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ABSTRACT OF THE DISSERTATION 

 
Osmoregulatory Impacts of Triphenyl Phosphate on Zebrafish Embryos  

 
 

by 
 

Jenna Wiegand 
 

 
Doctor of Philosophy, Graduate Program in Environmental Sciences 

University of California, Riverside, June 2023 
Dr. David Volz, Chairperson 

 

Triphenyl phosphate (TPHP) is an organophosphate ester-based plasticizer and 

flame retardant that is used worldwide and detected at elevated levels within 

environmental media such as surface water, dust, and sediments. Past studies have 

found that TPHP causes adverse phenotypes within embryonic zebrafish when exposed 

from 24-72 h post fertilization (hpf), including prevention of cardiac looping due to 

pericardial edema. TPHP is not the only environmental contaminant that is known to 

cause pericardial edema in embryonic zebrafish, as over 35 other chemicals have been 

found to cause pericardial edema. However, little is known about the mechanism leading 

to edema formation within fish embryos even though there are numerous studies that 

have investigated the mechanisms underlying edema within mammalian models and 

humans. In Chapter 2, we will determine whether TPHP exposure disrupts the abundance 

of Na+/K+ ionocytes in early embryonic development within zebrafish. In Chapter 3, we 

will determine whether media ionic strength affects the toxicity of TPHP within embryonic 

zebrafish, including potential impacts on the yolk sac epithelium. In Chapter 4, we will 

determine how TPHP induces injury to the yolk sac epithelium by focusing on potential 

effects on prolactin abundance and wound repair, as well as whether TPHP-induced 
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pericardial edema is reversible or irreversible. Overall, using TPHP as a reference 

chemical, we expect our findings will increase our understanding of mechanisms 

underlying chemically-induced edema formation within embryonic zebrafish.  
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Chapter 1: Introduction and Literature Review  

Section 1.1: Role of Osmoregulation in Fish Physiology   

Similar to many other vertebrate species, fish maintain ionic and osmotic 

homeostasis to ensure optimal cellular and physiological processes (Guh et al., 2015). 

This process is achieved by utilizing transepithelial transport mechanisms, very similar to 

what is observed in humans (Guh et al., 2015). However, there is a major difference 

between fish vs.  humans, as fish need to balance ionic and osmotic gradients between 

their outward aquatic environment and internal system (Guh et al., 2015). This process 

has evolved to be accurate and adapt quickly to changes in the environment, which can 

vary in osmolarity and ionic composition (Guh et al., 2015). Fish perform many of their 

ionic and osmoregulatory mechanisms in their gills, which take on a similar role as the 

human kidney (Evans, 2008; Hwang & Lee, 2007). Within the gills, ionocytes represent 

major, mitochondria-rich cells that are responsible for the transport of ions (mainly Na+, 

Cl-, Ca 2+, H+, HCO3-, and NH4 in freshwater fish) and are functionally analogous to 

mammalian renal tubular cells (Dymowska et al., 2012; Evans, 2011; Guh et al., 2015; 

Hwang et al., 2011).  

After fertilization of zebrafish eggs, ionocytes begin to differentiate at 

approximately 24 h post-fertilization (hpf) and are localized along the embryonic skin in 

order to allow transport of essential ions from the surrounding water into the developing 

embryo (Hwang & Chou, 2013). During maturation, ionocytes migrate to the developing 

gills and the number of epidermal ionocytes decrease. After all ionocytes have migrated 

to the gills, the number of ionocytes ceases to increase (Ayson et al., 1994; Hiroi et al., 

1999). Within adults, localization of ionocytes within the gills provides adequate 

respiratory and osmoregulatory capacity in order to meet the physiological demands of 

the organism (Rombough, 2007).   
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Zebrafish has been extensively used as a model to investigate mechanisms 

underlying osmoregulation in freshwater fish (Evans, 2011; Guh et al., 2015; Kumai & 

Perry, 2012; Kwong et al., 2013; Kwong & Perry, 2013). Within zebrafish, five types of 

ionocytes have been identified: (1) H+ ATPase rich (HR), (2) Na+K+ ATPase-rich (NaR), 

(3) Na+Cl- cotransporter expressing (NCC), (4) solute carrier family 26 (SLC26)-

expressing, and (5) K+ secreting (KS) ionocytes; each of these cells have different sets of 

ion transporters responsible for (1) H+ secretion/Na+ uptake/NH4+ excretion, (2) Ca2+ 

uptake, (3) Na+/Cl- uptake, K+ secretion, (4) Cl- uptake/HCO3- secretion, and (5) excretion 

of ions, respectively (Hwang et al., 2011; Hwang & Chou, 2013). Freshwater ionocytes 

have apical surfaces that form microvilli (Hwang, 1988; Marshall et al., 1997; Stainier & 

Fishman, 1992). Importantly, freshwater fish do not always have the same ionocyte 

structure, as there are a few exceptions to the general structure above. The mechanisms 

underlying ion transport in freshwater fish are more complicated than in saltwater fish. 

There are more ionocyte types and subtypes observed in freshwater species, and these 

ionocytes vary depending on the fish’s native environment (Breves et al., 2020; 

Dymowska et al., 2012; Hiroi & McCormick, 2012; Hsu et al., 2014; Hwang et al., 2011). 

These species-specific differences reflect the evolution of different ion uptake 

mechanisms (Hwang & Chou, 2013) due to changing freshwater environments with a 

wide range of ion compositions (Dymowska et al., 2012; Fridman, 2020; Takei et al., 2014; 

Yan & Hwang, 2019).  

Ionocytes are derived from non-neural ectoderm that express ΔNp63 – a 

transcription factor required for the proliferation of epithelial cells (Carney et al., 2007). 

After gastrulation, two specification markers for ionocytes are expressed in specific 

ΔNp63-positive epidermal cells – forkhead box I3a (Foxi3a) and Delta C, which is a ligand 

for Notch signaling. These cells then differentiate into ionocyte progenitors (Carney et al., 
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2007; Hsiao et al., 2007), and Notch signaling maintains cell fate after ionocyte 

progenitors progress through lateral inhibition by inhibiting Foxi3a expression. At the 14-

somite stage, ΔNp63 expression in epidermal ionocyte progenitors is downregulated so 

Foxi3a can activate the differentiation of ionocytes (Carney et al., 2007; Hsiao et al., 

2007). Although prior studies have established that Foxi3a plays a large role in ionocyte 

differentiation in zebrafish, little is known about the localization of epidermal ionocytes 

within embryos. 

