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Introduction 

Thyroid Hormone Synthesis 

Thyroid hormones (THs) are produced and secreted by a discrete thyroid gland, or a series of 

thyroid follicles, across all vertebrates (reviewed by Hulbert, 2000). Thyroid follicles are made up of 

epithelial cells called thyroid follicular cells that surround a colloid-filled lumen (Blanton and Specker, 

2007). Sodium iodide symporters (NIS) located in the plasma membrane of the follicular cells take up 

inorganic iodide from the blood and transport it into the lumen via pendrin channels where it is oxidized 

by thyroid peroxidase (TPO) (Zoeller et al., 2007). Thyroid peroxidase is also responsible for the 

iodination of tyrosine residues attached to thyroglobulin (Tg). Each thyroglobulin molecule has ~70 

tyrosine residues but only a few are available for iodination (Reviewed by Citterio et al., 2019).  

Figure 1. Thyroid hormone synthesis of thyroxine (T4). Iodide (I-) is taken up by the sodium-iodide symporter (NIS) 
and transported into the thyroid follicular cell. The I- then enters the lumen through the pendrin channels where it 
is oxidized by thyroid peroxidase (TPO) and added once or twice to the tyrosine residues in thyroglobulin (Tg) as to 
form monoiodotyrosine (MIT) or 3,5-diiodotyrosine (DIT), respectively. A coupling of an MIT and DIT on a Tg 
produces triiodothyronine (T3) and a coupling of two DITs on a Tg produces thyroxine (T4).  Tg and the attached T3 
or T4 are endocytosed into the follicular cell where they bind with lysosomes that contain enzymes to cleave T3/T4 
from Tg. Thyroxine and small amounts of T3 are discharged through monocarboxylate transporters (MCT8) to 
circulate through the blood stream where they can interact with peripheral tissues.  
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The iodination of the tyrosine can occur once to produce monoiodotyrosine (MIT) or twice to produce 

3,5-diiodotyrosine (DIT). Two DITs will attach to one another to form thyroxine (T4), the most common 

thyroid hormone. At this point, Tg and the attached T4 are endocytosed through the membrane and 

into the follicular cell forming a vesicle around the Tg and T4 from the membrane of the cell. The vesicle 

then fuses with lysosomes and enzymes in the lysosome hydrolyze Tg which frees T4, allowing for it to 

be transported into the bloodstream through monocarboxylate transporter 8 (MCT8; Carvalho and 

Dupuy, 2017). Thyroxine is the precursor to triiodothyronine (T3), the biologically active TH (Blanton and 

Specker, 2007) and though it can be created in the thyroid follicle cells, it is generally formed in 

peripheral tissues (e.g., liver, brain, gonads) where deiodinases type 1 and/or type 2 (DI1 and DI2) 

remove an iodine from the (5’) outer ring of T4 to form T3 (Gereben et al., 2007). These peripheral 

tissues can utilize T3 or release it into the blood to allow other tissues to utilize it (Blanton and Specker, 

2007). Thyroxine and T3 are transported throughout the blood stream by carrier proteins such as 

transthyretin (TTR), thyroxine-binding globulin (TBG), and albumin (Zoeller et al., 2007) and it is T3 that 

binds with high affinity to thyroid receptors (TRα and TRβ) that allow for certain biological effects to 

occur (Carr and Patiño, 2011). Thyroid hormone production is regulated by the hypothalamus-pituitary-

thyroid (HPT) axis in which thyrotropin-releasing hormone (TRH) released by the hypothalamus controls 

the release of thyroid-stimulating hormone (TSH) from the anterior pituitary which in turn controls the 

release of TH from the thyroid follicles (Zoeller et al., 2007). Circulating T4 and T3, are part of a negative 

feedback loop which informs both the hypothalamus and pituitary to release TRH and TSH, respectively 

(Carr and Patiño, 2011). Therefore, having lower levels of TH will increase the output of TRH, starting the 

cascading effect of producing TH. 

The HPT axis influences a multitudinous array of biological functions most closely associated 

with growth and development.  Crane et al. (2004) demonstrated with fathead minnows (Pimephales 
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promelas), that peak production of T4 and T3 begins as early as 16- and 9-days post-hatch (dph), 

respectively, and that the thyroid follicles develop in the embryonic life stage indicating a need for THs 

in early life stage development. It has been shown that TH synthesis regulates metamorphosis. For 

example, zebrafish (Danio rerio) yolk-sac larvae require TH signaling for the development of cranial 

cartilages/extension of the lower jaw, the differentiation of digestive organs, inflation of swim bladder, 

and the growth of  cartilaginous fins (Liu and Chan, 2002). In anurans, THs regulate important 

metamorphic processes such as tail resorption and hind leg lengthening (Goleman et al., 2002; 

Bruchholz and Hayes, 2005). Therefore, the synthesis and transport of THs throughout the body 

promotes standard development in vertebrates.  

Thyroid Disrupting Compounds   

 Thyroid disrupting compounds (TDCs) are anthropogenic or naturally occurring compounds that 

affect TH synthesis in organisms. These TDCs can enter aquatic ecosystems from a variety of sources, 

such as industrial runoff, waste-water treatment effluent, and agricultural runoff (Kolpin et al., 2001). 

Common examples of anthropogenic TDCs are polychlorinated biphenyls (PCBs) used in pesticides, 

polybrominated diphenyl ethers (PBDEs) used in flame retardants, perchlorate, found in fertilizers, 

rocket propellant, and fireworks, and bisphenol-A (BPA) which is found in plastics and cosmetics 

(reviewed by Calsolaro et al., 2017). There are also non-environmental TDCs which are commonly used 

in laboratory settings such as propylthiouracil (PTU) and methimazole to model TDCs that inhibit TH 

synthesis (Crane et al., 2006; Hassan et al., 2017 ).   

 Thyroid disrupting compounds can affect the TH system in a variety of ways given how 

complicated and broad it is. For example, perchlorate binds to the NIS and inhibits uptake of iodide into 

follicular cells, reducing the production of T4 (Leung et al., 2014). Bisphenol- A has a similar structure to 

T3 and therefore can antagonistically bind to TRs leading to an inhibition of transcriptional activity that 

is influenced by T3 (Moriyama et al., 2002). PBDEs can competitively bind with TTR and limit TH 
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transport contributing to an alteration of thyroid hormone homeostasis (Zhao et al., 2017). Both PTU 

and methimazole inhibit the production of T4 by hindering TPO, which prevents the activation of iodide 

and the formation MIT and subsequently DIT (Van der Ven et al., 2006; Engler et al., 1982). Ultimately, 

there are a wide number of TDCs with numerous mechanisms of action that can inhibit thyroid hormone 

synthesis and signaling. 

