developmental stage-specific differences in the expression of hormone receptor 

subtypes and co-regulatory factors involved in the activation (or repression) of hormone-

mediated gene expression and signalling cascades, which ultimately, lead to whole 

organism growth and development (Ferris et al., 2015; Norris and Carr, 2013). In lower 

vertebrates such as teleosts, the presence of hormones from multiple endocrine axes in 

early life stages has been demonstrated (Ferris et al., 2015; Khan et al., 1997a, 1997b; 

Yeoh et al., 1996a, 1996b). However, the mechanisms and extent of the permissive role 

of TH and endocrine axis cross-talk during these early life stages in teleosts are not 

clear. Because molecular events occurring throughout development can be linked to 

measurable organ (i.e. histological) and whole-organism level changes (i.e. growth, 

development), embryonic and post-embryonic teleost models provide an excellent 

system for discovering the intricacies of cross-talk. 

There is evidence of cross-talk between the reproductive and thyroid axes in 

vertebrates (Cyr and Eales, 1988; Nelson and Habibi, 2016; Norris and Carr, 2013; 

Wiens and Eales, 2005), however, limited studies have been performed to investigate 

these interactions in early life-stage teleosts: particularly salmonids (Ferris et al., 2015; 

Marlatt et al., 2016, 2012; Nelson and Habibi, 2016; Sharma et al., 2016b, 2016a). Some 

cross-talk has been reported between THs and the pathways of sexual development in 
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teleosts and amphibians after exogenous and in vivo thyroid hormone treatments 

(Goleman et al., 2002; Hayes, 1998; Nelson and Habibi, 2016; Sharma et al., 2016a, 

2016b); these experiments have demonstrated the ability of thyroid hormone to affect 

sexual development and its associated signalling pathways. At a molecular level, ERs 

and TRs have been shown to share a common consensus half-site sequence that allows 

TR to bind and activate EREs in humans (Scott et al., 1997; Zhao et al., 2005); 

additionally, 5’-flanking regions of the zebrafish gene, Cyp19a2, were found to contain 

consensus sequences for ERE, peroxisome proliferator-activated receptor, and RXR 

(Kazeto et al., 2001). Similar molecular interactions between HPT and HPG axis 

components have also been observed in amphibians (Vasudevan et al., 2001). Nelson 

et al. (2016) observed that thyroid hormone inducing expression of ERα increased the 

transcription of an estrogen responsive gene in goldfish. The exposure of zebrafish to 

tributyltin and other retinoid receptor agonists (retinoid receptors are part of the 

signalling pathway of the HPT axis) modulated levels of brain aromatase which may 

indicate a possible effect of T3 on aromatase expression (potentially through a 

conserved TRE) (Lima et al., 2015). The thyroid receptors have been demonstrated to 

fluctuate as a result of different environmental and physiological conditions; in fathead 

minnows, these conditions include levels of T3 exposure (Lema et al., 2009) and 

biological sex – indicated especially in their variance between ovaries and testes (Filby 

and Tyler, 2007a). Recent studies support a role of 17β-estradiol (E2) that expands 

beyond the reproductive endocrine axis in early life stage salmonids, particularly by 

affecting genes related to growth signalling, and thyroid hormone deiodination (Fushimi 

et al., 2009; Marlatt et al., 2016, 2012; Wiens and Eales, 2005). Studies in amphibians 

(Xenopus laevis) have demonstrated a role of thyroid hormone in enhancing vitellogenin 

induction that may be due to T3 upregulation of an ER; this is supported further by 

measured increases in ERα expression in response to T3 in amphibian brain and 

mammalian (rat) hepatic tissue (Freyschuss et al., 1994; Kawahara et al., 1989; Nelson 

and Habibi, 2016; Rabelo et al., 1994). Together, many of these studies have 

demonstrated several HPG and HPG-mediated genes that can be used to gain a deeper 

understanding of endocrine axes cross-talk in teleosts.  

In many vertebrates, including teleosts, several estrogen, androgen, and thyroid 

hormone-mediated genes have been identified and can be effectively used as 

biomarkers in order to better examine and understand the influences of hormones on 
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multiple endocrine axes. A pertinent example is vitellogenin, which is an egg-yolk 

precursor protein produced in the liver of oviparous vertebrates. Vitellogenin has been 

identified as a biomarker or indicator of exposure to natural estrogens and environmental 

contaminants that mimic estrogen in oviparous vertebrates (Barber et al., 2011; Denslow 

et al., 1999) In several teleosts, vitellogenin gene and protein production can be induced 

in both male or female livers after estrogen or estrogen mimic exposure (Bieberstein et 

al., 1999; Denslow et al., 1999; Islinger et al., 1999). Some ERs are also useful 

indicators of molecular interactions with the HPG axis not only because they are 

themselves functional components of E2 activity, but because some ERs are also 

autoregulated by estrogens and have demonstrated similar induction by environmental 

contaminants that mimic estrogen (Hall et al., 2002; Meucci and Arukwe, 2006; Nelson 

and Habibi, 2013). Teleost ERα has even been proposed as an estradiol sensor; as E2 

levels rise, they act to increase both vitellogenesis and estrogen receptors α (Nelson and 

Habibi, 2013). Androgen mediated genes are less well known, but several studies have 

examined AR levels in vertebrates as key regulators of the HPG axis in males (Lee et 

al., 2003; Takeo and Yamashita, 1999). Further studies examining the influence of 

various hormones on AR expression levels may provide useful insights into endocrine 

axis cross-talk. Similarly, TR expression in teleosts has been shown to be modulated by 

THs throughout vertebrates including metamorphosis, or smoltification in teleosts (Kasai 

et al., 2013). Undoubtedly, examining several key hormone receptors, enzymes and 

transport proteins involved in the HPG and HPT axis under hypo- and hyper-hormone 

treatments in multiple life stages in several teleost species will aid in identifying some of 

the major cross-talk points between these axes in fish. 

1.3. Objectives 

Although studies on aspects of the endocrine axes and physiology of several 

teleost juvenile and adult life stages exist, the mechanisms and extent of the permissive 

role of TH and endocrine axis cross-talk during early life stages in teleosts are not clear. 

Furthermore, since the molecular events occurring throughout development can be 

linked to measurable organ (i.e., histological) and whole organism level changes (i.e., 

growth, development), embryonic and post-embryonic teleost models provide an 

excellent system for discovering the intricacies of endocrine axis cross-talk. Therefore, 

the main objective of this thesis was to characterize a variety of molecular and whole 



10 

organism level changes in the thyroid and reproductive endocrine axes in vivo under 

altered exogenous thyroid and estrogen status during early development in a teleost. 

Two main hypotheses were tested: 1) exogenous exposure to T3 and E2 during the 

alevin rainbow trout life stage will cause abnormal growth and development, and; (2) 

molecular and physiological responses that are stimulated or inhibited by an 

endogenous hormone (i.e. T3 or E2) in rainbow trout alevins are not unique to a 

hormone. These hypotheses were tested in vivo in rainbow trout alevins by conducting 

waterborne exposure experiments to a range of T3 and E2 concentrations administered 

individually and in various co-treatments. The concentrations were selected not only to 

examine a concentration-based response to biologically relevant hormone levels (i.e. 

between ~0.02 and 0.350 μg/L E2 in 196 dph to mature female rainbow trout, and ~4 

μg/L T3 in 90 dph rainbow trout; Leatherland et al., 1980; Wenger et al., 2011), but to 

examine the very pertinent effects of environmental endocrine disrupting chemicals 

(EDCs), including environmental estrogens and estrogen-like chemicals. These are of 

particular concern in aquatic habitats, especially those proximal to sewage treatment 

plant effluents, whereby estrogenic or anti-estrogenic chemicals have been most well 

studied (Purdom et al., 1994; Sumpter and Jobling, 2013). The presence of these 

estrogenic chemicals in effluents (i.e. natural estrogens (E2, estrone), synthetic 

estrogens (e.g. ethinyl estradiol), industrial chemicals (e.g. nonylphenols, bisphenols)), 

even in low ng/L concentrations, have been shown to adversely affect downstream 

aquatic wildlife (Atkinson et al., 2012; Jobling et al., 1998; Marlatt et al., 2014; Sumpter 

and Jobling, 2013). Furthermore, EDCs exhibiting TH agonistic or antagonistic behavior 

in vertebrates have also been found in industrial, municipal and agricultural effluents 

(Bergman et al., 2013; Valdehita et al., 2014).To characterize the effects of E2 and T3 

and the influence of these hormones on the HPG and HPT in vivo in rainbow trout 

alevins, length, weight, and deformities indicative of growth and development were 

measured for whole organism outcomes in these experiments. For molecular level 

changes, liver gene expression was examined due to its important role in both E2-

mediated vitellogenin production, and the production and metabolism of T3 and E2 and 

their respective hormone receptors integral to the function of the HPG and HPT axes. 
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Chapter 2. Materials and Methods 

2.1. Hormone Stock Solutions 

Concentrated 17β-Estradiol (E2) and 3,3’,5-Triiodo-L-thyronine (T3) stocks that 

were used for waterborne rainbow trout exposure experiments were prepared one day 

prior to the experiment in amber glassware using plastic magnetic stir bars cleaned with 

research-grade soap, acetone and 5% nitric acid with triple deionized water rinses in 

between and prior to use. The E2 stock concentration of 0.05 g/L (0.00018 M) was 

prepared by adding anhydrous ethyl alcohol (Commercial Alcohols, Brampton, Canada) 

to 0.005 g of E2 (≥98 %, Sigma-Aldrich, St. Louis, MO, USA) to a volume of 100 mL in a 

glass volumetric flask. A 0.05 M NaOH stock was prepared in a 1 L glass volumetric 

flask by combining 1 L of deionized H2O (dH2O) and 2.011 g of NaOH (VWR 

International, Radnor, PA, USA); and was stirred until dissolved. The T3 stock was 

prepared by adding 200 mL of the 0.05 M NaOH to 0.650 g T3 (≥95 % HPLC, Sigma-

Aldrich, St. Louis, MO, USA) in a volumetric flask. Both E2 and T3 stocks were mixed 

thoroughly and transferred to amber screw-top containers and stored at 4 ºC. 