Homeostasis is achieved through active transporters. The regulation of ionocytes 

is important for the acclimation process of fish and tightly controlled by hormones (Evans, 

2008; Takei et al., 2014). Prior studies have found that acclimation induces a change in 

ionocyte number in trout, eel, and guppy fish. This occurs during the acclimation process 

when salinity changes, which is thought to be caused by the turnover rate of cells and 

enhanced mitotic activity (Chretien & Pisam, 1986; Conte & Lin, 1967). Other studies have 

found that the expression and function of transporters are modified without corresponding 

changes in cell turnover when salinity levels are lower than normal over a period of a few 

days (Choi et al., 2011; Hiroi et al., 1999; Inokuchi & Kaneko, 2012; Lin et al., 2004). The 

changing number of ionocytes during environmental flux can also be based on the 

transformation of existing ionocytes. Reliance on one or both processes is dependent on 

the species of fish as well as the intensity of the environmental stressors (Guh et al., 

2015).   

In adult fish, ionocytes are found in the gill region, intestines, and kidneys. In 

freshwater fish, ionocytes are regulated by prolactin and cortisol (Chang & Hwang, 2011; 

Hwang & Chou, 2013). The presence of glucocorticoid receptor (GR) mRNA within 

multiple ionocytes in zebrafish gills (Lin et al., 2016) suggests that cortisol may play a 

direct role in ionic activity (Guh et al., 2015). For example, the proliferation and 
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differentiation of ionocytes in saltwater fish have been found to be regulated by cortisol, 

growth hormone (GH), and insulin-like growth factor 1 (IGF-I) (Chang & Hwang, 2011; 

Hwang & Chou, 2013).  

To date, three types of ionocytes have been found in saltwater fish and five types 

of ionocytes have been found in freshwater fish – all of which are specialized for each 

living environment (Inokuchi et al., 2017; Leguen et al., 2015). In freshwater fish, the 

aquaphilic ionocytes regulate the uptake of ions through aquaporins which controls bodily 

fluids of the fish. In saltwater fish, halophilic ionocytes that transport ions out of the cell 

also control cell shrinkage by ensuring there is enough water uptake, a process that also 

utilizes aquaporins (Conte, 2012). In saltwater fish, general morphological characteristics 

have been determined. These traits include the apical membrane being recessed below 

the surface of the surrounding cells, forming what has been coined a “crypt” (Karnaky, 

1986). The “crypt” can be shared with accessory cells (ACs), which are undifferentiated 

ionocytes localized adjacent to mature ionocytes (Hootman & Philpott, 1980).  These cells 

create a “multi-cellular complex” with a cytoplasmic process of ACs, which can spread to 

the apical cytoplasm (Laurent, 1984; Wilson & Laurent, 2002). The current model for NaCl 

transport through ionocytes in saltwater teleosts includes three ion-transporting proteins:  

Na+/K+/2Cl- co-transporter, Na+/K+- ATPase (NKA), (NKCC1) and a Cl- channel 

homologous to the human cystic fibrosis transmembrane receptor (CFTR) (Evans et al., 

1999, 2005; Hirose et al., 2003; Hwang & Lin, 2013).  

Aquaporins are found in most cells to allow water and ion flow into and out of the 

cell, and there are numerous forms of aquaporins to accommodate different cells around 

the body. Aquaporins have been found in a wide range of organisms including fish, 

mammals, and plants. In the case of ionocytes, aquaporins play a large role in 

osmoregulation (Kwong et al., 2013). Within zebrafish, there are currently four major 
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subfamilies identified – orthodox aquaporins (AQP1 and AQP4), aquaglyceroporins that 

transport glycerol and water (AQP3 and AQP7-10), water and urea transporter (AQP8), 

and unorthodox aquaporins (AQP11 and AQP12) (Tingaud-Sequeira et al., 2010). Past 

studies have found that AQP1 could potentially play a role in water absorption and 

osmoregulation, and zebrafish have two of these AQP1 homologues (Chen et al., 2010).  

Section 1.2: Edema Formation in Embryos  

Edema is an abnormal accumulation of fluid in the interstitium of the body’s 

cavities and beneath the epidermal layer (Dejana et al., 2009). Edema can be caused by 

diseases or underlying illness as well as external factors that are causing damage to an 

organism. Edema is seen in most living organisms that retain fluid. The mechanisms 

underlying edema have been extensively studied within mammalian models and humans 

but, within the published literature specific to fish, edema is often described as a negative 

phenotype/endpoint in the absence of mechanistic investigations. Two of the most 

documented edema phenotypes are pericardial edema and yolk sac edema due to the 

ability and ease that both endpoints can be analyzed in a laboratory setting (Narumanchi 

et al., 2021).  Despite the ease of analysis and widespread use of these endpoints, 

pericardial edema and yolk sac edema are often considered non-specific phenotypes due 

to the lack of knowledge about underlying mechanisms causing edema formation 

(Narumanchi et al., 2021).  

Despite the lack of knowledge about the underlying mechanism that causes 

pericardial and yolk sac edema within fish embryos, previous studies have found factors 

which can lead to edema formation in embryonic zebrafish. These factors include 

pathogen exposure (Pikula et al., 2021), decreased number of tight junctions in embryonic 

fish skin (Kiener et al., 2008), increased permeability of fish skin (Kiener et al., 2008), high 

cortisol levels caused by injury and stress (Nesan & Vijayan, 2012), removal of ionocyte 
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transcription factors (Hsiao et al., 2007), reduced retinoic acid signaling (Begemann et al., 

2004), intestinal damage and reduced mucus secretion (Thakur et al., 2014), infiltration 

of macrophages and neutrophils into injuries and globlet cell apoptosis (Xie et al., 2021), 

and upregulation of inflammatory genes (Thakur et al., 2014).   