   

 TDCs in the Aquatic Environment  

There have been numerous studies focusing on TDCs in aquatic environments given their 

proclivity to ending up there. Within the United States, studies have shown the presence of TDCs in 

streams (Tan et al., 2004), lakes/sediments (Smith et al., 2001), rivers (Steinmaus, 2016) and bays (Brar 

et al., 2010). Globally, TDCs have been found in rivers used for drinking water in Japan (Kosaka et al., 

2007), China (Shi et al., 2007) and Europe (Courderc et al., 2016). Given the varying molecular 

composition of TDCs they can spread and infiltrate into various environments via a number of different 

methods. One such method, is PBDEs can travel through water and air to distant locations far from their 

source, contributing to their global spread (Lema et al., 2008). PBDEs and PCBs are also known to be 

lipophilic and hydrophobic and can therefore be bioaccumulated and biomagnified throughout different 

environments (Boas et al., 2012; Bruckner-Davis, 1998). Perchlorate is extremely water-soluble; thus it is 

stable in water making it easily transported through surface and ground waters (Motzer, 2001). 

Bisphenol A has a great affinity for sorption into soil and sediments and can find its way into aquatic 

ecosystems through sources such as wastewater effluent, landfill leachate, and leaching from discarded 

BPA products (Im and Löffler, 2016). Given the widespread release and occurrence of environmental 

TDCs, organisms living in contaminated environments can suffer adverse effects from thyroid disruption. 
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Effects of TDCs 

 The entry of TDCs into surface waters poses a potential threat to aquatic vertebrates, including 

fish and amphibians, given the ability of TDCs to alter TH levels (Mukhi and Patiño, 2006; Goleman et al. 

2009). Changes in TH levels are most often associated with adverse alterations in somatic development 

and reduced growth (Crane et al. 2005; Park et al. 2006; van der Ven et al. 2006). This is because THs 

have been shown to contribute to alterations in skeletal formation (Schreiber, 2006) and retardation of 

metamorphosis (Liu and Chan, 2002). Zebrafish develop thyroid follicles as early 72 hours post 

fertilization (hpf) and when zebrafish larvae were exposed to exogenous T4, paired pelvic fins grew 

faster and pectoral fins developed earlier as compared to control indicating THs play a role in the 

transition from larvae to juveniles (Brown, 1997). In a study looking at swim bladder inflation in fathead 

minnows, it was found that exposure to iopanoic acid, a model deiodinase inhibitor, impaired swim 

bladder inflation and growth as early as 6 dpf, demonstrating a need for THs early in development 

(Cavallin et al., 2017).  

 Early-life-stage exposure to TDCs can cause long term effects that have population level 

consequences.  For example, exposures to sodium perchlorate and methimazole, skewed sex ratios 

towards females and if exposure continued past sexual differentiation the effect was permanent 

(Sharma and Patiño, 2013). Similarly, a study conducted on the African clawed frog (Xenopus laevis) 

found that exposure to perchlorate skewed phenotypic sex ratios towards females (Goleman et al., 

2002b). Given that disruption of TH synthesis can impair testes differentiation, this could have negative 

effects on populations in the wild. In a study conducted by Bruns (2017), it was demonstrated that early-

life-stage exposures to PTU reduced the reproductive output of fathead minnows by more than 50%. 

Furthermore, it was demonstrated that this decrease was related to the exposure history of male, not 

the female (Seemann, 2018), indicating that PTU induced changes unique to males are responsible for 

lowered reproductive output. This provides even further evidence that thyroid disruption (TD) can have 

lasting, population level consequences given that reproductive output was halved. Efforts to identify 
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these male-specific changes did not provide any evidence of delayed sexual development, altered sperm 

motility, decreased fertilization success, or alterations to the gonadosomatic index in response to PTU 

exposure (Bruns, 2017).  

 

Neurodevelopment and Behavior  

 Thyroid hormones play a critical role in vertebrate physiology and contribute to the 

development of the nervous system (Escobar et al., 2004) as well as neurobehavioral development 

(Weis et al., 2001). This is typically seen through neural signaling, migration and differentiation of axons, 

which all contribute to neurological maturation (reviewed by Bernal, 2005). Numerous studies have 

found that T3 is found throughout eggs and embryos of previously studied vertebrates (reviewed by 

Préau et al., 2015) and that the source of this T3 is at least in part through transplacental transport or 

passive diffusion during embryogenesis (Obregon et al., 1984; Ayson and Lam, 1993) . Neural stem cells 

give rise to both neuronal and glial cells, which are crucial for neurogenesis and that the alteration of 

these cells can contribute to behavioral changes (Rajkowska et al., 1999)  .  It was established that rat 

neural and glial cell nuclei contained thyroid hormone receptors, TRα1, TRα2, and TRβ1, as early as 

gestation day 14 (Falcone et al., 1994) and given that glial cells play a role in neuroblast proliferation and 

myelinization, this demonstrates a need for circulating THs for proper neuronal development. Another 

study concluded, that when endogenous T3 was antagonized using ammonia or tetrabromobisphenol A 

in X. laevis, it significantly altered the expression of developmental genes as well as genes known to 

control neural stem cell function (Fini et al., 2012).  Therefore, disruption of TH synthesis may impact 

stereotypical neuronal maturation that can affect behavior.   

 The presence of THs are crucial for typical brain development and it has been proposed that TH 

levels are important for eliciting neuroendocrine responses to environmental signals (Morgan et al., 

1999).  For example, zebrafish that were exposed to PBDE (i.e., BDE 49) in the embryonic stage, suffered 

a significant decrease in touch-escape responses (defined as distance traveled when touched with metal 
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probe), muscle spasms, and general lethargic movements (McClain et al., 2012). It has been shown that 

PBDEs can reduce the differentiation of neural stem cells into neurons, as well as inhibit neurite 

outgrowth (Zhang et al., 2010) indicating that the symptoms seen in the (McClain et al., 2012) study are 

the result of altered neurodevelopment as a result of TD. Another study that looked at zebrafish 

behavior found that exposure to a PCB mixture induced decreased avoidance behavior to a moving 

visual stimulus, demonstrating that an alteration of the motor system or the processes responsible for 

threat recognition (Lovato et al., 2016).    

 In a secondary follow up study to the Bruns (2017) and Seeman (2018) studies, Johnson (2019) 

wanted to determine if there had been alterations to the expression of genes related to 

neurodevelopment in the same fish that were used in the Bruns (2017) study by sequencing brain 

transcriptomes of the control and PTU-exposed fish.  It was found that the PTU-exposed males had 

significant alteration of genes related to brain development (Johnson, 2019) which could provide a 

possible mechanism to the reproductive decrease seen in the Bruns (2017) study given the connection 

between neurodevelopment and behavior. 

 

Study Organism 

 The fathead minnow has become a common aquatic species to use in ecotoxicological studies, 

especially for studies involving TDCs (Crane et al., 2004; Cavallin et al., 2017; Bruns, 2017). Given their 

ability to externally fertilize, quick transitional period from embryo to larvae, relatively quick sexual 

maturation period of ~4-5 months, and the ease of care, fathead minnow make excellent laboratory 

organisms to study (EPA, 1987; Gale and Buynak, 1982).   