2.2. Animals 

All female rainbow trout (Oncorhynchus mykiss) eyed embryos were received 

from Troutlodge, Inc. (Sumner, Washington, USA) on the 25 of May 2016. Upon arrival, 

eyed embryos were counted, submerged in a 0.15:1 dilution of OvadineTM in water 

(Syndel, Nanaimo, Canada) followed by serial immersions in two baths of dechlorinated 

municipal water at 13.5 ºC. Groups of thirty eyed embryos were then randomly 

distributed into 8 L glass tanks with silicone seals filled with 5 L of dechlorinated 

municipal water aerated through glass tubes in order to maintain a dissolved oxygen 

concentration of 90±9%. Consistent temperature of 13.9±0.5ºC was maintained for the 

duration of the experiment through the use of circulating external water baths. Eyed 

embryos were monitored in these conditions for an acclimation period of 7 days. Loading 

density and water during the acclimation and the subsequent exposure period adhered 

to the recommendations in Biological Test Method: Toxicity Tests Using Early Life 

Stages of Salmonid Fish (Rainbow Trout) EPS 1/RM/28 Second Edition 

(EnvironmentCanada, 1998). Water quality was monitored every 48 hours using a Hach 
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HQ40d portable metre, edition 4 and Hach pocket pro tester (Loveland, CO, USA) at the 

onset and end of each water change and was maintained as follows: pH, 7.5±0.4; 

conductivity, 25±1 μS/cm; total ammonia, ≤ 5 µg/L. The eyed embryos were reared in 

the dark until seven days after 90% hatching had occurred (number hatched per tank 

assessed daily) and then under an 8 h light:16 h dark photoperiod. During this 

acclimation period, 80% water renewals were performed every 48 hours. Survival and 

health checks for deformities or abnormal colouration or behaviour were recorded daily, 

and moribund or dead animals were removed. 

2.2.1. Waterborne Estrogen and Thyroid Hormone Exposures 

After the seven day acclimation, the rainbow trout waterborne E2 and T3 

exposure experiments were initiated on alevins that were ≤1-day post hatching. The 

exposure methods adhered to Toxicity Tests Using Early Life Stages of Salmonid Fish 

(Rainbow Trout) (EnvironmentCanada, 1998) and Marlatt et al (Marlatt et al., 2014) with 

30 alevins per 5 L of control water or test solution and four replicate glass tanks per 

control or test concentration. The hormone treatments were administered via the water 

and consisted of a range of concentrations of E2 alone, T3 alone and co-treatments of 

these two hormones as described below in Table 2-1. Since E2 was dissolved in 

anhydrous ethyl alcohol and T3 was dissolved in NaOH, the solvent control treatment in 

this experiment contained final concentrations of 1μM NaOH and 0.001% ethyl alcohol in 

solution with dechlorinated municipal water in each 5 L quadruplicate glass tank. The 

final concentration of solvents was 0.001% ethyl alcohol and 1μM of NaOH; All fish 

(individual or co-treatments of E2 and T3) were exposed to these solvent concentrations. 

All waterborne exposure treatments were continued until the onset of the swim-up fry 

developmental stage (day 21 of this exposure), which was determined upon observation 

that ~90% of control fish exhibited complete yolk sac resorption and were swimming up 

to the surface upon visual inspection. 
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Table 2-1  Hormone concentrations used for 20 23-day waterborne hormone 
exposure of rainbow trout alevins in vivo to 17β-estradiol (E2) and 3, 
3’, 5-triiodothyronine (T3).  

Treatment E2 (μg/L) T3 (μg/L) 

Water Control - - 

Solvent Control 
(0.001% ethyl alcohol and 0.002% 0.05 M NaOH) 

- - 

Estrogen Treatmentsε 

0.0008 - 

0.004 - 

0.02 - 

0.1 - 

0.5 - 

Thyroid Hormone Treatmentsψ 

- 0.52 

- 2.6 

- 13 

- 65 

Estrogen and Thyroid Hormone Co-treatmentsεψ 

0.02 0.52 

0.02 2.6 

0.02 13 

0.02 65 

0.1 2.6 

0.1 13 

0.1 65 
The water concentration of the solvent carrier for E2 was 0.001% anhydrous ethyl alcoholε and 1 μM NaOHΨ for T3. 
εΨThe final concentration of solvents for co-treatments of E2 and T3 was 0.001% for anhydrous ethyl alcohol and 1μM 
NaOH. 

The experiment was terminated on days 20, 21, 22, and 23 of the exposure with 

replicates from each test concentration or control dispersed equally among this four day 

termination period. Prior to any manipulations or measurements, each fish was 

euthanized using an overdose of tricaine methanesulfonate (MS222 Syndel, Nanaimo, 

Canada; 0.4 g/L, buffered to pH 7 with NaHCO3 (Sigma-Aldrich, St. Louis, MO, USA)). 

Once euthanized, fish length, weight, deformities, and developmental stage based on 

scoring yolk sac resorption were recorded. Deformities in the swim-up fry were assessed 

according to Rudolph et al. (2008). Briefly, swim-up fry were assessed for the frequency 

and severity of skeletal (lordosis, kyphosis, scoliosis), craniofacial (head, eyes, or jaw) 

and fin deformities as well as edema. Each fish was scored based on the severity of 

each type of deformity on a scale from 0 (normal) to 3 (severely deformed) and the 

percentage of fish exhibiting a deformity was calculated for each treatment. Additionally, 

10% of the deformity analyses were randomly selected and scored blind by a second 

individual for quality control purposes during the termination of the experiment. The 

degree of yolk-sac resorption was scored on a scale of 0 to 3 and based on microscopic 
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inspection of the ventral side of the abdomen. Specifically, a score of 0 indicated a 

completely resorbed yolk sac where the abdomen was completely covered by a fully 

formed epidermis; 1 indicated a lack of epidermis joining at the mid-ventral longitudinal 

plane of the fish and some visible yellow or orange yolk; 3 indicated a lack of epidermis 

joining at the mid-ventral longitudinal plane of the fish and protrude yellow or orange yolk 

sac. The livers of four fish selected randomly from each replicate were excised and flash 

frozen on dry ice within three minutes of euthanization and stored at -80 ºC. 

2.3. Gene Expression Analysis 

2.3.1. RNA Extraction and cDNA Synthesis 

Total liver RNA was isolated from four randomly selected swim-up fry per 

replicate tank using TRIzol (Ambion by Life Technologies, Carlsbad, CA, USA) 

according to the manufacturer’s protocol. Briefly, this entailed the addition of 1 mL of 

Trizol at ~ 4 ºC along with a 3 mm stainless steel nuclease-free bead to the frozen liver 

immediately prior to homogenization in a CMX1 Mixer Mill (Retsch, MM300, Newton, PA, 

USA) at a 30.0 /s frequency for 2.0 min (or up to an additional 2.0 min until the tissue 

was completely homogenized). After five minutes of incubation at room temperature, a 

volume of 200 μL of chloroform (Anachemia, Lachine, QC, Canada) was then added to 

the homogenate and mixed by vigorous shaking to separate the phases. This was 

incubated at room temperature for three minutes and was then centrifuged at 12 000 x g 

for 15 minutes at 4ºC. The upper, aqueous phase was then removed and transferred to 

a new tube with care to not disturb the proteinous phase. The nucleic acids in this 

aqueous supernatant were then precipitated out of solution by the addition of 1 mL of 2-

propanol (Fisher Chemical, Ottawa, ON, Canada), incubated for 10 minutes at room 

temperature, and then centrifuged again for 10 minutes at 12 000 x g at -4ºC. The 

supernatant was removed by with care to not disturb the pellet. Finally, this pellet was 

washed with 1 mL of 75 % ethanol (anhydrous ethyl alcohol diluted with UltraPureTM 

Distilled Water (Invitrogen, Burlington, ON, Canada)). The pellet was air-dried in a fume 

hood for 5 minutes and reconstituted in 30 μL UltraPureTM Distilled Water at 55-60ºC for 

15 minutes, and stored at -80ºC.  

The concentration and purity of each liver RNA sample of each sample were 

measured using a BioTek® Epoch 2 microplate reader and Gen5 2.06 read software 
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(BioTek Instruments, Inc., Winooski, VT, USA) on a 2 μL sub-sample. Extracted RNA, 6 

μg from each sample, was treated with DNAse using a TURBO DNA-freeTM Kit according 

to manufacturer protocol (Invitrogen, Burlington, ON, Canada). After DNAse treatment, 

the concentrations of 2 μL aliquots of each RNA sample were measured again using the 

BioTek® Epoch 2 microplate reader. To further verify the integrity of extracted RNA, a 1 

μL sub-sample of each sample was tested on a Bio-Rad ExperionTM Electrophoresis 

Station using ExperionTM RNA StdSens Kit Supplies an ExperionTM Vortex Station II, and 

an ExperionTM Priming Station (Bio-Rad Laboratories, Hercules, CA, USA). Samples with 

an RNA Quality Indicator (RQI) >7.1 were used for cDNA synthesis as advised by the 

manufacturer (Bio-Rad Laboratories, 2010). 