Section 1.3: Chemically-Induced Edema  

One of the largest fields that utilizes pericardial edema and yolk sac edema as 

endpoints within fish embryos is toxicology. One paper compiled all of the studies that 

utilized zebrafish as a model for toxicology and listed all chemicals that caused negative 

phenotypes, including pericardial edema and yolk sac edema, up to 2011 (Mccollum et 

al., 2011). At the time of publication, 22 chemicals caused yolk sac edema and 35 

chemicals caused pericardial edema to form in the embryos, making these the most 

observed phenotypes in the review (Mccollum et al., 2011). Since then, individual studies 

have found a multitude of chemicals which cause pericardial edema and/or yolk sac 

edema to form, including numerous studies from our lab. For example, we have found 

that exposure of embryonic zebrafish to triphenyl phosphate (TPHP) results in the 

formation of pericardial edema, a phenotype that has been reproducible across many 

studies since 2013 (Isales et al., 2015; McGee et al., 2013; Mitchell et al., 2018, 2019; 

Reddam et al., 2019).  

One of the most studied contaminants that induces severe pericardial edema and 

yolk sac edema is 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Although few of the 

studies focused on identifying the mechanism of action causing the edema, one study 

hypothesized that TCDD may be inhibiting the embryo’s ability to create a permeability 

barrier to water which can impact the embryo’s ability to maintain osmotic balance (Hill et 

al., 2004). Another hypothesis is that edema may be associated with leaks in the 

endothelial vessels, which often results in cardiovascular abnormalities (Oliveira et al., 
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2009). Recent studies have found that an aryl hydrocarbon receptor 2 (ahr2) mutant is 

resistant to severe pericardial edema due to TCDD exposure, but little is known as to why 

this is occurring (Garcia et al., 2018; Goodale et al., 2012). Although mannitol blocks 

pericardial edema from forming in embryos when exposed to TPHP (Mitchell et al., 2019; 

Wiegand et al., 2022), mannitol was unable to fully reverse edema in TCDD-exposed 

embryos (Hill et al., 2004), indicating that 1) pericardial edema is likely caused by multiple 

mechanisms of action or 2) the concentration of mannitol was not high enough to 

counteract the severe impacts of TCDD.  

Another well studied contaminant that induces pericardial edema is ethanol. It has 

been found to cause severe damage in embryonic zebrafish at a 2% concentration, which 

cannot be reversed or alleviated (Li et al., 2016; Pinheiro-da-Silva & Luchiari, 2021). It is 

believed that edema was caused by damaged blood vessels found in the embryo, 

resulting in a change in skin permeability and a decrease in the volume of blood (Li et al., 

2016). Another hypothesis is that ethanol impacts the organization of the endothelial cell 

junctions in embryos (Dejana et al., 2009). Despite the number of contaminants causing 

pericardial and yolk sac edema, little is known about the mechanisms underlying edema 

formation in embryonic fish.   

Section 1.4: Overview of Research Aims  

While TPHP’s impact on embryonic zebrafish has been previously studied within 

our lab, there are still knowledge gaps about why pericardial edema is forming during 

early development, and what TPHP is targeting in the embryo to cause its formation. To 

address knowledge gaps in how pericardial edema is being formed during TPHP 

exposure in early development, Chapter 2 will determine whether important aspects of 

the zebrafish embryo’s osmoregulation system is being impacted by TPHP by relying on 

immunohistochemistry, co-exposures with D-mannitol and ouabain, morpholino 
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injections, and mRNA sequencing. Within Chapter 3, we will perform TPHP exposures 

and stain zebrafish embryos with a fluorescent sodium indicator dye to quantify embryonic 

sodium concentrations in situ, create different exposure media of varying ionic strength, 

quantify embryonic doses of TPHP and DPHP, a common metabolite of TPHP, 

characterize the ion content of various exposure media using ion chromatography and 

ICP-OES, and utilize a scanning electron microscope to analyze the skin of the embryonic 

zebrafish’s yolk sac. In Chapter 4, we will utilize fenretinide and TPHP co-exposures to 

determine if fenretinide and D-mannitol block edema through different mechanisms, as 

well as investigate important aspects of the embryonic zebrafish epidermal layer to 

determine if TPHP is directly targeting the embryonic skin. We will also conduct recovery 

experiments to determine if edema caused by TPHP is a reversible or irreversible defect. 
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Chapter 2: Triphenyl Phosphate-Induced Pericardial Edema is Associated 

With Elevated Epidermal Ionocytes Within Zebrafish Embryos  

2.1 Abstract  

Triphenyl phosphate (TPHP) is an organophosphate ester-based plasticizer and 

flame retardant that is used worldwide and detected at elevated levels within 

environmental media such as surface water. The objective of this study was to identify the 

potential role of epidermal ionocytes in mediating TPHP-induced pericardial edema 

formation within zebrafish embryos. In addition to increased pericardial edema and 

decreased body length, exposure to TPHP from 24 to 72 h post fertilization (hpf) resulted 

in a significant increase in the number of ionocytes at 72 hpf relative to time-matched 

embryos treated with vehicle (0.1% DMSO). We also found that co-exposure of embryos 

to mannitol (an osmotic diuretic) from 24-72 hpf blocked TPHP-induced pericardial edema 

as well as effects on ionocyte abundance, suggesting that increased ionocytes were 

strongly associated with TPHP-induced edema formation. However, initiation of exposure 

at 30 hpf (vs. 24  hpf) mitigated TPHP-induced effects on ionocyte abundance at 72 hpf 

even though the magnitude  of TPHP-induced pericardial edema and body length was 

similar following exposure from 24-72 hpf  and 30-72 hpf, suggesting that 1) 24-30 hpf 

represents a critical window of exposure for TPHP induced effects on ionocyte abundance 

and 2) an increase in ionocyte abundance may not be  required for pericardial edema 

formation. Interestingly, we found that knockdown of ATPase1a1.4 – an abundant Na+/K+-

ATPase localized to epidermal ionocytes in zebrafish embryos – mitigated TPHP-induced 

effects on ionocyte abundance (but not pericardial area), whereas co-exposure of 

embryos to ouabain – a broad-spectrum Na+/K+-ATPase inhibitor – from 24-72 hpf 

enhanced TPHP induced effects on pericardial area (but not ionocyte abundance). 

Overall, our findings suggest that TPHP may have multiple mechanisms of toxicity leading 
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to an increase in ionocyte abundance and pericardial edema within developing zebrafish 

embryos.  