 Mating strategies differ between species and in most cases successful mating can depend on a 

number of factors such as, individual dominance, promiscuity, fertilization techniques, choice of nest 

site, and many others (Trippel, 2003). In the case of fathead minnows, reproductive success comes 

generally from behaviors defined under the behavioral categories of competition or courtship (McMillan 



 
 

 

8 

and Smith, 1974). An example of this, is when presented with a nesting site such as a clay pot, split PVC 

pipe, or an overhang, males will attempt to dominate each other to gain control of the nesting site and 

use tactics like headbutting, tail-whipping or chasing to defend the site (McMillan and Smith, 1974). 

Once a male has successfully defended a nesting site they will attempt to lure or force a female under 

the nesting site using techniques such as chasing, butting, and lateral display amongst others (Cole and 

Smith, 1987).  The final step in this process is to force the female to the top of the nesting site where she 

attaches her eggs while he fertilizes them (McMillan and Smith, 1974).  This collection of behaviors 

represents a complex mating ritual and the inability of a male to successfully carry out these behaviors 

could result in a loss of reproductive output as seen in the Bruns (2017) study.  

 

Goals and Objectives 

The data gathered from the Bruns (2017), Seeman (2018), and Johnson (2019) studies indicate 

that early life stage thyroid disruption in fathead minnows, specifically male individuals, leads to a 

severe loss of reproductive output, and that genes related to neurogenesis have also be altered. Given 

the connection between THs and neurodevelopment it is hypothesized that fish exposed to PTU during 

development will display altered reproductive behaviors  

 The overall goal of this project was to determine if fathead minnows exhibit altered 

reproductive behavior resulting from early-life-stage TD induced via PTU exposure. To achieve this goal, 

three specific objectives were addressed. The first objective was to confirm thyroid disruption in larval 

fathead minnows. To accomplish this objective three methods were utilized: [1] gene expression 

analysis of TH related genes, [2] immunohistochemistry staining that allowed for the quantification of T4 

in the thyroid follicles of fathead minnow larvae, and [3] morphometric analysis. The second objective of 

the study was to examine the impact of early-life-stage PTU exposure on neurodevelopment and 

behavior in general by assessing indicators such as feeding behavior and predatory avoidance. The final 

objective of this study was to determine if reproductive behaviors differed between control and PTU-
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exposed males. To accomplish this objective a reproductive assay was ran that compares both courtship 

and competitive behaviors between control and PTU-exposed males as well as determined the overall 

winner of the nesting site.    

Methods 
 

Fish Care and Maintenance. All of the fish used in this project were obtained from the Texas 

Christian University (TCU) Environmental Toxicology Lab and procedures were approved by the TCU 

Institutional Animal Care and Use Committee (IACUC, Protocol #1920-3). Fathead minnow embryos 

were gathered by collecting breeding structures (split PVC pipes) that had eggs from TCU’s fish stock and 

placing them in 1L beakers in incubators heated to 26± 1֯ C and under a photoperiod of 16-hour light: 8-

hour dark until hatch.  

Exposure. Newly hatched larvae were placed into three different groups, control (0 mg/L PTU), 

low PTU (35 mg/L), and high PTU (70 mg/L) and exposed through 39 dph. Stock solution for PTU was 

made daily using 6-propyl-2-thiouracil (Sigma Aldrich; St. Louis, MO). Exposures were conducted in 1 L 

beakers from 0 to 16 dph.  Larvae were kept at a density of 42 fish per beaker and 80% water changes 

were performed daily.  

  On day 7 of the exposure, a subset of fish were sacrificed for morphometric analysis, thyroid 

disruption confirmation via gene expression analysis, and immunohistochemistry staining analysis. At 17 

dph, larvae were moved into 9 L aquaria with an approximate density of 77 fish per tank and 66% water 

changes were performed daily.  At 30 dph, fish were split between 12 tanks (6 control, 3 low PTU, and 3 

high PTU) with an approximate density of 50 fish per tank and daily water changes continued. 

At 7 dph, a sample of fish were collected to perform a feeding assay and then returned to 

respective 1 L beakers. On day 12 of the exposure, a random sample of fish were collected to conduct a 

predator avoidance assay and then returned to their respective 1 L beakers 



 
 

 

10 

 On day 39 the exposure ended, and fish were transferred to 37 L aquaria, containing 27L of 

water, with a density of 50 fish per tank and 33% water changes were performed daily. At approximately 

93 dph, fish were moved into 75L aquaria filled with 60L of water with a fish density of approximately 65 

fish per tank.  At 148 dph, fish were separated out into additional 75L tanks with a density of 33 fish per 

tank and were kept in these tanks till the start of the breeding assay.  

 Throughout the duration of this experiment, water changes were conducted daily, and the light 

cycle was 16-hour light:8-hour dark. From 0 to 29 dph, fish were fed Artemia nauplii and then 

transitioned to Tetramin Tropical Flakes (Tetra Holding Inc; Blacksburg, VA) with supplementary Artemia 

until fish were sizable enough to consume only flake food (approx. 39 dph). Water quality testing on pH, 

conductivity, ammonia, alkalinity, and hardness was performed every 4 days throughout the duration of 

the exposure, and then performed once every two weeks after the exposure period ended.   

Thyroid Disruption Confirmation 

 Morphometric Analysis. On day 7 of the exposure, 10 fish per treatment were euthanized with 

MS-222 for mass and length measurements, and whole larvae were placed on dry ice and stored at           

-80°C until tissue homogenization for gene expression. Length of fish was measured using electric 

calipers and fish mass was measured by patting dry and weighing using digital scale.     

Thyroid hormone related gene expression.  Tissues that were used in the morphometric 

assessment were homogenized using a QSonica Q125 sonicator (Sonics & Materials Inc.; Newtown, CT) 

and RNA was extracted using a Maxwell 16 Instrument and a Maxwell 16 LEV simplyRNA Tissue Kit 

(Promega; Madison, WI) according to manufacturer’s protocol (described in Sellin Jeffries et al., 2014). 

Total RNA concentration and purity were measured using NanoDrop 1000 Spectrophotometer (Thermo 

Fisher Scientific; Wilmington, DE).  Processed RNA samples were stored at -80°C until cDNA conversion. 

 Synthesis of cDNA from RNA was performed using a Bio-Rad iScript cDNA synthesis kit (Bio-Rad; 

Hercules, CA).  Total RNA samples were diluted to a concentration of 13.33 μg/mL in nuclease free 

water.  Next, 2 μL of qScript cDNA Supermix was combined with 8 μL of the diluted RNA in a 0.2 mL PCR 
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tube.  The tubes were then placed in a T100 Thermocycler (Bio-Rad) under a heat cycle setting of 25°C 

for 5 min, 42°C for 30 min, 85°C for 5 min, and a hold at 4°C. After the cycle was completed, samples 

were added to 30 μL of reverse transcription buffer and stored at -80°C.  