For each liver sample, a total of 0.6 μg of DNase-treated total RNA was reverse 

transcribed into cDNA using a High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems by ThermoScientific, Foster City, CA, USA) following supplier’s instructions. 

Briefly, DNAse-treated RNA was thawed on ice and 0.6 μg of RNA were added to 10 μL 

of a master mix to which reverse transcriptase was added; both mastermix and reverse 

transcriptase were provided by the manufacturer. UltraPureTM Distilled Water was added 

ad hoc to bring the reaction mixture to 20 μL. This reaction was incubated in a Bio-

RadT100TM thermocycler (Bio-Rad Laboratories, Hercules, CA, USA) according to the 

following program: 25ºC for 10 min, 37ºC for 120 min, 85ºC for 5 min, hold indefinitely at 

4ºC. All cDNA samples were stored at -20ºC. To verify DNAse treatment was successful, 

one random liver sample was selected to serve as a no reverse transcriptase (NoRT) 

control for subsequent quantitative real-time polymerase chain reaction (qPCR) 

experiments. This NoRT control was created during cDNA synthesis as described 

above, whereby a liver RNA sample was included but water was added to the cDNA 

synthesis reaction instead of reverse transcriptase. 

2.3.2. Quantitative Real-Time PCR (qPCR) for Hepatic Gene 
Expression 

Relative gene expression analysis was performed using qPCR according to 

methods previously described by Marlatt et al. (2019) and Minimum information for 

publication of quantitative real-time PCR experiments (MIQE) guidelines (Bustin et al., 

2009) using the Bio-Rad CFX384TM Real-Time PCR Detection System and CFX 

ManagerTM Software in 384-well plates. Briefly, the relative quantification of each target 
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gene of interest in an individual fish liver cDNA sample measured in qPCR experiments 

was achieved using the ΔΔCq method. This method entails normalizing the expression 

of each target gene of interest to the expression level of one or more reference genes 

that are not regulated or affected by the experimental variables under investigation in 

each cDNA sample. In this study, two reference genes were included, namely elongation 

factor 1α (ef1α) and 18S ribosomal RNA (18S).  

Several target genes were selected to be investigated because of their well-

established role and function in the complex endocrine axis signalling pathways; among 

these, some additionally had been shown to have established roles as endocrine 

biomarkers. These were analyzed from the rainbow trout liver tissue samples that were 

collected from the waterborne E2 and T3 exposure experiments (Table 2-1). Primer pair 

sequences for each target were obtained from the previously published studies that 

included specificity of primers via target amplicon sequencing (Table 2-2). All primers 

were synthesized by Integrated DNA Technologies (IDT, Coralville, Iowa). Primers were 

diluted to 100 μM and 10 μM stock solutions with UltraPureTM Distilled Water and stored 

at -20ºC. In order to verify the efficiency and specificity of primer pairs in-house, 

standard curve experiments were performed. These standard curves were generated by 

performing a dilution series of a pooled cDNA comprised of a mixture of cDNA liver 

samples from the exposures in this study (i.e., equal volumes of 8 water control, 8 

solvent control and randomized selections from at least one of each of the treatment 

groups). This pooled cDNA was then serially diluted (1:1, 1:4, 1:16, 1:64, 1:256, 1:1024, 

1:4096, 1:16384) and tested in qPCR experiments. All primer pairs used in this study 

met the following criteria: reaction efficiency between 90-110%; amplification in at least 

four concentrations of the standard curve; an R2-value of > 0.900; and, a melt curve with 

a single peak (Bustin, 2010; Bustin et al., 2009). Primers that satisfied these criteria are 

presented in Table 2-2 and unsuccessful primer pairs that were not included in this study 

due to not meeting one or more of these criteria are presented in Appendix A (Table A-).  

All qPCR experiments for primer testing purposes and relative expression levels 

of genes of interest and reference genes were conducted in duplicate in Hard-Shell 384-

well PCR plates (Bio-Rad). Each well contained a total volume of 12.5 μL comprised of 

2.5 μL cDNA template and the following: 0.23 μM of each primer (i.e., 0.38 μL each of 

forward and reverse primer), 6.25 μL of SsoFast™ EvaGreen® Supermix (Bio-Rad) and 

3.19 μL of UltraPureTM Distilled Water. The cDNA liver samples were diluted 1:40 with 
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nuclease-free water prior to each qPCR experiment. A standard curve (as previously 

described) was included in duplicate for each qPCR experiment to verify amplification 

efficiency for each experiment. Two negative controls were performed in each qPCR 

experiment: a no template control (NTC; nuclease-free water and no cDNA sample); and 

a no reverse transcriptase control (NRT; a no reverse transcriptase sample that was 

created during DNAse treatment of RNA). Amplification reactions were performed using 

the following incubation times and temperatures: initial activation at 95 °C for 30 s, 

followed by 45 cycles of: 95 °C for 5 s, primer annealing at 53-57 °C (specific to Tm in 

Table 2-2) for 5 s. Upon completion, a melt curve analysis was performed to confirm that 

a single amplicon was amplified for each pair of primers (this indicated by a single peak). 

The melt curve analysis was performed by increasing the sample temperature from 

65.0°C to 95.0ºC by 0.5°C increments in 5 s.  

2.4. Statistical Analysis 

Statistical analyses were performed using JMP (JMP Version 14.1, SAS Institute 

Inc., Cary, North Carolina). A two-way analysis of variance (ANOVA) was performed 

across each set of endpoints with E2 and T3 used as independent factors. No significant 

interactive effects were found to be present, however, due to the unbalanced structure of 

this experiment, post-hoc as tests such as Tukey’s HSD pair-wise comparison were not 

appropriate using this statistical test. Therefore, a one-way ANOVA followed by a 

Tukey’s HSD post-hoc was performed for all endpoints with n=4 in all cases(based on 4 

replicate tanks of 30 fish per tank), except for gene expression analyses where n refers 

to the number of individuals tested (n is indicated in each figure caption; see Helbing et 

al., 2006). Log transformation was performed for non-normally distributed data (e.g., 

vitellogenin normalized gene expression). Of 18 distinct exposures (in quadruplicate), 

two were designated as controls: both a solvent and a water control. Because these 

controls exhibited no significant difference from one another for any endpoint (p>0.05), 

they were pooled and are presented as a single control (C) in all figures (note that, for C, 

n=8 in all cases where it has not been otherwise noted). For a complete list of n per 

group, refer to the supplemental table in Appendix A (table A-2). 
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Table 2-2  Target genes and primer sequences examined in rainbow trout liver after E2 and T3 exposure experiments. 
National Center for Biotechnology and Information accession identifiers, primer sequences (5’ to 3’), 
annealing temperature (Tm), efficiency of primer pair (%E), and goodness-of-fit of linear regression for the 
relative standard curve (R2) are provided for reference genes (β-actin, 18s, and EF1α) and several target 
genes.  

Target Gene 

Accession 
Identifier 

(GenBank, Ye et 
al., 2012)  

Primer sequences 5’ to 3’ 
Tm 
(ºC) 

Product 
Size 

% E R2 Reference 

18s 
(18S ribosomal RNA) 

 
Forward: AAT GTC TGC CCT ATC AAC TTT C 
Reverse: TGG ATG TGG TAG CCG TTT C 

53 134 96.0 0.997 (Filby and Tyler, 2007b) 

Arβ 
(androgen receptor beta) 

NM001124185.1 
Forward: GAC CGA GGC AGG GTA TGA A 
Reverse: GTA CGG GGA GTT GGG ATA GG 

56 170 99.4 0.982 (Marlatt et al., 2014) 

β-actin NM001124235.1 
Forward: CTG TCT TCC CCT CCA TCG T 
Reverse: TCT TCT CCC TGT TGG CTT TG 

54 270 102.0 0.990 (Marlatt et al., 2014) 

ef1α 
(elongation factor 1α) 

NM001124339.1 
Forward: ACA AGC TGA AGG CTG AGA GG 
Reverse: CCA GAG TGT AGG CGA GGA GA 

57 249 112.7 0.996 (Marlatt et al., 2014) 

erα1 
(estrogen receptor α1) 

NM_001124349.1 
Forward: CCC CCC AAG CCA CCA T 
Reverse: TGA TTG GTT ACC ACA CTC GAC CTA TAT 

57 90 111.1 0.990 
(Casanova-Nakayama 
et al., 2018) 

erα2 
(estrogen receptor α2) 

NM_001124558.1 
Forward: TCC TGG AGC ACA GCA AAG C 
Reverse: TGA TCT TGA GAC GCC CTT CTC 

56 90 109.0 0.995 
(Casanova-Nakayama 
et al., 2018) 

erβ1 
(estrogen receptor β1) 

NM_001124753.1 
Forward: GGA GCG AGC CAA TCA AGG A 
Reverse: GCC ATG ATC CGG CCA AT 

56 70 109.6 0.998 
(Casanova-Nakayama 
et al., 2018) 

erβ2 
(estrogen receptor β2) 

NM_001124570.2 
Forward: CAG CTC CTG CTG TAG ACA CTC AGT 
Reverse: GGA TGT ACT AAT GCT CTC GAG TGT TT 

56 83 98.1 0.991 
(Casanova-Nakayama 
et al., 2018) 
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Target Gene 