2.2 Introduction  

Triphenyl phosphate (TPHP) is an organophosphate ester (OPE) that is used 

worldwide as a plasticizer and additive flame retardant (van der Veen & de Boer, 2012). 

As a semi-volatile  organic compound, TPHP is not chemically bound to polymers within 

end-use products and has the  potential to readily migrate into the environment (Song et 

al., 2019), resulting in contamination of  indoor dust (Dasgupta et al., 2021; Klose et al., 

2021; Stapleton et al., 2009) sediment (Fan et al., 2021; Reemtsma et al., 2008), and 

surface water (Chen et al., 2021; Li et al., 2018; Reemtsma et al., 2008). The primary 

source of TPHP in the aquatic environment is wastewater discharge (Green et al., 2007; 

Kim et al., 2011), where TPHP concentrations can reach 66.7 µg/kg within sludge effluent 

samples collected from wastewater treatment plants (Gao et al., 2016) and up to 8,400 

pg/L within samples collected from receiving surface waters (Li et al., 2017). Although 

TPHP is less  persistent relative to other industrial chemicals such as brominated flame 

retardants (Kim et al., 2011; Yang et al., 2019), TPHP has the potential to bioaccumulate 

within aquatic organisms (Yang et al., 2019) and has been detected in fish muscle tissue 

up to 230 ng/g lipid weight (Matsukami et al., 2016) since TPHP use is ubiquitous and 

exposure is continuous (Liu et al., 2020; Ramesh et al., 2020; Yang et al., 2019).  

As an industrial chemical with varying modes of action and mechanisms of toxicity, 

TPHP exposure of aquatic vertebrates leads to a wide range of adverse outcomes 

depending on the species, developmental stage, life history, etc. For example, TPHP 

induces neurotoxicity in Chinese rare minnows and reproductive toxicity in Japanese 

medaka (Hong et al., 2018; Li et al., 2018). Within zebrafish, TPHP induces neurotoxicity 

by altering neurotransmitter abundance and downregulating genes that regulate central 
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nervous system function (Shi et al., 2018) as well as impacts liver metabolism and function 

via alterations in glucose, UDP-glucose, lactate, succinate, fumarate, choline, 

acetylcarnitine, and several fatty acids (Du et al., 2016). Moreover, TPHP exposure 

causes thyroid endocrine disruption, ocular toxicity, cardiotoxicity, and hepatotoxicity (Du 

et al., 2016; Jarema et al., 2015; Kim et al., 2015; Liu et al., 2016; Mitchell et al., 2019; 

Shi et al., 2018, 2019). In zebrafish, TPHP alters the balance of sex hormones by altering 

estrogen metabolism or steroidogenesis (Liu et al., 2012; Yang et al., 2019) suggesting 

that TPHP may be an endocrine disruptor (Oliveri et al., 2015). TPHP also impacts the 

expression of transcriptional regulators (Yang et al., 2019), and developmental exposure 

has been found to result in long-term impairments on behavior (Oliveri et al., 2015; Yang 

et al., 2019).   

Based on our prior studies, TPHP blocks cardiac looping during zebrafish 

embryogenesis in a concentration-dependent manner – an effect that is dependent on 

TPHP-induced fluid accumulation (edema) within the pericardial region enveloping the 

embryonic heart (Isales et al., 2015; Mitchell et al., 2018, 2019; Yozzo et al., 2013). As 

teleost (including zebrafish) embryos develop ex utero, mitochondria-rich epidermal 

ionocytes lining the embryonic skin express ion transporters and, as such, are responsible 

for maintaining an ionic/osmotic balance (osmoregulation) between the external aqueous 

environment and internal embryonic environment prior to the development of functional 

gills (Guh et al., 2015). Within freshwater fish, there are five  types of aquaphilic ionocytes 

that regulate the uptake of ions through aquaporins and, as a result,  control bodily fluids: 

KS (Potassium-Sodium pump), SLC (Sodium, Potassium, Chlorine,  Bicarbonate pump), 

NCC (Sodium, Chlorine, Bicarbonate pump), NaRC (Calcium, sodium,  potassium pump), 

and HR (Bicarbonate, sodium, hydrogen, carbon dioxide, ammonia, chlorine  pump) 

(Kwong & Perry, 2015). Within zebrafish, epidermal ionocytes differentiate at 



12 
 

approximately 24 h post-fertilization (Hwang & Chou, 2013) and are derived from non-

neural ectoderm which express ΔNp63 – a transcription factor that is required for epithelial 

cell proliferation (Jänicke et al., 2007). Following gastrulation, two specification markers 

for ionocytes – forkhead box I3a (Foxi3a) and Delta C, a ligand for Notch signaling – are 

expressed in ΔNp63-positive epidermal cells that differentiate into ionocyte progenitors 

(Hsiao et al., 2007; Jänicke et al., 2007). Notch signaling maintains cell fate after ionocyte 

progenitors progress through lateral inhibition by inhibiting Foxi3a expression. At the 14-

somite stage, ΔNp63 expression in epidermal ionocyte progenitors is downregulated to 

allow Foxi3a-driven activation of ionocyte differentiation (Hsiao et al., 2007; Jänicke et al., 

2007).   

Despite our understanding about the role of ionocytes in osmoregulation, little is 

known about how environmental chemicals may impact the abundance and/or function of 

ionocytes within developing fish embryos. For example, exposure of larval zebrafish to 

cadmium results in a decrease in NaRC ionocytes, resulting in disruptions in Na+ uptake 

(Dave & Kwong, 2020).  Therefore, using zebrafish as a model, the objective of this study 

was to identify the potential role of epidermal ionocytes in mediating TPHP-induced 

pericardial edema formation within zebrafish embryos. To accomplish this objective, we 

relied on an ionocyte-specific antibody, whole-mount immunochemistry, and automated 

image acquisition/analysis protocols to quantify the number of epidermal ionocytes within 

developing zebrafish embryos. Moreover, we relied on mannitol (an osmotic diuretic) to 

determine whether an increase in the osmolarity of surrounding water mitigated or 

enhanced TPHP-induced effects on edema formation, ionocyte abundance, and the 

embryonic transcriptome.  

Finally, we utilized morpholinos to knockdown ATPase1a1.4 – a Na+/K+-ATPase 

localized to epidermal ionocytes in zebrafish embryos – as well as ouabain – a broad-
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spectrum Na+/K+-ATPase inhibitor – to determine whether the absence of functional 

ionocytes alters TPHP induced edema formation.  