 All RT-qPCR reactions were performed on a CFX Real-Time System (Bio-Rad) using PerfeCTa SYBR 

Green FastMix (Quantabio; Beverly, MA). Samples were loaded into 96-well plates each well containing 

the following: 5 μL SYBR green mix, 0.3 μL primer mix, 4.3 μL of nuclease-free water, and 0.4 μL of the 

cDNA sample.  All plates were run under the PCR cycle: 95.0°C for 30 s, 95.0°C for 10 s, and 15 s at 

primer annealing temperature, where the last two steps were repeated 40 times.  The primers used in 

these reactions were two housekeeping genes, ribosomal protein L8 (L8) and acidic ribosomal 

phosphoprotein (arp), as well as four thyroid hormone related genes, deiodinase 2 (di2), deiodinase 3 

(di3), thyroid hormone receptor β (trβ), and transthyretin (ttr). Data for gene expression was analyzed 

using the standard curve method, where each target gene was normalized to the reference gene, in this 

case acidic ribosomal phosphoprotein (arp).  There was not a significant difference in the expression of 

the reference gene between groups. For each sample, the relative expression of  each target gene was 

calculated by dividing the mean starting quantity (SQ) of the target gene by the mean SQ of the 

reference gene. For easier data visualization, the relative expression determined for each sample was 

divided by the mean expression of the control samples.   
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Table 1: Genes chosen for thyroid hormone related gene expression including primer sequences and annealing 
temperatures. Abbreviations: di2- deiodinase 2; di3- deiodinase 3; trβ- thyroid hormone receptor beta; ttr- 
transthyretin.   

Gene Primer sequences Annealing temp (°C) 

di2  FW: AATTTTCGGATGTGGCAGAC 
RV: GCAGCAAACATCCTCTCCTC 
 

54 

di3 FW: TAATGAAGATGCGGGAAAGC 
RV: CGCCGTTTTAAAGAAGTCCA 
 

62 

trβ  FW: CAGTGAGTCCGTGGAAGACA 
RV: CAGGTGATGCATCGGTAATG 
 

54 

ttr FW: CTGGTGTGTATCGGGTGGAGTT 
RV: GCATGAGCTTCAAACACCACAT 
 

60 

arp FW: CTGAACATCTCGCCCTTCTC 
RV: GACACACACTGGCGATGTT 

57 

 

Immunohistochemistry Staining. On day 7 of the exposure 10 fish per treatment group were 

euthanized in MS-222 and placed in 4% paraformaldehyde overnight to fix samples. Five samples from 

each group were randomly chosen and washed with phosphate-buffered saline (PBS) and gradually 

washed with increasing methanol (MeOH)/PBS concentrations until the samples could be stored in 100% 

MeOH at -20°C. Samples were rehydrated using increasing concentrations of PBS/MeOH up to 100% PBS 

and then treated with depigmenting solution (1 mL 1M potassium hydroxide, 10 mL 30% hydrogen 

peroxide, 89 mL nanopure water). Following this, larvae were cracked using alternating treatments of 

distilled water and 100% acetone (at -20°C).  Larvae were then treated with a 0.1% collagenase solution, 

followed by a blocking buffer (4% goat serum, 1% bovine serum albumin, 1% DMSO, 0.8% Triton X100, 

and 0.1% Tween-20 in PBS) for 3 hours at room temperature. Blocking buffer was removed and samples 

were incubated at 4°C for 4 days with a primary antibody (polyclonal rabbit anti T4) at a dilution of 

1:500.  Samples were then washed with blocking buffer and incubated with a secondary fluorescent 

antibody (Alexa Fluor 488 Green goat anti-mouse IgG1) at a dilution of 1:150 for 4 days at 4°C.  The 

larvae are then washed and stored in blocking buffer at 4°C until imaging analysis. 
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 Fluorescence of larvae was obtained using a Zeiss Observer Z1 microscope fitted with an LSM 

710 laser (ZEISS; Oberkochen, Germany) and ZEN software for processing. Larvae samples were 

positioned on culture dishes (35 mm petri dish, 14 mm microwell, No. 0 coverglass, MatTek)  between 

two trimmed cocktail straws to ensure larvae were properly positioned with ventral side facing the glass 

well. All images are saved as LSM files to preserve microscopy data associated with the image. 

 Image quantification was performed using ImageJ software (National Institute of Health) with 

plug-ins, StackReg and TurboReg.  ImageJ was used to measure integrated density (metric for area and 

fluorescence) and all samples were normalized to the control group in order to analyze differences in 

follicular T4 content. 

 

Behavioral Assays 

Feeding Assay. At 7 dph, 20 fish from each replicate (n=60) were randomly selected for a feeding 

assay, the methods of which are defined in (Krzykwa and Sellin Jeffries, 2020) but are briefly mentioned 

below. Fish were collected before their typical morning feeding time to ensure the efficacy of the assay. 

The control fish were put into their own wells in a 6-well plate and 10 Artemia were counted and placed 

into each well using a plastic pipette. The whole process took ~15 min for all twenty fish in the control 

group.  They were then placed into an incubator with a temperature range of 26± 1֯ C and left for one 

hour. As soon as the control fish were placed in the incubator the process was repeated for the low PTU 

fish and then once again for the high PTU fish so that assays were staggered by ~15 min each. At the end 

of the hour for each group the 6-well plates were removed and the remaining Artemia were counted 

and recorded.  All fish at the end of the assay were returned to their respective beakers.  

C-Start Assay. At 12 dph, 20 fish from each group (n=60) were randomly selected for the C-start 

assay, the methods of which are defined in (Krzykwa and Sellin Jeffries, 2020) but are briefly mentioned 

below. Replicates were put through the assay in sequential order (e.g., control, low, high, repeat) to 

prevent any biases in time of sampling.  Individual samples were placed in petri dishes containing 20 mL 
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of water and positioned on a laminated 1mm grid sheet that had a haptic motor connected directly 

underneath to provide an external stimulus (i.e., vibration). Above the petri dish was a Fastec IL4 (Fastec 

Imaging; San Diego, California) high speed camera that recorded the reaction of the fish to the stimulus 

at 1000 frames per second.  The recording was run in conjunction with FasTec FasMotion version 1.8.25 

(Fastec Imaging) imaging software and videos were analyzed using ImageJ measuring body length, 

escape velocity, latency, total escape response and escape angle. If the fish did not respond to the 

stimulus, a 30 second latency period was observed before activating the stimulus again. If a fish did not 

respond in three attempts, they were marked as no response. All fish at the end of the assay were 

returned to their respective beakers.   

Reproduction Assay. Once fish were sexually mature (~6 months), 32 males/group were 

collected and anesthetized using MS-222 in order to fin clip the males for identification.  Males were 

then partnered with another male in a differing treatment group (i.e., control x 35 mg/L PTU, 35 mg/L 

PTU x 70 mg/L PTU, and control x 70 mg/L PTU) along with a single female and breeding structure in a 

27L tank. This process started around 0800 and the fish were given a 3 min acclimation period before 

being filmed for 5 min with a GoPro camera (GoPro Inc.; San Mateo, California). Recording was done 

again 2 hours later for 5 min followed by a similar recording schedule the next day for a total of 20 min 

of film. During the assay fish were kept under optimal conditions for breeding (i.e., ~25± 1֯ C water 

temperature, 16-hour light: 8-hour dark photoperiod) and fed Tetramin flakes twice a day. Video 

footage was then analyzed by quantifying the number of behaviors (shown in Table 1) performed as well 

as the overall winner defined by the male that displayed the greater number of aggressive behaviors or 

spent the longest time under the breeding structure.    
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Table 2. Male reproductive behaviors displayed towards males and females.  