Accession 
Identifier 

(GenBank, Ye et 
al., 2012)  

Primer sequences 5’ to 3’ 
Tm 
(ºC) 

Product 
Size 

% E R2 Reference 

r60l7 
 

NM_001165156.1 
Forward: GGC AGG ATG ACC AAG CAG 
Reverse: CCC TCC ACA AAG TGA GTC GT 

56 212 106.5 0.991 (Marlatt et al., 2014) 

rxr 
(retinoid X receptor-α-Α) 

XM_021602541.1 
Forward: ACC CGG TGA CTA ACA TCT GC 
Reverse: CAG GAG GAT CCC ATC TTT CA 

55 191 99.7 0.972 
(Fontagné-Dicharry et 
al., 2010) 

trα 
(thyroid hormone receptor α) 

XM_021624454.1 
Forward: GCA CAA CAT TCC CCA CTT CT 
Reverse: AGT TCG TTG GGA CAC TCC AC 

55 117 109.3 0.986 (Raine et al., 2005) 

trβ 
(thyroid hormone receptor β) 

XM_021572316.1 
Forward: TCA CCT GTG AAG GAT GCA AG 
Reverse: GAC AGC GAT GCA CTT CTT G 

54 152 108.0 0.978 
(Raine et al., 2005; 
Raine and Leatherland, 
2000) 

ttr 
(transthyretin) 

XM_021604486.1 
Forward: GAC AGG CAT GGT GAG TCA GAC A 
Reverse: CCC TTC ACC GCA TCC AAA 

55 65 93.1 0.995 (Kasai et al., 2013) 

vtg 
(vitellogenin) 

XM_021599796.1 
Forward: CTG CCC TTG ATG AGA ACG AC 
Reverse: AAC AGC CTT GGG AAC CTT G 

55 206 102.1 0.997 (Marlatt et al., 2014) 
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Chapter 3. Results 

3.1. Morphometric Analysis 

The average survival of all rainbow trout during the 20 to 23-day waterborne 

hormone exposure experiment for all E2 alone, T3 alone and co-treatments of these two 

hormones was greater than 85.9% with a median and average survival of 91.9% and 

92.3% respectively (Figure 3-1); these survival rates showed no significant differences 

between treatments (p > 0.05). Similarly, no significant differences between any 

treatments were observed for swim-up fry body weight (p > 0.05; Figure 3-2). The 

average body length of swim-up fry was significantly reduced in the highest 

concentration of T3 tested (65 μg/L) compared to the controls (25.67 ± 0.23 mm and 

26.89 ± 0.30 mm, respectively. p < 0.05; Figure 3-3). No effects due to E2 exposure on 

body length were observed.  

3.2. Development 

Swim-up fry development based on observations of degree of yolk sac resorption 

indicated no effects of solvents or any of the E2 treatments tested compared to the water 

or solvent control (Figure 3-4). Interestingly, T3 treatments alone at 0.52, 2.6, and 13 

μg/L did not affect development, but 65 μg/L T3 alone and in combination with 0.02 μg/L 

E2 and 0.1 μg/L E2 significantly advanced development with almost all animals 

exhibiting full yolk sac resorption (Figure 3-4). There is some evidence that 13 μg/L T3 

treatments when combined with 0.02 and 0.1 μg/L E2 also advanced development, but 

not 13 μg/L T3 when administered alone (Figure 3-4). Thus, there is some evidence of 

potentiation of low-level E2 and a concentration of 13 μg/L T3 but not lower 

concentrations of T3. 

3.3. Analysis of Deformities 

None of the T3 or E2 exposures in this study caused significant skeletal or fin 

deformities or edema, but significant elevations of craniofacial deformities were 

observed in some of the T3 and T3 + E2 treatments (p < 0.05; Figure 3-5). While 

irregular and statistically insignificant incidences of craniofacial deformities of the eye 
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and jaw occurred randomly in 5 of 72 tanks (p > 0.05; control; 0.0008 μg/L E2; 0.52 μg/L 

T3; 2.6 μg/L T3; and 2.6 μg/L T3 with 0.02 μg/L E2), these accounted for less than 5% of 

the tank population in each case. However, a very particular malformation of the 

operculum was observed in nearly all reported cases of craniofacial deformity. 

Specifically, the operculum appeared to be fully formed but the posterior portion was 

curled towards the anterior and raised from the body leaving the most posterior gill 

filaments exposed and unprotected (Figure 3-18).  

Indeed, craniofacial deformities with any degree of severity in the head, eye or 

jaw region occurred in over 90% of the swim-up fry in the treatments of 65 ug/L T3 alone 

as well as those also in the presence of 0.02 and 0.1 ug/L E2 (p < 0.05; Figure 3-5). 

While some increased incidence was observed in the 13 ug/L T3 alone treatment, this 

was not significant (Figure 3-5). Yet, when 13 ug/L T3 was then combined with 0.02 ug/L 

E2 there was a significant increase in deformity (68.2% ± 12.6% SE, compared to 5.4% 

± 3.1% SE in no treatment control, and this control value represents exclusively eye 

edema; figure 3-5), this effect of E2, however, did not follow a trend but instead showed 

no significant increase in the higher 0.1 μg/L E2 treatment. The number of fish with 

operculum deformity and the severity grade is presented in Table 3-1 and examples of 

fish with different severity scores are presented in Figure 3-19. 

3.4. Gene Expression Analysis 

The most stably expressed reference genes tested in the liver of rainbow trout 

alevins were elongation factor 1α (ef1α) and 18S ribosomal RNA (18S) based on an M-

value of 1.83 (M-value is a reference gene stability measure; see Vandesompele et al., 

2002). β-actin was investigated first as a potential reference gene, but demonstrated 

significant variability between treatments, with significant elevation in the 0.02 μg/L E2 

treatment compared to all other concentrations of E2 and both controls (p < 0.05; Figure 

3-7). Similarly, the proposed reference gene r60l7 was rejected due to a significant (6.5-

fold) increase in the normalized expression in the 0.02 μg/L E2 compared to the controls 

(p < 0.05; Figure 3-12). 

Upon performing qPCR experiments on various reproductive and thyroid 

endocrine axes target genes, no significant differences were found between any 

treatments in the normalized hepatic gene expression (ΔΔCq method) in several 
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reproductive endocrine axis gene targets (i.e., arβ, erβ1, erβ2; Figures 3-6, 3-10, 3-11), 

and no significant changes were observed in many of the thyroid endocrine axis gene 

targets (trα, trβ, or ttr; Figures 3-14, 3-15 respectively). Of the thyroid endocrine axis 

gene targets, there was a significant decrease observed in the normalized expression of 

rxr over controls after exposure to 0.1 μg/L E2 with 13 μg/L T3 (p < 0.05; Figure 3-13). 

The reproductive endocrine axis genes that increased significantly in the liver of 

rainbow trout alevins in at least one treatment included erα1, erα2, and vtg. Specifically, 

erα1 normalized expression was significantly increased after exposure to the highest E2 

concentration tested (0.5 μg/L) compared to controls (p < 0.05); it was also significantly 

increased over controls after exposure to the second-highest concentration of E2 (0.1 

μg/L) when concomitantly exposed to 2.6 μg/L T3 (p < 0.5; Figure 3-8). A high 

magnitude increase in the normalized expression of erα2 of approximately 10 000-fold in 

the 0.5 μg/L E2 compared to all other treatments was observed in this study (p < 0.05; 

Figure 3-9). These indicate some level of regulation in gene expression which modulates 

in response to varying concentrations and combinations of waterborne E2 and T3. The 

lowest effect concentration for hepatic vtg gene induction by E2 was observed in the 

0.02 μg/L E2 treated fish, which resulted in 10 000-fold higher expression level 

compared to the control (p < 0.05; Figure 3-17). The 0.1 and 0.5 μg/L E2 treatments also 

exhibited significantly higher vtg levels than the 0.02 μg/L E2, overall, indicating a 

concentration-response of increasing E2 causing increased vtg gene expression (p < 

0.05; Figure 3-17). 
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Table 3-1  The average % craniofacial deformities for each severity grade in 
rainbow trout swim-up fry after 20 to 23-day waterborne hormone 
exposures to 17 β-estradiol (E2), 3,5,3’-triiodothyronine (T3) and co-
treatments of E2 and T3. Means of 4 replicate glass tanks containing 
30 fish each ± standard error are presented (n=4). 