2.3 Materials and Methods  

Animals  

Using previously described procedures (Mitchell et al., 2018), adult wildtype (strain 

5D) zebrafish were maintained and bred on a recirculating system according to an 

Institutional Animal Care and Use Committee-approved animal use protocol (#20180063) 

at the University of California, Riverside.   

Chemicals  

TPHP (99.5% purity) was purchased from ChemService, Inc. (West Chester, PA, 

USA); D mannitol (>98% purity) and ouabain (>95% purity) were purchased from Bio-

Techne Corp. (Minneapolis, MN, USA). To prepare stock solutions, TPHP was dissolved 

in liquid chromatography-grade dimethyl sulfoxide (DMSO) and stored at room 

temperature in 2-mL glass amber vials with polytetrafluoroethylene-lined caps. To prepare 

working solutions, stock solutions of TPHP were spiked into particulate-free water from 

our recirculating system (pH and conductivity of ~7.2 and ~950 μS, respectively), resulting 

in 0.1% DMSO within all vehicle control and TPHP treatments. D-mannitol and ouabain 

solutions were freshly prepared by dissolving powder into particulate-free water from our 

recirculating system and then immediately used for exposures.  

TPHP Exposures  

Immediately after spawning, fertilized eggs were collected and incubated in 

groups of approximately 50 per 100 X 15 mm polystyrene petri dish until 24 h post-

fertilization (hpf) within a light- and temperature-controlled incubator. Working solutions of 

vehicle (0.1% DMSO) or TPHP (2.5 μM, 5 μM, and 10 μM) were prepared as described 

above. Vehicle or TPHP solutions (10 mL) were added to 100 X 15 mm polystyrene petri 
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dishes and viable embryos were then transferred to dishes, resulting in 30 initial embryos 

per dish (three replicate dishes per treatment). Embryos were then exposed to vehicle or 

TPHP from 24 to 72 hpf. To determine the potential sensitive window of TPHP-induced 

impacts on ionocytes, embryos were exposed to vehicle (0.1% DMSO) or 5 μM TPHP 

from 24 to 72 hpf, 30 to 72 hpf, or 48 to 72 hpf. All dishes were covered with a lid and 

incubated under a 14-h:10-h light-dark cycle at 28ºC until 72 hpf. At 72 hpf, all embryos 

were then fixed overnight at 4ºC in 4% paraformaldehyde in 1X phosphate buffered saline 

(PBS), and then transferred to 1X PBS and stored at 4ºC for no longer than one month 

until whole-mount immunohistochemistry.   

Whole-Mount Immunohistochemistry and Automated Imaging  

 Similar to previously described protocols (K. L. Yozzo et al., 2013), fixed embryos 

were labeled with a 1:10 dilution of a chicken ATPase1a1-specific antibody (a5-S) 

(Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA, USA) and 

1:500 dilution of AlexaFluor 488- conjugated goat anti-mouse IgG antibody (Thermo 

Fisher Scientific, Waltham, MA, USA) to quantify the abundance of embryonic ionocytes. 

Labeled embryos were transferred to black 384-well microplates containing 0.17-mm 

glass-bottom wells (Matrical Bioscience, Spokane, WA, USA), centrifuged for 5 min at 200 

rpm, and imaged under transmitted light and a FITC filter on our ImageXpress Micro XLS 

Widefield High-Content Screening System within MetaXpress 6.0.3.1658 (Molecular 

Devices, Sunnyvale, CA, USA). Body length, pericardial area, and yolk sac area were 

manually quantified within MetaXpress using images captured under transmitted light, 

whereas ionocytes were automatically quantified with a custom module within 

MetaXpress using images captured under a FITC filter.   
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D-Mannitol and Ouabain Co-Exposures  

Using procedures described above, embryos were exposed to either vehicle 

(0.1% DMSO), 5 μM TPHP, 250 mM D-mannitol, or 5 μM TPHP + 250 mM D-mannitol 

from 24 to 72 hpf. In addition, embryos were exposed to either vehicle (0.1% DMSO), 5 

μM TPHP, 0.5 mM ouabain, or 5 μM TPHP + 0.5 mM ouabain from 24 to 72 hpf. At 72 

hpf, embryos were fixed in 4% paraformaldehyde in 1X PBS overnight at 4ºC, and then 

transferred to 1X PBS and stored at 4ºC for no longer than one month until whole-mount 

immunohistochemistry.  

Morpholino Injections   

A custom lissamine-tagged, translational-blocking morpholino antisense oligo 

(MO) (Gene Tools, Inc., Philomath, OR, USA) was designed to target the ATPase Na+/K+ 

transporting subunit alpha 1a, tandem duplicate 4 (atp1a1a.4) (NCBI Gene ID: 64615; 

atp1a1a.4-MO sequence: 5’- ATTTCCAGTTCCAAGCCCCATTTTC-3’). ATPase1a1.4 

was identified as a target for knockdown since 1) it’s strongly expressed and colocalized 

with NaRCs within the embryonic skin of zebrafish, 2) the alpha subunits contain ion 

binding sites, 3) it predominates in freshwater fish (Liao et al., 2009; Esbaugh et al., 2019), 

and 4) it had high protein sequence homology with a chicken-specific ATPase1a. A 

lissamine-tagged negative control MO (nc-MO) (Gene Tools, Inc., Philomath, OR, USA) 

was used to account for potential non-target toxicity of MOs. Lyophilized MOs were 

resuspended in molecular biology-grade (MBG) water and MO stock solutions (1 mM) 

were stored in the dark at room temperature.   