Behavior Description 

Competition   

Headbutting Male will swim towards another male hitting it with the anterior end of its 
snout 

Chasing  Male will swim rapidly after another male 

Tail-whipping Male will position himself next to another male and laterally undulate its 
caudal fin, hitting the other male  

Courtship   

Headbutting Male will swim towards a female hitting it with the anterior end of its snout 

Chasing  Male will swim rapidly after another female 

Lateral Display Male will position himself next to a female and without touching laterally 
undulate its caudal fin  

Spawning  Male will cup the female and undulate his body while pushing female to 
ceiling of nesting site  

Nest Cleaning  Male will position himself vertically under the nest site and bite or nibble the 
ceiling  

 
Statistical Analysis 

Statistical analysis was performed using JMP 11.2.0 software (SAS; Cary, NC). For all analyses involving 

comparing three or more groups a Levene’s Test was used to determine unequal variance between 

groups. If the data had unequal variances a Wilcoxon test was used followed by a Steel-Dwass post hoc 

test if significance was found. For data with equal variances a one-way analysis of variance (ANOVA) was 

performed and if significant followed by a Dunnett’s post hoc test to determine significance between 

groups.   

  A Pearson chi-square test was used to determine differences in C-start responses and the 

number of wins in the reproductive behavior assay. Fish pairings where there was a difference in mass 

greater than 30% were excluded from analysis and a t Test was used to determine the difference in 

reproductive behaviors displayed between the pairings. For all tests, statistical significance was set at α= 

0.05.  
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Results 

Confirmation of Thyroid Disruption 

 
Morphometric Analysis. During the exposure, there were significant differences detected in 

mass and length of fathead minnows at 7 dph (ANOVA, P <0.01 for both; Figure 2). For mass, there were 

no significant differences between the control and low-PTU fish or control and the high-PTU fish;  

however, the mass of the high-PTU fish was significantly less than that of the low-PTU fish. For length, 

there were no significant differences between the control and low-PTU group; however, the length of 

the high-PTU fish was significantly less that of the control and low-PTU group.   

 

Figure 2. Average mass (A) and length (B) of fathead minnows at 7 days post hatch. Black bars 
represent the control (0 mg/L), dark grey bars represent the low-PTU group (35 mg/L) and light 
grey bars represent the high-PTU group (70 mg/L). Error bars represent standard error and * 
denotes significant difference between groups n= 30 per group 
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Immunohistochemistry Staining. On day 7 of the exposure, significant differences were detected 

in follicular T4 content. Specifically, there was a statistically significant 98% reduction in fluorescence in 

the high-PTU group compared to the control (Wilcoxon, p= 0.03; Figure 3). There was also a 47% 

reduction in fluorescence in the low-PTU group compared to the control group, although it was not 

significant.  

  

 Gene Expression Analysis. The results for thyroid-related gene expression appear in Figure 4. 

There were significant differences found between groups for all four of the genes examined. For di2, 

there was significant upregulation in the low and high-PTU group compared to the control group 

(Wilcoxon, P< 0.01). Significant downregulation was seen in both low and high-PTU group compared to 

the control group for di3 (ANOVA, P< 0.01). The high-PTU group demonstrated significant 

downregulation compared to the control group for both ttr (Wilcoxon, P< 0.01) and trβ (ANOVA, P= 

0.04). For ttr, the low-PTU group demonstrated a 55% reduction in expression compared to the control 

group but it was not statistically significant.     

 

Figure 3. Relative integrated density for immunofluorescence in fathead minnows.  The black bar 
represents the control group (0 mg/L), the dark grey bar represents the low-PTU group (35 mg/L) and 
the light grey bar represents the high-PTU group (70 mg/L). Error bars represent standard error and * 
denotes significant difference from control . n= 5 per group 
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Behavioral Assays 
 

Feeding Assay. On day 7 of the exposure, a subset of fish was subjected to a feeding assay. 

There was no significant differences in the average number of artemia consumed between any of the 

groups (ANOVA, P= 0.07; Figure 5).  

C-Start Assay. On day 12 of the exposure a C-start assay was conducted where 20 fish were 

randomly selected from each group and subjected to a vibrational stimulus to test predator escape 

response.  There were no significant differences detected between the groups (Pearson Chi-square, P= 

0.12; Figure 6). There were also no differences detected in the metrics that make up typical C-start 

behavior (ANOVA; latency, P= 0.37; velocity, P= 0.33; escape angle, P= 0.85; total escape response, P= 

0.68 

 

Figure 4. The normalized relative expression of thyroid-related genes (deiodinase 2, di2; deiodinase 3, di3; 
thyroid hormone receptor beta, trβ; transthyretin, ttr) in whole body tissue of fathead minnows at 7 days 
post hatch. Values represent mean fold change in propylthiouracil (PTU) exposed fish relative to control fish.  
Black bars represent the control group (0 mg/L), dark grey bars represent the low-PTU group (35 mg/L) and 
light grey bars represent the high-PTU group (70 mg/L). Error bars represent standard error and * denotes 
significant difference from control according to Steel or Dunnett’s post-hoc test. n= 9 per group 
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Figure 5. Average number of artemia consumed by fathead minnows at 7 days post hatch. The 
total number of artemia presented to the fish were 10. The black bar represents the control group 
(0 mg/L), t dark grey bar represents the low-PTU group (35 mg/L) and the light grey bar represents 
the high-PTU group (70 mg/L). Error bars represent standard error. n= 20 per group. 

 

Figure 6. Percentage of positive response (displayed typical C- start response) in fathead minnows 
at 12 days post hatch. Black bar represents positive response and grey bar represents negative 
response (did not display any C-start response). n= 20 per group.  
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Reproduction Assay. Once fish were sexually mature, a reproductive behavior assay was 

performed to compare the number of behaviors related to reproduction such as competition, courtship, 

and nest care behaviors between the different pairings. For the control vs. low-PTU pairing, there were 

no significant differences detected in the number of behaviors displayed in each category. However, 

there was a 46% reduction in the overall number of behaviors displayed seen in low-PTU group 

compared to the control group, but it was not significant (t Test, competition, P= 0.09; courtship, P= 

0.20; nest care, P= 0.21, sum of behaviors, P= 0.09; Figure 7A).   Significant reductions in all behavior 

categories were detected in the high-PTU group compared to the control group, specifically a 71% 

reduction in competition behaviors, 73% reduction in courtship behaviors, and a 75% reduction in nest 

care behaviors (t Test, competition, P< 0.05; courtship, P< 0.05; nest care, P< 0.01, sum of behaviors, P< 

0.01; Figure 7B). The low-PTU vs. high-PTU group displayed no significant differences in the number of 

behaviors between the two groups (t Test, competition, P= 0.18; courtship, P= 0.29; nest care, P= 0.18, 

sum of behaviors, P= 0.17; Figure 7C).  