Treatment 
E2 

(μg/L) 
T3 

(μg/L) 

% Craniofacial Deformities 

Severity 
Score 1 

Severity 
Score 2 

Severity 
Score 3 

Total 

Water Control - - 2.6316 1.3889 1.3889 5.4094 
Solvent Control 
(0.001% ethyl 
alcohol and 0.002% 
0.05 M NaOH) 

- - 

0 0 0 0 

Estrogen 
Treatmentsε 

0.0008 - 0 0.9259 0.9259 1.8519 

0.004 - 0 0 0 0 
0.02 - 0 0 0 0 

0.1 - 0 0 0 0 

0.5 - 0 0 0 0 

Thyroid Hormone 
Treatmentsψ 

- 0.52 0 1.3158 0 1.3158 

- 2.6 0 0 0 0 
- 13 1 0 0 1 

- 65 1 0 1 2 

Estrogen and 
Thyroid Hormone 
Co-treatmentsεψ 

0.02 0.52 0 0 0 0 

0.02 2.6 22.9565 1.087 1.087 25.1304 

0.02 13 46.9873 14.6667 6.5625 68.2165 

0.02 65 15.6197 5.0698 4.0281 24.7176 
0.1 2.6 49.6505 13.5415 29.9356 93.1277 

0.1 13 33.8235 20.9336 39.6056 94.3627 

0.1 65 39.4318 12.7949 40.6737 92.9004 
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Figure 3-1  The average % survival of rainbow trout swim-up fry after 20 to 23-day waterborne hormone exposures to 
water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-triiodothyronine (T3) and co-treatments of E2 and T3. 
Means of 4 replicate glass tanks containing 30 fish each ± standard error are presented (n=4). No differences 
were observed between treatments (one-way ANOVA followed by a Tukey HSD post hoc test, p<0.05). 
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Figure 3-2  The average body weight (mg) of rainbow trout swim-up fry after 20 to 23-day waterborne hormone exposures 
to water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-triiodothyronine (T3) and co-treatments of E2 and 
T3. Means of 4 replicate glass tanks containing 30 fish each ± standard error are presented (n=4). No 
differences were observed between treatments (one-way ANOVA followed by a Tukey HSD post hoc test, 
p<0.05). 
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Figure 3-3  The average body length (mm) of rainbow trout swim-up fry after 20 to 23-day waterborne hormone exposures 
to water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-triiodothyronine (T3) and co-treatments of E2 and 
T3. Means of 4 replicate glass tanks containing 30 fish each ± standard error are presented (n=4). Different 
letters indicate significant differences between treatments (one-way ANOVA followed by a Tukey HSD post 
hoc, test, p<0.05). 
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Figure 3-4  The average developmental score based on yolk sac resorption in of rainbow trout swim-up fry after 20 to 23-
day waterborne hormone exposures to water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-
triiodothyronine (T3) and co-treatments of E2 and T3. Means of 4 replicate glass tanks containing 30 fish each 
± standard error are presented (n=4). Different letters indicate significant differences between treatments 
(one-way ANOVA followed by a Tukey HSD post hoc, test, p<0.05). Yolk sac resorption was rated 1, 2, or 3, 
where 3 (yolk sac was present) represents the least developed, and 0 (yolk sac completely resorbed) 
represents the most developed relative to its cohort based on objective, standardized scoring. 
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Figure 3-5  The average % craniofacial deformities for all severity scores in rainbow trout swim-up fry after 20 to 23-day 
waterborne hormone exposures to water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-triiodothyronine 
(T3) and co-treatments of E2 and T3. Means of 4 replicate glass tanks containing 30 fish each ± standard error 
are presented (n=4). Different letters indicate significant differences between treatments (one-way ANOVA 
followed by a Tukey HSD post hoc, test, p<0.05). 



29 

 

Figure 3-6  Effects on androgen receptor β hepatic gene expression of a 20 to 23-day waterborne exposure in early life 
stage rainbow trout to water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-triiodothyronine (T3) and co-
treatments of E2 and T3. The average expression ± standard errors of livers collected from 6-8 fish (2 fish 
from 4 tanks of 30 fish/treatment) are presented. The gene of interest was normalized to two reference genes: 
18S ribosomal RNA and elongation factor 1α. The normalized relative expression was calculated using the 
ΔΔCq method. No significant differences were observed between treatments (one-way ANOVA followed by a 
Tukey HSD post hoc, test, p<0.05). 
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Figure 3-7  Effects on β-actin hepatic gene expression of a 20 to 23-day waterborne exposure in early life stage rainbow 
trout to water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-triiodothyronine (T3) and co-treatments of E2 
and T3. The average expression ± standard errors of livers collected from 6-8 fish (2 fish from 4 tanks of 30 
fish/treatment) are presented. The gene of interest was normalized to two reference genes: 18S ribosomal 
RNA and elongation factor 1α. The normalized relative expression was calculated using the ΔΔCq method. 
Different letters indicate significant differences between treatments (one-way ANOVA followed by a Tukey 
HSD post hoc, test, p<0.05).  
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Figure 3-8 Effects on erα1 hepatic gene expression of a 20 to 23-day waterborne exposure in early life stage rainbow 
trout to water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-triiodothyronine (T3) and co-treatments of E2 
and T3. The average expression ± standard errors of livers collected from 6-8 fish (2 fish from 4 tanks of 30 
fish/treatment) are presented. The gene of interest was normalized to two reference genes: 18S ribosomal 
RNA and elongation factor 1α. The normalized relative expression was calculated using the ΔΔCq method. 
Different letters indicate significant differences between treatments (one-way ANOVA followed by a Tukey 
HSD post hoc, test, p<0.05). 
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Figure 3-9  Effects on erα2 hepatic gene expression of a 20 to 23-day waterborne exposure in early life stage rainbow 
trout to water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-triiodothyronine (T3) and co-treatments of E2 
and T3. The average expression ± standard errors of livers collected from 2-7 fish (2 fish from 4 tanks of 30 
fish/treatment) are presented. The gene of interest was normalized to two reference genes: 18S ribosomal 
RNA and elongation factor 1α. The normalized relative expression was calculated using the ΔΔCq method. 
Different letters indicate significant differences between treatments (one-way ANOVA followed by a Tukey 
HSD post hoc, test, p<0.05). 
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Figure 3-10  Effects on erβ1 hepatic gene expression of a 20 to 23-day waterborne exposure in early life stage rainbow 
trout to water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-triiodothyronine (T3) and co-treatments of E2 
and T3. The average expression ± standard errors of livers collected from 4-8 fish (2 fish from 4 tanks of 30 
fish/treatment) are presented. The gene of interest was normalized to two reference genes: 18S ribosomal 
RNA and elongation factor 1α. The normalized relative expression was calculated using the ΔΔCq method. No 
significant differences were observed between treatments (one-way ANOVA followed by a Tukey HSD post 
hoc, test, p<0.05). 
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Figure 3-11  Effects on erβ2 hepatic gene expression of a 20 to 23-day waterborne exposure in early life stage rainbow 
trout to water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-triiodothyronine (T3) and co-treatments of E2 
and T3. The average expression ± standard errors of livers collected from 6-9 fish (2 fish from 4 tanks of 30 
fish/treatment) are presented. The gene of interest was normalized to two reference genes: 18S ribosomal 
RNA and elongation factor 1α. The normalized relative expression was calculated using the ΔΔCq method. 
Different letters indicate significant differences between treatments (one-way ANOVA followed by a Tukey 
HSD post hoc, test, p<0.05).  
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Figure 3-12  Effects on r60l7 hepatic gene expression of a 20 to 23-day waterborne exposure in early life stage rainbow 
trout to water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-triiodothyronine (T3) and co-treatments of E2 
and T3. The average expression ± standard errors of livers collected from 6-8 fish (2 fish from 4 tanks of 30 
fish/treatment) are presented. The gene of interest was normalized to two reference genes: 18S ribosomal 
RNA and elongation factor 1α. The normalized relative expression was calculated using the ΔΔCq method. 
Different letters indicate significant differences between treatments (one-way ANOVA followed by a Tukey 
HSD post hoc, test, p<0.05). 
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Figure 3-13  Effects on retinoid X receptor-A-α hepatic gene expression of a 20 to 23-day waterborne exposure in early life 
stage rainbow trout to water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-triiodothyronine (T3) and co-
treatments of E2 and T3. The average expression ± standard errors of livers collected from 6-8 fish (2 fish 
from 4 tanks of 30 fish/treatment) are presented. The gene of interest was normalized to two reference genes: 
18S ribosomal RNA and elongation factor 1α. The normalized relative expression was calculated using the 
ΔΔCq method. Different letters indicate significant differences between treatments (one-way ANOVA followed 
by a Tukey HSD post hoc, test, p<0.05). 
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Figure 3-14 Effects on thyroid hormone receptor α hepatic gene expression of a 20 to 23-day waterborne exposure in 
early life stage rainbow trout to water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-triiodothyronine (T3) 
and co-treatments of E2 and T3. The average expression ± standard errors of livers collected from 6-8 fish (2 
fish from 4 tanks of 30 fish/treatment) are presented. The gene of interest was normalized to two reference 
genes: 18S ribosomal RNA and elongation factor 1α. The normalized relative expression was calculated using 
the ΔΔCq method. No significant differences were observed between treatments (one-way ANOVA followed 
by a Tukey HSD post hoc, test, p<0.05). 
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Figure 3-15 Effects on thyroid hormone receptor β hepatic gene expression of a 20 to 23-day waterborne exposure in 
early life stage rainbow trout to water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-triiodothyronine (T3) 
and co-treatments of E2 and T3. The average expression ± standard errors of livers collected from 6-9 fish (2 
fish from 4 tanks of 30 fish/treatment) are presented. The gene of interest was normalized to two reference 
genes: 18S ribosomal RNA and elongation factor 1α. The normalized relative expression was calculated using 
the ΔΔCq method. Different letters indicate significant differences between treatments (one-way ANOVA 
followed by a Tukey HSD post hoc, test, p<0.05). 
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Figure 3-16 Effects on transthyretin hepatic gene expression of a 20 to 23-day waterborne exposure in early life stage 
rainbow trout to water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-triiodothyronine (T3) and co-
treatments of E2 and T3. The average expression ± standard errors of livers collected from 6-9 fish (2 fish 
from 4 tanks of 30 fish/treatment) are presented. The gene of interest was normalized to two reference genes: 
18S ribosomal RNA and elongation factor 1α. The normalized relative expression was calculated using the 
ΔΔCq method. Different letters indicate significant differences between treatments (one-way ANOVA followed 
by a Tukey HSD post hoc, test, p<0.05). 
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Figure 3-17 Effects on vitellogenin hepatic gene expression of a 20 to 23-day waterborne exposure in early life stage 
rainbow trout to water and solvent controls (C), 17β-estradiol (E2), 3,5,3’-triiodothyronine (T3) and co-
treatments of E2 and T3. The log10 average expression ± standard errors of livers collected from 6-8 fish (2 
fish from 4 tanks of 30 fish/treatment) are presented. The gene of interest was normalized to two reference 
genes: 18S ribosomal RNA and elongation factor 1α. The normalized relative expression was calculated using 
the ΔΔCq method. Different letters indicate significant differences between treatments (one-way ANOVA 
followed by a Tukey HSD post hoc, test, p<0.05). 
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Figure 3-18 Three anatomical perspectives (A: right lateral; B: dorsal; C: ventral) 
of the same, early life stage rainbow trout (X592) after a post-hatch 
22-day chronic exposure to waterborne hormones at concentrations 
of 0.020 μg/L E2 and 65 μg/L T3. This deformity was given a severity 
score of 3.  
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Figure 3-19 Craniofacial deformities in early life stage rainbow trout after a 20 to 
23-day waterborne hormone exposure experiment; photographed 
under a dissection microscope at the time of euthanization. Seven 
animals are imaged here in order to give examples of deformity 
scoring. Panels A-B were scored 0; imaged is the lateral and ventral 
view (respectively) of organism X541, exposed to 0.020 μg/L E2 and 
0.52 μg/L of T3). Panels C-D were scored 1; imaged is the lateral 
view of organism Z147 (C), exposed to 13 μg/L T3 only; and the 
ventral view of organism T304 (D), exposed to 65 μg/L T3 only. 
Panels E-G were scored 3; imaged is the ventral view of an organism 
(T279, E) with a unilaterally malformed operculum, exposed to 13 
μg/L T3 only; the dorsal view of a fish (X323, F) with bilateral 
operculum malformation, exposed to 0.020 μg/L E2 and 65 μg/L T3; 
and, the ventral view of a fish (X592) with a bilateral operculum 
malformation, exposed to 0.020 μg/L E2 and 65 μg/L T3. 
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Chapter 4. Discussion 