MO stock solutions were diluted in MBG water to prepare MO working solutions 

(0.5 mM).  Similar to previously described methods (Cheng et al., 2019; Dasgupta et al., 

2017; McGee et al., 2013), zebrafish embryos (1- to 8-cell stage) were microinjected with 

MOs (~3 nL per embryo) using a motorized Eppendorf Injectman NI2 and FemtoJet 4x. 
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MO delivery was confirmed at 3 hpf using a Leica MZ10 F stereomicroscope equipped 

with a DMC2900 camera and a RFP filter cube.  Embryos that were non-fluorescent 

and/or coagulated were discarded. Fluorescent embryos were then exposed to either 

vehicle (0.1% DMSO) or 5 μM TPHP from 24 to 72 hpf and assessed for potential impacts 

on body length, pericardial area, yolk sac area, and ionocyte abundance as described 

above. To confirm knockdown of ATP1a1a.4, injected embryos (30 per dish; three 

replicate dishes per group) were fixed and labeled with a chicken ATPase1a1-specific 

antibody using whole-mount immunohistochemistry and imaging protocols described 

above.   

mRNA-Sequencing  

To quantify the potential for D-mannitol to mitigate or enhance TPHP-induced 

effects on the  transcriptome, embryos were exposed to vehicle (0.1% DMSO), 250 mM 

D-mannitol, 5 μM TPHP,  or 250 mM D-mannitol + 5 μM TPHP (30 embryos per dish; 

three replicates per treatment) from 24  to 72 hpf, transferred to 2-mL cryovials (three 

replicate pools per treatment) at 72 hpf, and then  immediately snap-frozen in liquid 

nitrogen and stored at -80°C. Total RNA was extracted and  libraries (12 total) were 

prepared following previously described methods (Cheng et al., 2019). With the exception 

of one treatment replicate from the D-mannitol-alone exposure, the remaining 11 libraries 

generated a sufficient number of reads passing filter for downstream analysis. Raw 

Illumina (fastq.gz) sequencing files (11 files) are available via NCBI’s BioProject database 

under BioProject ID PRJNA751966. All 11 raw and indexed Illumina (fastq.gz) sequencing 

files were downloaded from Illumina’s BaseSpace and analyzed within Bluebee (Lexogen 

Quantseq DE1.4) following previously described methods (Cheng et al., 2019).  
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Statistical Analyses  

For phenotypic measurements (pericardial area, body length, yolk sac area, and 

ionocyte count), a general linear model (GLM) analysis of variance (ANOVA) (⍺=0.05) 

and Tukey-based multiple comparisons were performed using SPSS Statistics 24.  

2.4 Results  

TPHP increases ionocyte abundance following exposure from 24 to 72 hpf  

Relative to embryos exposed to vehicle (0.1% DMSO) from 24 to 72 hpf, exposure to 

TPHP  from 24 to 72 hpf resulted in significantly decreased body length at 5 and 10 μM 

TPHP; no significant  effects on survival (>85%) (data not shown) nor yolk sac area at all 

concentrations tested (2.5, 5,  and 10 μM); significantly increased pericardial area at 2.5, 

5, and 10 μM TPHP; and significantly  increased ionocyte abundance at 5 and 10 μM 

TPHP at 72 hpf (Figure 2.1). Therefore, we selected 5 μM TPHP as the optimal 

concentration for all subsequent experiments, as this was the lowest concentration that 

consistently increased pericardial area and ionocyte abundance following exposure from 

24 to 72 hpf. 
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Figure 2.1. Mean (± standard deviation) of body length (A), yolk sac area (B), pericardial 
area (C) and ionocyte abundance (D) of embryos exposed to vehicle (0.1% DMSO), 2.5 
μM TPHP, 5 μM TPHP, or 10 μM TPHP from 24-72 hpf. Asterisk (*) denotes significant 
difference (p<0.05) relative to vehicle (0.1% DMSO).   

When exposures were initiated at 24 or 30 hpf, there was a significant decrease 

in body length; no effects on yolk sac area; and a significant increase in pericardial area 

within embryos to 5 μM TPHP relative to vehicle-exposed embryos at 72 hpf (Figure 2.2). 

While ionocyte abundance  was significantly increased following exposure from 24 to 72 

hpf, initiation of 5 μM TPHP exposure  at 30 hpf mitigated TPHP-induced effects on 

ionocyte abundance at 72 hpf (Figure 2.2) even though  the magnitude of TPHP-induced 

pericardial edema and body length effects were similar following  exposure from 24 to 72 

hpf and 30 to 72 hpf, suggesting that 1) 24-30 hpf represents a critical  window of exposure 

for TPHP-induced effects on ionocyte abundance and 2) an increase in  ionocyte 
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abundance may not be required for pericardial edema formation. When exposures were 

initiated at 48 hpf, the effects of 5 μM TPHP on body length, pericardial area, and ionocyte 

abundance were all significantly mitigated, suggesting that initiation of exposure prior to 

48 hpf is required for TPHP-induced toxicity within zebrafish embryos.   

 
Figure 2.2. Mean (± standard deviation) of body length (A), yolk sac area (B), pericardial 
area (C)  and ionocyte abundance (D) of embryos exposed to vehicle (0.1% DMSO) or 5 
μM TPHP from 24- 72 hpf, 30-72 hpf or 48-72 hpf. Asterisk (*) denotes significant 
difference (p < 0.05) relative to vehicle  (0.1% DMSO) within the same exposure scenario 
(24-72 hpf, 30-72 hpf or 48-72 hpf), whereas plus  sign (+) denotes significant difference 
(p<0.05) relative to embryos exposed to 5 μM TPHP from  24-72 hpf. 

 
D-Mannitol Mitigates TPHP-Induced Effects on Pericardial Area and Ionocyte Abundance  

Embryos were exposed to 5 μM TPHP in the presence or absence of 250 mM D-

mannitol from 24 to 72 hpf since TPHP-induced effects on ionocyte abundance only 

occurred following initiation of TPHP exposure at 24 hpf. Relative to embryos exposed to 

vehicle (0.1% DMSO) from  24 to 72 hpf, there was a significant decrease in body length 

following exposure to 5 μM TPHP or  5 μM TPHP + 250 mM D-mannitol; no effects on yolk 
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sac area across all treatment groups; and a  significant increase in pericardial area and 

ionocyte abundance following exposure to 5 μM TPHP  but not 5 μM TPHP + 250 mM D-

mannitol (Figure 2.3).   

 
Figure 2.3. Mean (± standard deviation) of body length (A), yolk sac area (B), pericardial 
area (C) and ionocyte abundance (D) of embryos exposed to vehicle (0.1% DMSO), 5 μM 
TPHP, 250 mM D-Mannitol or 5 μM TPHP and 250 mM D-Mannitol from 24-72 hpf. 
Asterisk (*) denotes significant difference (p<0.05) relative to vehicle (0.1% DMSO), 
whereas plus sign (+) denotes significant difference (p<0.05) within the co-exposure 
relative to 5 μM TPHP alone. 