 Win Data. In addition to quantifying the numbers of behaviors in each reproductive behavior 

category, winners of each trial were also recorded. In the control versus low-PTU pairing, there was no 

significant difference in win percentage between the two groups (Pearson chi-square, P= 0.41; Figure 

8A). However, there was a significant difference in win percentage between the control vs. high-PTU 

group with the high-PTU group losing 82% of the trials (Pearson chi-square, P< 0.01; Figure 8B). There 

was no difference in win percentage in the low-PTU vs. high-PTU pairing with both groups winning 50% 

of the trials (Pearson chi-square, P= 1.0; Figure 8C).  
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Figure 7: Average number of competition behaviors (black bar), courtship behaviors (light grey 
bar), and nesting behaviors (dark grey bar) between (A) control (0 mg/L) versus low-PTU (35 
mg/L), n=12; (B) control (0 mg/L) versus high-PTU (70 mg/L), n=11; and (C) low-PTU (35 mg/L) 
versus high-PTU (70 mg/L), n=14. 
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Figure 8. Percentage of wins (one male displayed a greater number of reproductive behaviors than the 
other) between (A) control (0 mg/l) versus low-PTU (35 mg/L), n=12; (B) control (0 mg/l) versus high-
PTU (70 mg/L), n=11; and C) low-PTU (35 mg/L) versus high-PTU (70 mg/L), n=14. Black bars represent 
win percentage, grey bars represent losing percentage and asterisks (*) denotes significant differences.    
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Discussion 
 
Confirmation of Thyroid Disruption 
  
 Morphology. Thyroid hormones are known to be an important factor in growth and 

development of teleosts (Power et al., 2001), therefore, measurements such as mass and length are 

used as biomarkers for TD (Crane et al., 2006; Macaulay et al., 2017). In this study, 7 dph high-PTU fish 

were significantly shorter in length than the control group and the low-PTU group. It was also 

demonstrated that the high-PTU group displayed significantly lower mass compared to the low-PTU 

group. Other studies have similarly demonstrated that TD significantly impacts length and mass (Van Der 

Ven et al., 2006; Chen et al., 2010) therefore, these findings suggest that TD occurred as early as 7 dph.   

 Immunohistochemistry. There are multiple indices that are used to measure TD and one of the 

most sensitive ones is follicular thyroid content represented by T4 (McNabb et al., 2004). In recent years 

immunohistochemistry techniques have been used to assess the T4 content in thyroid follicles of 

zebrafish (Radula and Babin, 2009). In this study, immunohistochemistry was utilized to quantitatively 

assess the amount of T4 located within the thyroid follicles of control and PTU exposed fathead 

minnows by measuring integrated density. The results of this assay indicate a dose dependent response 

of diminished fluorescence in the fish exposed to PTU relative to the control group (Figure 3). The high-

PTU group demonstrated significantly lower fluorescence compared to the control, and although the 

low-PTU group exhibited a 2-fold decrease compared to the control group, it was not statistically 

significant. Given the fact that PTU is known to lower T4 content in thyroid follicles of zebrafish (Schmidt 

and Braunbeck, 2011), due to PTU acting as a TPO inhibitor, it can be deduced that TH synthesis was 

successfully disrupted in PTU exposed fish.   

 Thyroid related gene expression. Significant alterations were seen in the expression of genes 

related to TH synthesis. There was a significant downregulation in trβ in the high-PTU group. Thyroid 

hormone receptor β is a nuclear receptor that binds T3 and acts as a transcription factor to activate TH 

target genes (Zoeller et al., 2007). Considering that T3 production is contingent on the presence of T4 
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and DI2 (Kuiper et al., 2005) and the fact IHC analysis showed reduced T4 concentrations, the 

downregulation seen in the high PTU group could be explained by a reduced amount of circulating T3 

There was significant upregulation of di2 in both the low- and high-PTU groups of fish. The 

purpose of DI2 is to convert T4 to T3 (Bianco and Kim, 2006); therefore, the upregulation seen could 

represent a compensatory mechanism intended to increase concentrations of T3, even in the face of 

decreased T4 production. Similar results have been previously reported among zebrafish exposed to the 

polybrominated diphenyl ether, DE-47, a known thyroid disruptor (Yu et al., 2010), as well as 

perchlorate (Zhao et al., 2013).  

 For di3, there was a significant dose-dependent downregulation in both PTU-exposed groups 

compared to the control group. The main function of DI3 is to inactivate T3 to 3,5-diiodo-L-thyronine 

(T2), an inactive product that is metabolized by continued deiodination, in order to rid the body of 

excess thyroid hormones and maintain thyroid hormone homeostasis (Bianco and Kim, 2006).  The 

observed downregulation of di3 could be due to lowered circulating T3 concentrations. The body would 

want to compensate for lowered T3 concentrations by limiting the amount of metabolization that is 

occurring to T3 in order to allow for the maximization of T3 reaching target tissues. 

 Dose-dependent alterations were seen in the relative expression of ttr; however, statistically 

significant differences in expression were only observed between fish in the high-PTU group and the 

control group.  Transthyretin is a transport protein that allows for the travel of T4 and T3 throughout the 

blood (Carr and Patiño, 2011). One potential explanation behind the observed downregulation is that 

due to a decrease in overall TH concentration, less TTR is needed for transport. A secondary, and more 

likely reason for lowered TTR that could explain the downregulation is a compensatory mechanism that 

would increase the amount of free TH to enter cells (Campinho et al., 2012). Only free THs can enter 

cells, therefore, greater importance is placed in having a higher amount of circulating THs that can 

interact with target tissues.  



 
 

 

25 

 Given the results of the three methods used to confirm thyroid disruption (i.e., growth analysis, 

immunohistochemical labeling of thyroxine, and thyroid hormone related gene expression), it can be 

concluded that early life stage thyroid disruption was successful in fathead minnows exposed to PTU 

and that it was displayed in a dose-dependent manner.   

 

Early Life Stage Behavior Assays 

 Feeding Assay. Feeding represents a broad endpoint used to assess the overall wellbeing of 

organisms due to the complex physiological nature of prey recognition and capture (Portugues and 

Engert, 2009). Previous studies have demonstrated altered foraging behavior as a result of TD.  