This experiment was designed to examine the potential cross-talk between the 

reproductive and thyroid endocrine axes by quantifying organismal and molecular 

changes during early growth and development in rainbow trout alevins after individual T3 

and E2 exposures, and combinations thereof. A wide range of E2 and T3 concentrations 

were administered individually, and some expected whole organism and molecular 

changes were observed, but these were mainly at the highest concentrations tested. It 

was hypothesized that a more prevalent response in growth and development and more 

molecular biomarkers of E2 exposure, in particular, would have occurred at the lower 

concentrations tested as well, but this was not the case with the exception of vtg gene 

expression. Interestingly, there was no consistent evidence that E2 alone up to 0.5 μg/L 

influenced growth, development or deformity rates in alevins, nor when alevins were 

exposed to co-treatments of 0.02 and 0.1 μg/L of E2 with up to 65 μg/L of T3. Thus, due 

to this lack of concentration-response for several measures in this study when hormones 

were administered individually, the ability to observe whether a single hormone has a 

stimulatory or inhibitory effect on a different endocrine axis was not fully achieved. 

However, the present study did show that the induction of vtg in rainbow trout alevins is 

feasible at 0.02 μg/L concentration of E2 μg/L, which is the lowest concentration 

reported to induce vtg in rainbow trout alevins. Moreover, this study demonstrates no 

HPG/HPT cross-talk in vivo for this gene since T3 from 2.6 to 65 μg/L did not influence 

E2-mediated vtg induction. Future studies examining endocrine axes cross-talk and 

retinoic acid action and signalling are also recommended based on a low-level co-

treatment of TH and E2 demonstrating decreased hepatic expression of an rxr, the 

retinoid X receptor-α-A variant in the present study. Ultimately, these data are novel in 

that the duration of this experiment allowed for observations on growth and development 

of rainbow trout alevins during E2 and T3 exposures, and demonstrated that 13 and 65 

μg/L T3 expedited development and caused a unique opercular deformity not previously 

reported after T3 exposure.  

4.1. Growth and Development not Impacted by E2 

Contrary to the present study, several previous studies have demonstrated that 

chronic exposure to E2 during early life stages can suppress the somatotropic axis in 
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fish, but these were using more potent estrogens or at higher concentrations of E2 

compared to those administered in this study (i.e., 0.5 μg/L). For example, a very similar 

study conducted by Marlatt et al. (2014) during the alevin rainbow trout life stage showed 

that 1 μg/L E2 did significantly decrease survival, length, and weight. Aluru et al. (2010) 

exposed rainbow trout to 100 μg/mL bisphenol A, a weak xenoestrogen, for 3 h pre-

fertilization and caused a 30% mortality rate, hatching delays, decreased body mass, 

decreased expression of insulin-like growth factors (IGF1 and IGF2) and growth 

hormone receptors at 400 days post fertilization (dpf) as juveniles. Several studies in 

fathead minnows have also reported similar suppressive effects on the somatotropic axis 

by estrogens and xenoestrogens in fathead minnow (Filby et al., 2007; Hess, 2003; 

Johns et al., 2009; Länge et al., 2001). For example, decreased body length and weight 

were observed in fathead minnows exposed to 50 ng/L 17α-ethinyl estradiol, a potent 

estrogen, from 24 h post-fertilization to the swim-up developmental stage (Hess, 2003). 

Similarly, fathead minnow embryos (< 24-h postfertilization, hpf) exposed to 2, 10, and 

50 ng/L 17 α-ethinyl estradiol for 7 days exhibited decreased body weight at the highest 

concentration tested (i.e. 50 ng/L; Johns et al., 2009). Therefore, compared to the 

literature, and in light of no changes in the present study in some E2 mediated genes 

until 0.5 μg/L (i.e. erα1 and erα2), it appears that the range of concentrations tested was 

not high enough to significantly impact growth and development in rainbow trout alevins.  

However, the present study does show that the lowest effect concentration for vtg 

induction via waterborne exposure in rainbow trout alevins is > 0.004 μg/L and ≤ 0.02 

μg/L E2, which is the lowest concentration reported to induce vtg in an early life-stage 

rainbow trout. Since none of the E2 treatments administered alone caused changes in 

development or body size, vtg induction appears to be a more sensitive biomarker of E2 

exposure than such apical measures in this species.  

4.1.1. T3 Impacts Development and is Influenced by Low-Level E2 

Administration of waterborne T3 initiated in recently hatched alevins through to 

the onset of swim-up fry stage resulted in a deformed operculum and expedited 

development via increased rate of yolk sac resorption. This specific craniofacial 

deformity occurred consistently in over 90% of the swim-up fry after exposure to 65 ug/L 

T3 alone and when administered in combination with 0.02 and 0.1 ug/L E2. In addition, 

evidence of E2 influencing the prevalence of this opercular deformity was demonstrated 
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by an increased incidence of this deformity in the 13 ug/L T3 co-treatment with 0.02 ug/L 

E2, but not when the same concentrations of either hormone were administered alone. 

Therefore, although this specific deformity appears to be mainly caused by at least 65 

μg/L T3, some potentiation between E2 and T3 at lower concentrations suggests some 

cross-talk between these two hormonal pathways, which may also contribute to the 

development of this opercular deformity. This deformity was characterized by the 

observation that the distal portion of the operculum or bony flap covering the gills (i.e. 

away from the point of attachment) was curled, resulting in exposed gill tissue, mainly on 

both sides of these fish (although some exhibited this phenotype on only one side); 

interestingly, the fish with the deformed opercula exhibited no other deformities (i.e., eye, 

jaw, skeletal, fin). Although no x-rays were performed, it is likely that the opercle and the 

subopercle bone (the most caudal/dorsal bones of the operculum) were underlying this 

deformity. The opercle is a large dorsal fan-shaped bone articulating with the 

hyomandibula (a cartilage replacement bone) via a hinged joint; the subopercle bone lies 

just ventral to the opercle, and together these bones form the distal end of the 

operculum, or gill flap (Kimmel et al., 2003; Russell, 1916). The opercle is the main 

support of the operculum and also controls the movement of the operculum, therefore 

plays a major role in respiratory pumping. Previous studies have shown that 

malformations of the operculum exposing the gills impairs the buccal pump system used 

for feeding and breathing, increases gill infections and disease, and mortality in several 

fishes (Al-Harbi, 2001; Beraldo et al., 2003; Boglione et al., 2013; Koumoundouros et al., 

1997; Verhaegen et al., 2007). Since this T3 exposure experiment was terminated at the 

onset of the swim-up fry life stage (when feeding begins), this study cannot discern if this 

deformity would impact breathing and feeding functions. Nonetheless, it is likely that 

those fish categorized with severe operculum malformations would exhibit some degree 

of impaired feeding and breathing. Furthermore, this deformity was most prevalent in the 

highest T3 treatments where fish also exhibited a more rapid rate of yolk sac resorption, 

thus the combined physical deformity and metabolic effects would likely impact fish 

health as the fish grows. Future studies examining such impairments in a longer term 

exposure would allow the long term impacts of this deformity to be further elucidated. 