 
Interestingly, exposure to 250 mM D-mannitol alone from 24 to 72 hpf resulted in 

significant impacts on the abundance of 417 transcripts (363 decreased and 54 increased) 

at 72 hpf (Figure 2.4) even though these embryos were phenotypically similar to vehicle-

exposed embryos (Figure 2.3). Exposure to 5 μM TPHP from 24 to 72 hpf significantly 

impacted the abundance of five transcripts (four decreased and one increased) at 72 hpf 
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relative to vehicle-exposed embryos (Figure 2.4) – a finding that is consistent with our 

prior study (Mitchell et al., 2018) – and co-exposure to 5 μM TPHP + 250 mM D-Mannitol 

resulted in a significant impact on the abundance of 47 transcripts (25 decreased and 22 

increased) at 72 hpf relative to relative to vehicle-exposed  embryos (Figure 2.4).   

Figure 2.4. Volcano Plots showing the number of significantly different transcripts (red 
circles) following treatment with (A) 250 mM D-Mannitol (B) 5 μM TPHP, or (C) 5 μM 
TPHP and 250 mM D-Mannitol from 24-72 hpf relative to vehicle (0.1% DMSO). Log2-
transformed fold change is plotted on the x-axis and log10- transformed-p-adjusted value 
is plotted on the x-axis log10- transformed-p-adjusted value is plotted on the y-axis. Venn 
diagram showing the overlap of the transcripts among treatment groups (D). 

ATPase1a1.4 Knockdown Mitigates TPHP-Induced Effects on Ionocyte Abundance 

Whereas Ouabain Enhances TPHP-Induced Effects on Pericardial Area  

We were unable to confirm knockdown of ATPase1a1.4 in situ since 1) the 

ATPase1a1- specific antibody cross-reacts with cytosolic epitopes on the alpha subunit 
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of all Na+/K+-ATPase isoforms and 2) there are no commercially available antibodies that 

cross-react with zebrafish ATPase1a1.4. Nevertheless, we found that, relative to nc-MO-

injected embryos, injection of ATPase1a1.4-MOs significantly mitigated the effects of 5 

μM TPHP on ionocyte abundance – but not pericardial area – following exposure from 24 

to 72 hpf (Figure 2.5). Interestingly, contrary to our findings following injection of 

ATPase1a1.4-MOs, we found that co-exposure of embryos to 5 μM TPHP + 0.5 mM 

ouabain from 24 to 72 hpf enhanced the effects of TPHP on pericardial area – but not 

ionocyte abundance – at 72 hpf (Figure 2.6).  

 
Figure 2.5. Mean (± standard deviation) of body length (A), yolk sac area (B), pericardial 
area (C) and ionocyte abundance following injection of nc-MOs or ATPase1a1.4-MO at 
0.75 hpf and exposure from 24-72 hpf to vehicle (0.1% DMSO) or 5 μM TPHP. Asterisk 
(*) denotes a within-MO significant difference (p<0.05) relative to vehicle (0.1% DMSO), 
whereas plus sign (+) denotes a within treatment significant difference (p<0.05) relative 
to nc-MO-injected embryos. 
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Figure 2.6. Mean (± standard deviation) of body length (A), yolk sac area (B), pericardial 
area (C) and ionocyte abundance following exposure of vehicle (0.1% DMSO), 5 μM 
TPHP, 0.5 mM Ouabain, or 5 μM TPHP + 0.5 mM Ouabain. Asterisk (*) denotes significant 
difference (p<0.05) relative to vehicle (0.1% DMSO), whereas plus sign (+) denotes 
significant difference (p<0.05) within the co-exposure relative to 5 μM TPHP alone.  

2.5 Discussion  

Based on our prior studies in embryonic zebrafish, TPHP is known to disrupt 

cardiac looping as well as induce pericardial edema and liver enlargement, effects that 

may be due to a disruption in osmotic balance and/or electrolyte/solute reabsorption 

(Isales et al., 2015; McGee et al., 2013; Mitchell et al., 2018; Reddam et al., 2019). Within 

this study, we identified a significant increase in Na+/K+ ATPase1a1-rich ionocytes 

(NaRCs) when zebrafish embryos were exposed to 5 μM TPHP from 24-72 hpf – an effect 
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that was associated with an increase in pericardial area and decreased body length 

similar to our past studies (Isales et al., 2015; McGee et al., 2013; Mitchell et al., 2018; 

Reddam et al., 2019). Moreover, we found that initiation of TPHP exposure at 24 hpf 

resulted in an increase in NaRC ionocytes in embryonic zebrafish whereas initiation of 

exposure at 30 and 48 hpf did not result in an increase in ionocyte abundance, suggesting 

that the sensitive window for a TPHP-induced increase in ionocytes was between 24 and 

30 hpf. Contrary to our findings, a prior study found that cadmium exposure decreased 

the number of NaRC ionocytes within 72-hpf zebrafish (Dave & Kwong, 2020), suggesting 

that environmental contaminants may differentially impact the differentiation, proliferation, 

and/or survival of NaRC ionocytes within developing zebrafish embryos.   

 D-Mannitol is an osmoprotectant that has been used to mitigate 2,3,7,8-

tetrachlorodibenzo p-dioxin (TCDD)-induced pericardial edema in developing zebrafish 

embryos (Antkiewicz et al., 2005; Hill et al., 2004). We previously found that D-mannitol 

was able to mitigate TPHP-induced pericardial edema (Mitchell et al., 2019), a finding that 

was likely driven by an increase in osmolarity of the surrounding water. Within this study, 

we found that co-exposure of embryos to D-mannitol similarly mitigated the effects of 

TPHP on pericardial area, suggesting that D-mannitol inhibited movement of water from 

outside to inside of the embryo following exposure to TPHP. Interestingly, based on our 

mRNA-sequencing data, exposure to D-mannitol alone or TPHP + D-mannitol resulted in 

significant impacts on the transcriptome (relative to TPHP-alone exposures) even though 

these embryos were phenotypically similar to vehicle-treated embryos, suggesting that D-

mannitol – either in the presence or absence of TPHP – has the potential to affect 

transcription during embryonic development. Given that foxi3a and foxi3b are tightly 

regulated during zebrafish development (Hsiao et al., 2007), any alterations to these 

transcription factors caused by D mannitol may lead to changes in ionocyte abundance 
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and/or localization throughout the embryo. Indeed, similar to TPHP, exposure to D-

Mannitol alone resulted in a slight increase (albeit non-significant) in the number of 

ionocytes.  