Examples include mummichogs (Fundulus heteroclitus) experiencing TD from a polluted site 

demonstrated decreased foraging behavior compared to mummichogs from a non-polluted site (Smith 

and Weis, 1997), triclosan decreased foraging behavior in D. rerio (Wirt et al., 2018), and exposure to 

DDT diminished prey capture of X. laevis towards live prey (South et al., 2019). The ability to feed 

depends strongly on visuomotor behaviors which rely heavily on multisynaptic pathways that link visual 

perception to muscle action in the periphery (Gahtan et al., 2005).  In many teleost species, vision is 

critical for recognizing and acquiring prey (Hairston et al., 1982), meaning proper formation of the eyes 

is crucial to survival in these species. In addition to proper eye development, general nervous system 

development which can affect locomotion is also necessary for successful feeding.  Thyroid disruption 

has been shown to reduce neuronal migration, delay neuron proliferation, impair development of 

dendrites, delay myelination, and reduce axonal guidance (Reviewed by Prezioso et al., 2018), all of 

which are necessary components of central nervous system development. In a previous study, zebrafish 

that were exposed to tetrabromobisphenol A, a known thyroid disruptor, demonstrated 

neurodevelopmental toxicity via a downregulation of genes related to central nervous system 

development, and subsequently decreased average swimming speed and locomotor activity, indicating 

that improper nervous system development affects locomotor activity. Given the fact that thyroid 
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disruption has been shown to alter eye development and locomotion, which are key components of 

feeding, fish exposed to PTU in this assay might have altered feeding behavior. 

 In this assay, there were no significant alterations in the feeding behavior of fish exposed to 

PTU, regardless of concentration, compared to the control group. A potential explanation for this is that 

neuron formation associated with eye development was not significantly altered enough that it would 

lead to a difference in prey capturing ability. Neuronal development is comprised of many specific 

processes such as axonogensis, neuron differentiation, neuron projection extension, and dendrite 

morphogenesis (Reviewed by Prezioso et al., 2018). During neuronal development, axons will form 

synaptic connections with dendrites of other neurons, which allows for the exchange of information 

(Reviewed by Stiles and Jernigan, 2010). The observed lack of statistically significant differences in prey 

capture between the control and PTU exposed groups suggests that neuron formation was either not 

altered at all or not altered enough to induce changes in eye development and/or the nervous system 

signal transduction required for normal locomotion.  A previous study did find that larval zebrafish 

exposed to PTU for 5 days post fertilization altered eye size and their visual capacities, as seen in a dose-

dependent decrease in their optokinetic response (i.e., a compensatory ocular motor reflex; Baumann et 

al., 2016). This effect was noted at an exposure concentration of 100 mg PTU/L, but not at 50 mg PTU/L; 

thus, it is possible that the concentrations of PTU used in this study (35 and 70 mg/L) were not high 

enough to elicit any significant alterations to proper neuronal growth that could potentially affect eye 

development and locomotion.   

 C-start Assay. A well-studied innate predator escape response that is conserved across teleost 

species is known as C-start. This is a fast-start escape response where the fish will form a C-shape with 

its body and quickly swim in a direction away from a predator (Domenici and Blake, 1997; Painter et al., 

2009). This fast-start reaction is controlled by the Mauthner cells located in the hindbrain of teleosts 

(Eaton et al., 2001). Mauthner cells are part of the reticulospinal system, and their purpose is to receive 

sensory (i.e., visual, auditory, and vibrational) input and relay that information through axons to the 
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spinal cord, where spinal motoneurons become activated to initiate the C-start response (Grantyn et al., 

1992).  Considering successful C-start relies on information being relayed by a series of neurons starting 

in the hindbrain and continuing down the spinal cord, any significant alteration of this pathway could 

result in a change to the C-start escape response.  Previous studies have demonstrated that abnormal 

neurodevelopment leads to altered behavior, specifically predator escape response (Oliveri et al., 2015; 

Shan et al., 2015). Therefore, if alterations are seen in C-start behavior it could be indicative of abnormal 

neurodevelopment.  

 In the present study, there were no significant alterations in C-start responses between the 

control and PTU-exposed groups as measured by the number positive responses. There are multiple 

measurements that quantify the total C-start behavior such as, latency in reaction time, velocity, and 

escape angle (McGee et al., 2009), but there were no significant differences in these metrics between 

the control group and the PTU-exposed groups. This indicates that the concentrations of PTU used in the 

present study did not impact the ability of larval fish to react to the vibrational stimulus, nor to 

successfully complete the C-start maneuver.  

C-start begins with taking in visual, auditory, and vibrational stimuli and transducing them into 

musculoskeletal activation through the Mauthner cells (Eaton and Hackett, 1984) meaning, that for the 

control and PTU exposed groups their ability to receive these cues and translate that information 

through the Mauthner cells to the spine was not significantly altered. There is also the possibility that 

even if the Mauthner cells were partially altered, there are compensatory mechanisms in place to 

achieve the same escape response. In a previous study, Mauthner cells were removed from larval 

zebrafish and the authors found that the fish were still able to respond to stimulus cues albeit more 

slowly (Liu and Fetcho, 1999). This indicates that fish can still react to external cues via other pathways, 

which have a longer processing time than the Mauthner cell pathway. Overall, the lack of significant 

alterations between control and PTU exposed groups in both the feeding and C-start assay indicates that 
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processes involved with neural development had not been impacted enough at the time to illicit any 

significant changes.  

 

Reproductive Behavior Assay 

Fathead minnow reproduction involves intense bouts of behaviors which are split into two main 

categories; the first being competition where males display aggressive behaviors to each other in to gain 

and defend a nesting site, and the second being courtship and cleaning behaviors where the male cleans 

the nest and display behaviors to the female to lure her into the nesting site (McMillan and Smith, 

1974). In this study, a reproductive behavioral assay was used to quantify the number of behaviors 

performed between the pairings (i.e., control vs. low-PTU, control vs. high-PTU, and low-PTU vs. high- 

PTU) as well as the male that won for each trial. 

 For the win data, the only pairing for which significant differences were observed was the 

control vs high-PTU pairing. High-PTU males won in 18% of trials, while control males won 82% of the 

time. The low proportion of wins among high-PTU males can be explained by significant differences in 

the number of competition behaviors displayed by the high-PTU fish in this assay. For a fish to have won 

the trial, they needed to gain control of the nesting site, which can be accomplished by outcompeting 

other males through the display of aggressive competition behaviors. Three specific behaviors were 

quantified for competition (i.e., headbutting, chasing, and tail-whipping). The data shows that of those 

three behaviors only chasing was significantly reduced in the high-PTU group compared to the control, 

although there were declines in the number of behaviors displayed in headbutting and tail-whipping, 

but they were not significant.   