Moreover, additional test concentrations of co-administered E2 and T3 to determine the 

extent of potentiation between low levels of these two hormones resulting in this unique 

opercular deformity is warranted. 
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To our knowledge, this is the first study to report T3 as causative agent in an 

operculum deformity in rainbow trout exposed as alevins. However, shortened opercula 

or curled opercula have been reported in wild fish associated with poor water quality and 

environmental contaminants, albeit at much lower frequencies and in older fish 

compared to the present T3 exposures. For example, European Perch (Perca fluviatilis) 

in brackish estuaries affected by pulp mill effluents display as much as 20% opercular 

deformities: characterized as shortening of the distal operculum (left side only sampled), 

compared with 1.4% in unaffected areas (Lindesjöö et al., 1994). Tilapia (Oreochromis 

spp.) collected from several rivers in Southern Taiwan exhibited opercula deformity 

frequencies that ranged from 0% in the dry season to 14% in the rainy season when 

pollution from urban and agricultural sources runs-off into the river, and when high river 

flows occur and stir up organic material and heavy metals. Linkage of a single cause of 

opercular deformities in wild fish is difficult since multiple factors including pollution, 

abiotic factors, and nutrition are also often present and may act independently, 

synergistically, or antagonistically. However, selenium enriched waters downstream of 

metal mines have provided one well studied metal mining pollutant (and essential 

element) that consistently demonstrates that the operculum complex – mainly the dermal 

jaw bones (premaxilla, maxillar and dentary bones) – are the cranial structures most 

commonly deformed by selenium (Janz et al., 2010). It is unknown what the mechanism 

of action is that causes operculum complex deformities and many other deformities upon 

elevation of selenium in fish, but it has been clearly shown to be a teratogen (Janz et al., 

2010). Leading hypotheses for the mechanism of action underlying selenium toxicity and 

deformities in fish range from malformed proteins due to substitution of sulphur for 

selenium, oxidative stress and alternations in vitamin A and C metabolism (Gapasin et 

al., 1998; Gapasin and Duray, 2001; Janz et al., 2010). Although no TH or E2 studies 

have reported the specific opercular deformity observed in this present study, it is well 

known that rigorous regulation of TH levels in early development is critical and 

deviations from normal TH levels may result in craniofacial deformities in vertebrates, 

including fish (Norris, 2013; Bohnsack and Kahana, 2014). For example, early life stage 

(pre-hatch) exposures of zebrafish to goitrogens (inhibitors of T3 production through 

means such as inhibition of DIOs, T4 formation, and iodine uptake) resulted in effects on 

the formation of jaw and pharyngeal arches (Bohnsack and Kahana, 2014). Ultimately, 

the present study has provided important evidence that any environmental contaminant 

mimicking thyroid hormones (either T3 or T4), or indirectly causing increased thyroid 
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hormone levels, has the potential to cause opercular deformities and expedite 

development or alter metabolism, and may be severe enough to impede feeding and 

breathing behaviors. Future studies reporting curled opercula correlated with 

contaminant exposure, including selenium, should consider investigating endpoints 

indicative of direct or indirect thyroid endocrine axis disruption as a possible mechanism 

of action. 

4.2. Few Gene Expression Changes in Rainbow Trout 
Alevins After Chronic E2 and T3 Exposures 

In the present study, several key reproductive and thyroid endocrine axis genes 

were quantified in an attempt to understand the influence of T3 and E2 on growth and 

development in rainbow trout alevins at the cellular level during in vivo waterborne 

hormone exposures. However, the main whole organism level changes, namely, the 

opercular malformation and expedited development, most pronounced in the highest T3 

treatment alone and in combination with E2 were generally not coincident with gene 

expression changes (i.e. no changes in 11 of the 12 genes measured in this study). 

Therefore, little evidence was found of cross-talk between reproductive and thyroid 

endocrine axes based on the gene expression in this study. Nonetheless, the main 

changes in gene expression were observed in estrogen-mediated genes after exposure 

to the E2 treatments administered alone in this study. The gene transcripts, erα1 and 

erα2 were upregulated in the 0.5 ug/L E2 treated fish and vtg increased in multiple E2 

treatments (i.e. 0.02, 0.1 and 0.5 ug/L). This was expected as this been observed in 

several other studies in early life stage rainbow trout and other teleostean fishes in 

similar or higher dose E2 studies (Marlatt et al., 2014; Menuet et al., 2004; Meucci and 

Arukwe, 2006; Nelson et al., 2007; Sabo-Attwood et al., 2004). Each of these gene 

promoter regions contains an estrogen-response element, and therefore, are considered 

estrogen-mediated genes in rainbow trout and many other fish (Bowman et al., 2002; 

Hall et al., 2002; Katzenellenbogen and Katzenellenbogen, 1960; Marlatt et al., 2014, 

2012; Nelson and Habibi, 2016, 2013, 2010; Pakdel et al., 1991). It was hypothesized 

that lower concentrations of E2 would alter the expression of more estrogen-mediated 

genes (i.e., erα1 and erα2), but exposure to concentrations between 0.0008 ug/L and 

0.1 ug/L E2 did not have any effects on the expression of the sex steroid receptor genes 

in this study. Previous studies have also shown that TRs change during thyroid hormone 
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exposures in juvenile and adult fish (Li et al., 2007; Nelson and Habibi, 2009; Raine et 

al., 2005; Raine and Leatherland, 2000), but this was not observed in this study with 

rainbow trout alevins under a chronic T3 exposure conditions. 

Ultimately, several explanations are possible for the absence of changes in many 

of the endocrine system genes (i.e., TRs, ERs, ARβ) that were measured at the end of 

these chronic hormone exposures in alevins. For example, perhaps E2 test 

concentrations less than 0.5 μg/L are too low to elicit a response, and/or temporal 

fluctuations in the genes investigated occurred before the ~21 day experiment 

termination, and/or non-monotonic concentration-response relationships that have been 

observed for many endocrine disruptor and endogenous hormones summarized by 

(Lagarde et al., 2015) were at play. Regarding this latter point that the changes in 

hepatic gene expression to E2 and T3 may be related to a non-monotonic concentration-

response relationship, particularly for genes that contain estrogen or thyroid hormone 

response elements in their promoters, may include one or more of the following 

underlying modes of action: negative feedback regulation mechanisms related to 

physiological control of hormone actions; hormone receptor desensitization; plurality of 

molecular targets; and/or, metabolic modulation of hormones. Many of these 

phenomena are further confounded by temporal dependence, and there are few 

examples verifying such hypotheses to explain molecular responses to hormones in the 

literature in vertebrates, especially early life stage teleosts. One study in adult goldfish 

exposed to waterborne 0.27 μg/L E2 did conduct 24-hour time course in vivo 

experiments and showed that hepatic erα significantly increased after 6 and 24 h but not 

after 3 and 12 hours, and no changes in erβ1 or erβ2 were observed (Marlatt et al., 

2010). Indeed, tissue-, developmental stage-, time-, and sex-specific expression of ERs 

in goldfish and several other teleosts have been observed in multiple studies (Marlatt et 

al., 2010; Nelson and Habibi, 2013). A more recent comparable study in rainbow trout 

exposed to 1 μg/L E2, initiated pre-hatching or at the eyed embryo stage and terminated 

at the swim-up fry, showed that both erβ1 or erβ2 genes were downregulated (Marlatt et 

al., 2014). Although erα subtypes were not measured in this latter study by Marlatt et al. 

(2014), vtg was significantly increased which concurs with the present study. Thus, the 

present study now shows that the induction of vitellogenin and ERα in rainbow trout 

alevins is feasible at an even lower concentration of E2 (i.e. 0.02 μg/L), and appears to 

support the notion that vtg and ERα are useful biomarkers of E2 exposure even in 
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alevins. Further, the present study strongly suggests that T3 does not influence vtg 

induction in alevin rainbow trout under chronic exposure. In contrast, in 36 h exposures 

in adult goldfish, T3 did increase vtg in females but not males; and in vitro in hepatocyte 

assays showed that erα was necessary to demonstrate that pre-treatment with T3 

followed by E2 showed a synergistic induction of vitellogenin (Nelson and Habibi, 2016). 

While in the present study T3 had little influence on both the estrogen- and thyroid-

mediated genes after chronic waterborne exposure, temporal and life stage-specific 

differences undoubtedly exist and merit further study. Indeed, it is plausible that the 

natural fluctuations in background levels of these genes during early growth and 

development in this study may have resulted in the inability to further induce a maximal 

and/or minimal change at the time of sampling. Certainly, future studies examining the 

temporal fluctuation of estrogen and thyroid-mediated genes during early rainbow trout 

development under varying E2 and T3 test concentrations may reveal changes in these 

genes at the lower concentrations, and are required to determine if any of these genes 

are influenced by more than a single hormone. 