One possible mechanistic explanation behind the reduction in competition behaviors is related 

to the upregulation of genes involved in the catecholaminergic system. Johnson (2019) demonstrated 

that PTU exposed fish showed significant upregulation of comt. The role of the comt gene is to produce 

catechol-O-methyltransferase which is responsible for breaking down dopamine (Mӓnnistö et al., 1992).   
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Dopamine has been shown to play a crucial role during neurodevelopment. A previous study 

demonstrated the presence of dopamine receptors, D1 and D2, in the brain during embryonic 

development indicating that dopamine plays a role in neurogenesis (Jung and Bennett, 1996). Using 

tyrosine-hydroxylase antibodies, it has been shown that dopaminergic tracts spread throughout the 

brain and spinal cord of zebrafish as early as 18 hpf and continue to spread throughout the embryonic 

life stage (McClean and Fetcho, 2004). In part, this spread of dopaminergic tracts come from progenitor 

cells that can differentiate into dopaminergic neurons (Noisa et al, 2015). In a study looking at the effect 

of dopamine on progenitor cells in mice at embryonic day 15, it was found that dopamine plays a role in 

in the proliferation and differentiation of progenitor cells in the striatum (Popolo et al., 2004), a 

mammalian brain region homologous to the subpallial structure of teleosts, which is associated with 

learning, motor control, and behavior (Tay et al., 2011; Reviewed by Vaz et al., 2019). Thus, a lack of 

dopamine during early development, as suggested by the upregulation of comt seen in the Johnson 

(2019) study, could alter the development of specific brain regions associated with these processes.   

In addition to alterations seen in the expression of comt, Bruns (2017) showed that bteb 

expression had been significantly downregulated in PTU-exposed fish.  This is unsurprising given the fact 

that bteb transcription relies on TH receptor activation (Denver et al., 1999).  The primary role of BTEB is 

to influence neurite development; therefore, fish exposed to PTU might have had altered neurological 

function (Denver et al., 1999). When organs (e.g., brain and central nervous system) are developing in 

early life stage vertebrates it represents a sensitive period for exposure to thyroid disruptors (Reviewed 

by Batista and Hensch, 2019). It is during this period that thyroid disruption can exert organizational 

effects (i.e., structural changes that happen in early development that become permanent) that can 

alter brain circuitry, which can affect growth, reproduction, and behavior (Reviewed by Rosenfeld et al., 

2017). In the present study there were no alterations in the early life stage behavioral tests between 

control and PTU-exposed fish; however, there were differences in the competition behaviors which 
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potentially indicates that thyroid disruption during the larval stage potentially elicited organizational 

effects that were not seen until the fish had reached maturity.     

  Along with the decrease in competition behaviors in the control vs. high-PTU group, there were 

also significant decreases in both courtship and nest care behaviors with a 73% and 75% decrease, 

respectively.  These results provide a potential explanation for the 50% decrease in the fecundity of 

high-PTU exposed fish as seen by Bruns (2017). Fecundity is a measurement of both clutch size and 

spawning frequency, with clutch size being in part a metric of ovarian function (Spence and Smith, 2006) 

and spawning frequency being the result of male behavior.  

One of the results of the Bruns (2017) study showed significant downregulation in the 

expression of arom, which is responsible for converting testosterone to estrogen (Nathan et al., 2001).  

Estrogen has been shown to play crucial roles during neural development in vertebrates. This is 

demonstrated because cytochrome P450 (cyp19b) which is the gene that encodes for aromatase found 

primarily in the brain of teleosts, is expressed in zebrafish <7 hpf, suggesting that estrogen is a necessary 

component of neural development (Sawyer et al., 2006). In fact, through immunohistochemistry, the 

expression of estrogen receptors have been associated with areas of the brain such as the 

hypothalamus, preoptic area (POA), and hippocampus which are areas of the brain that regulate 

reproductive behaviors (Shughrue et al., 1997).  

Estrogen initiates two concurrent processes in the brain: 1) masculinization, a process which 

makes the brain capable of manufacturing male-specific behaviors and 2) defeminization, a process by 

which female-specific behaviors are stripped from the brain (Brand et al., 1991; Houtsmuller et al., 

1994). Estrogen has been shown to play a role in axonal regeneration, which disrupts neuronal repair 

and plasticity, and cell proliferation of the pallium, thalamus, and preoptic area of zebrafish larvae (Nasri 

et al., 2021). One area of particular interest, considering it is heavily organized by estradiol, is the POA 

which is part of the hypothalamus (Reviewed by Lenz et al., 2012). In the electric fish (Brachyhypopomus 

guaderio), the POA becomes activated in male fish during reproduction (Pouso et al., 2019) and in male 
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rats, ablation of the POA lead to a reduction in the motivation to mate and the physical act of copulation 

(Christensen et al., 1977), indicating that the POA plays an important role male sexual behavior. If these 

brain regions were altered in the fish exposed to PTU, it could provide a possible explanation behind the 

reductions seen in the courtship behaviors.  

The downregulation in the expression of arom in the Bruns (2017) study, likely leads to a 

decrease in circulating estrogen and subsequent reductions in estrogen receptor expression, as estrogen 

receptors are autoregulated meaning a decrease in circulating estrogen levels induces a decrease in 

estrogen receptor expression (Varriale and Tata, 1990). This is corroborated by Bruns (2017), in which 

there was a significant down regulation of estrogen receptor alpha in fathead minnows exposed to PTU. 

Given this and the known role of estrogen in the masculinization and defeminization of the brain, it is 

plausible that the lack of courtship behaviors observed in the high-PTU group stems from alterations in 

estrogen signaling.    

 

Conclusion 

 In the present study, early life stage thyroid disruption in fathead minnows was confirmed 

through morphometric analysis, gene expression of thyroid hormone related genes, as well as 

quantification of follicular T4 content. It was hypothesized that early life stage thyroid disruption would 

alter reproductive behaviors in adult male fathead minnows. When looking at the analyses of 

reproductive behaviors, there was a clear and significant reduction in the display of reproductive 

behaviors by PTU-exposed males compared to the control males. The lack of reproductive behaviors 

displayed by PTU-exposed males links the findings of the Bruns (2017) and Johnson (2019) studies, and 

now there is now a mechanistic connection between early life stage thyroid disruption, altered 

neurodevelopment, reduction in reproductive behaviors, and decreased fecundity. However, there were 

no significant alterations in early life stage behavioral assays between the PTU-exposed groups and the 

control group.  This could represent the onset of organizational effects produced at the larval stage or a 



 
 

 

32 

latency period in the observable affects that are the result of abnormal neurodevelopment. Therefore, 

future studies would be necessary to determine if behaviors of males are altered throughout the life 

span in response to early life stage thyroid disruption.   
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ABSTRACT 
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Changes in thyroid hormones levels have been associated with alterations in somatic development and 

growth. However, recent studies have shown that alterations in thyroid hormone levels during early life 

stage development can lead to long-term changes in reproduction. Specifically, fathead minnows that 

have been exposed to propylthiouracil (PTU) experienced a 50% reduction in fecundity.  The purpose of 

this study was to determine if early life stage thyroid disruption led to an alteration of reproductive 

behaviors in male fathead minnows.  To accomplish this, larval fathead minnows were exposed to PTU 

and reproductive behaviors were quantified.  Results showed that PTU-exposed fish demonstrated 

significantly fewer reproductive behaviors than those in the control group. This data provides an 

explanation for the previously observed 50% decrease in fecundity in the fathead minnows exposed to 

PTU and provides further evidence that early life stage thyroid disruption can interfere with the display 

of key and ecologically-relevant behaviors later in life.    

 