Several studies have demonstrated that alteration of TH signalling disrupts 

regulation of retinoic acid synthesis and degradation, which is a critical element in early 

development (Das et al., 2014; Essner et al., 1999; Fernández et al., 2014; Lima et al., 

2015). The present study provides further support of this disruption since gene 

expression of rxr, the retinoid X receptor-α-A variant, was significantly decreased in the 

liver of swim-up fry along with increased yolk sac resorption after co-treatment 

throughout the alevin stage with 13 μg/L T3 and 0.1 μg/L E2. Since retinoid X receptors 

are known to heterodimerize with TRs and RARs, this decrease in the expression levels 

of rxr in the present study may have impacted both the TH and retinoic acid signalling 

pathways in rainbow trout alevins. There are two classes of retinoic acid receptors, 

RARs and RXRs, that have high affinity for retinoic acid isomers (metabolites of vitamin 

A) and belong to the same superfamily of ligand-activated transcription factors as thyroid 

hormone receptors, steroid hormone receptors and vitamin receptors (Alsop et al., 

2005). Retinoic acid has been shown to be involved in embryonic development in fish, 

but there is a paucity of information on the function of RARs and RXRs in fish in general 

including rainbow trout (Alsop et al., 2005). However, Gesto et al. (2012) reported the 

presence of multiple isomers of retinoic acid (i.e. all-trans-, 9-cis- and 13-cis-retinoic 

acid) in most tissues of juvenile rainbow trout and that the liver is the main storage tissue 
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based on high retinoid content compared to other tissues. It is hypothesized that 

conservation among vertebrates regarding retinoic acid signalling pathways exists, thus 

it is plausible that decreased rxr expression in the present study may have presented as 

a vitamin A deficiency via decreased RXRs available to heterodimerize with RARs. In 

addition, experiments in zebrafish have demonstrated that not only is regulation of TH 

levels critical during embryogenesis for craniofacial and ocular formation, but that 

coordinated interactions between TH and retinoic acid were required and were partially 

mediated by RXRs (Bohnsack and Kahana, 2014). It is intriguing that it was the fish in 

the co-treatment of TH and E2 that exhibited a decreased hepatic expression of rxr, thus 

whether TH or E2 was influencing the expression of the retinoid X receptor-α-A variant in 

this study presents a novel question for future studies examining endocrine axes cross-

talk and retinoic acid action and signalling. 

 In conclusion, administration of waterborne T3 initiated in recently hatched 

alevins through to the onset of the swim-up fry stage resulted in a novel deformity of the 

operculum and expedited development via an increased rate of yolk sac resorption. 

Furthermore, while this specific deformity appeared to be mainly caused by at least 65 

ug/L T3, some potentiation between E2 and T3 at lower concentrations suggests some 

cross-talk between these two hormonal pathways may also contribute to the 

development of this opercular deformity. Although shortened opercula or curled opercula 

have been reported in wild fish associated with poor water quality and environmental 

contaminants, to our knowledge, this is the first study to report T3 as causative agent in 

an operculum deformity in rainbow trout alevins. Interestingly, despite this opercular 

deformity and expedited development that was most pronounced in the highest T3 

treatment administered alone and in combination with E2, these whole organism effects 

were not coincident with any gene expression changes in the 12 genes measured in this 

study. In fact, few changes in gene expression were observed after exposure to T3 and 

E2 administered alone or in combinations at the concentrations tested during these 

rainbow trout alevin waterborne exposures. Nonetheless, the gene expression data 

collected in this study do support that hepatic vtg and erα tend to be upregulated by E2, 

while the erβ subtypes are less sensitive to E2 autoregulation during the alevin life 

stage. Moreover, the present study shows that the induction of vtg in rainbow trout 

alevins is feasible at 0.02 μg/L concentration of E2 μg/L, which has not been reported 

previously. Thus, vtg appears to be a very useful biomarker of E2 exposure even in a 



51 

salmonid alevin. These data further suggest that T3 does not influence vtg induction in 

alevin rainbow trout after chronic exposure. This study also presents the novel finding of 

a decrease in the expression levels of rxr (retinoid X receptor-α-A variant) upon co-

administration of low level T3 and E2, and suggests this combination may have 

impacted the TH and/or retinoic acid signalling pathways in rainbow trout alevins. 

Although this study was designed to examine cross-talk between the reproductive and 

endocrine axes, with a lack of concentration response observed for several measures in 

this study when hormones were administered individually the ability to observe whether 

a single hormone had stimulatory or inhibitory effect on a different endocrine axis was 

limited. Future study designs may want to consider testing higher numbers of individuals, 

higher concentrations of these hormones, additional co-treatments and the examination 

of multiple time points to demonstrate a stronger response profile for the individual and 

co-administration of hormones to fully achieve the goals examining endocrine axes 

cross-talk. 
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Appendix. Supplemental Tables   

Table A-1 Primer sequences tested but not used for quantitative PCR  

Target Gene Accession  Primer sequences 5’ to 3’ Tm 
(ºC) 

Product 
Size 

Reason for Exclusion Reference 

dio2 (deiodinase type II) NM_001124268.1 Forward: ATC ACT GGA AGA AAG GGT GG 
Reverse: TCT CGT TGG ACA CAC CGT AG 

54 128 Slope -2.3, E=170% (Quesada-
García et al., 
2014) 

dio2 (deiodinase type II) NM_001124268 Forward: GGT CAG GAA GCA CCG ATC AC 
Reverse: CCG TAG GCC ACG TTA GCA TT 

57 129 Slope -1.8, E=240%,  
R2 0.79 

This paper 

drp2 (DNA directed RNA 
polymerase II subunit I) 

 Forward: TCA CCC ATG AAG TTG ATG AGC TGA 
Reverse: CCG TGC AGA CAT AGT ACA GCC 
TCA 

58 176 Low R2 (Shekh et al., 
2017) 

cyp19α (aromatase) BX871650, BX876154 Forward: CTG ACG TAG AAC TAC AGC TCC T 
Reverse: ACA TCA TCA GAC AGT GCC CGG 

55  Scattered std. curve, 
multiple amplifications 

(Delalande et 
al., 2015) 

cyp19β (aromatase) AJ311937, AJ311938 Forward: GAG GAA GGC ACT GGA AGA TGAC 
Reverse: GCT GGA AGA AAC GAC TGG GC 

57  Lack of target 
recognition 

(Delalande et 
al., 2015) 

erβ1 (estrogen receptor β1) NM_001124753.1 Forward: AGC AGC AAA AAG GAC AAT GG 
Reverse: CAG TGC TAA TGC CTG AAA GGA 

54 186 Scattered std. curve (Marlatt et al., 
2014) 

erβ2 (estrogen receptor β2) NM_001124570.2 Forward: AAG GGG TGA ATG GAC TGA AG 
Reverse: CCA AAA ACA TCC GAA AAG GA 

51 157 Worked well,  
used Casanova’s for 
consistency with erβ1 

(Marlatt et al., 
2014) 

gapdh (glyceraldehyde 3-
phosphate dehydrogenase) 

 Forward: CAG ACG CTT CCC ACA AAC 
Reverse: TCA CCA GAC GCC CAA TG 

54, 59  Lack of target 
amplification 

(Filby and 
Tyler, 2007b) 

hprt1 (hypoxanthine 
phosphoribosyltransferase) 

 Forward: GAT GAA GAG CAA GGT TAT GAC 
Reverse: ACA CAG AGC AAC GAT ATG G 

51, 59 165 Lack of consistent 
target amplification 

(Filby and 
Tyler, 2007b) 

rpl8 (ribosomal protein L8)  Forward: CTC CGT CTT CAA AGC CCA TGT 
Reverse: TCC TTC ACG ATC CCC TTG ATG 

54, 
56, 59 

162 E=240%, slope=-1.8 (Filby and 
Tyler, 2007b) 

shbg(β) (sex hormone 
binding globulin β) 

NM_001124237.1 Forward: CCC ATT CTG GAA CTT TGA GG 
Reverse: ACA CCC CAT AAC CTG GTC AA 

54 106 Lack of target 
amplification 

(Marivin et al., 
2014) 
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Table A-2 Number of samples (for molecular endpoints) and tank means (for morphometric endpoints) used to establish 
n for each statistical analysis.  

 Molecular Endpoint Morphometric Endpoints 

Treatment E2 
(μg/L) 

T3 
(μg/L) 

arB Bactin era1 era2 erB1 erB2 r60l7 rxr tra trB ttr vtg Survival Length Weight Yolk 
Sac 

CFD 

Water 
Control 

- - 15 15 15 8 15 15 15 15 15 15 14 10 8 8 8 8 8 

Estrogen 
Treatments 

0.0008 - 8 8 8 6 8 8 8 8 8 8 8 6 4 4 4 4 4 

0.004 - 8 8 8 5 8 8 8 8 8 7 8 8 4 4 4 4 4 

0.02 - 7 7 7 7 7 7 7 7 7 7 7 7 4 4 4 4 4 

0.1 - 8 8 8 3 8 8 8 8 8 8 8 8 4 4 4 4 4 

0.5 - 8 8 8 7 8 8 8 8 8 8 8 8 4 4 4 4 4 

Thyroid 
Hormone 
Treatments 

- 0.52 7 7 7 3 7 7 7 7 7 7 7 6 4 4 4 4 4 

- 2.6 7 7 7 5 7 7 7 7 7 7 7 7 4 4 4 4 4 

- 13 8 8 8 5 7 8 8 8 8 6 8 4 4 4 4 4 4 

- 65 8 8 8 3 6 8 8 8 8 8 7 6 4 4 4 4 4 

Estrogen 
and 
Thyroid 
Hormone 
Co-
treatments 

0.02 0.52 7 7 7 6 7 7 7 7 7 7 7 7 4 4 4 4 4 

0.02 2.6 6 7 7 3 7 7 7 7 7 6 7 7 4 4 4 4 4 

0.02 13 6 9 8 3 8 9 9 8 9 9 9 9 4 4 4 4 4 

0.02 65 7 7 7 5 6 7 7 7 7 6 7 7 4 4 4 4 4 

0.1 2.6 6 6 7 3 5 6 6 6 7 7 7 7 4 4 4 4 4 

0.1 13 7 8 8 3 4 8 8 8 8 8 8 8 4 4 4 4 4 

0.1 65 6 6 6 4 5 6 6 6 6 6 6 6 3 3 3 3 3 
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