Relative to nc-MO-injected embryos exposed to TPHP, knockdown of 

ATPase1a1.4 fully mitigated TPHP-induced effects on ionocyte abundance but not body 

length nor pericardial area, suggesting that the presence of ATPase1a1.4 is required for 

TPHP-induced effects on ionocyte abundance. Therefore, we used ouabain – a broad-

spectrum Na+/K+-ATPase inhibitor – to determine whether the absence of functional 

ionocytes alters TPHP-induced effects on developing embryos (Shu et al., 2003). 

Contrary to the effects of ATPase1a1.4 knockdown, co-exposure to ouabain enhanced 

the impacts of TPHP on pericardial area, suggesting that inhibition of Na+/K+- ATPase 

exacerbates TPHP-induced edema formation and, contrary to D-mannitol, ouabain 

facilitated movement of water from outside to inside of the embryo following exposure to 

TPHP.  Past studies have found that inhibiting ATPase1a leads to irregular heart rate in 

zebrafish embryos, and that inhibiting Na+/K+ ATPases leads to impaired cardiac 

development (Pott et al., 2018).  Moreover, other studies that have found that Na+ 

increases cortisol levels in zebrafish (Lin et al., 2016), and high cortisol levels have been 

linked to pericardial edema and increased heart deformities (Nesan & Vijayan, 2012). 

Therefore, if Na+ increases inside the embryo, there is a possibility that cortisol levels may 

also increase, and drive TPHP-induced pericardial edema.   

2.6 Conclusions  

To our knowledge, this is one of the first studies to investigate the potential impacts 

of TPHP on ionocytes during early zebrafish development. Our data suggest that TPHP 

increases Na+/K+ ATPase1a1 abundance when exposure is initiated at 24 hpf, leading 

to potential impacts on osmoregulation and secondary effects on organ development. 
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Therefore, additional research is needed to determine if TPHP is impacting other ionocyte 

types and/or causing an imbalance in ion transport during embryonic development.  
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Chapter 3: Triphenyl Phosphate-Induced Pericardial Edema is Dependent on 

Media Ionic Strength and Disruption of the Embryonic Yolk Sac Epithelium  

3.1 Abstract  

Pericardial edema is a common phenotype observed in fish embryos following 

exposure to a wide range of contaminants. However, the mechanisms underlying 

chemically-induced pericardial edema remains unclear. One of the potential mechanisms 

underlying edema may be a disruption in osmoregulation. The objective of this study was 

to identify whether triphenyl phosphate (TPHP) – a widely used aryl phosphate ester-

based flame retardant – induces pericardial edema via impacts ion transport and the skin 

of embryonic zebrafish. In addition to TPHP-induced effects on the morphology and 

organization on the embryonic yolk sac epithelium, an increase in ionic strength of 

exposure media exacerbated the impact of TPHP on pericardial edema when embryos 

were exposed from 24-72 h post-fertilization (hpf). However, there was no significant 

difference in embryonic sodium concentrations in situ compared to vehicle (0.1% DMSO) 

when exposed from 24-72 hpf. We also found that increasing the osmolarity of the 

exposure media with mannitol (an osmotic diuretic which mitigates TPHP-induced 

pericardial edema) and increasing the ionic strength of the exposure media (which 

exacerbates TPHP-induced pericardial edema) did not affect embryonic doses of TPHP, 

suggesting that TPHP uptake was not altered under these varying experimental 

conditions. Overall, our findings suggest that TPHP alters the structure of the epithelium 

of the yolk sac, leading to disruption on embryonic osmoregulation and pericardial edema 

formation. 
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3.2 Introduction  

Pericardial edema – or fluid accumulation surrounding the developing heart – is 

an abnormal phenotype that is commonly observed across species of fish embryos 

following exposure to a wide range of structurally diverse chemicals (Duan et al., 2013; 

Hermsen et al., 2017; Hill et al., 2004; McCollum et al., 2017; McGruer et al., 2021; Yozzo 

et al., 2013). Depending on the magnitude and severity, pericardial edema has the 

potential to interfere with normal developmental landmarks leading to abnormalities such 

as cardiac looping defects, bradycardia, and kidney malformations (Hill et al., 2004; Isales 

et al., 2015; McGee et al., 2013; Mitchell et al., 2019; Yozzo et al., 2013).  In zebrafish 

embryos, prior studies have suggested that edema is caused by kidney failure, circulatory 

failure, ionic imbalance, and permeability defects (Hill et al., 2004).  

Zebrafish have emerged as a model teleost species to understand how embryonic 

and adult fish utilize osmoregulation to maintain homeostasis (Evans, 2011; Fridman, 

2020; Hwang et al., 2011; Hwang & Chou, 2013; Kwong et al., 2014). As zebrafish do not 

have fully functional gills until approximately 14 days post fertilization (dpf), aquaporins 

and epidermal ionocytes play a critical role in maintaining homeostasis within the 

developing embryo and larvae (Guh et al., 2015). Within  freshwater species, there are 

five types of ionocytes – KS (Potassium-Sodium pump), SLC  (Sodium, Potassium, 

Chlorine, Bicarbonate pump), NCC (Sodium, Chlorine, Bicarbonate pump),  NaRC 

(Calcium, Sodium, Potassium pump), and HR (Bicarbonate, sodium, hydrogen, carbon  

dioxide, ammonia, chlorine pump) (Guh et al., 2015) – that regulate uptake of potassium, 

sodium, chlorine, bicarbonate, hydrogen, carbon dioxide and ammonia through 

aquaporins which, in turn,  regulate water exchange between the embryo and surrounding 

aqueous environment (Kwong & Perry, 2015). Within embryonic zebrafish, the skin is the 

primary site of osmoregulation prior to gill specific localization of ionocytes and aquaporins 
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at approximately 14 dpf (Guh et al., 2015). The skin of embryonic zebrafish also includes 

keratinocytes with distinct cell borders (Li et al., 2011), and ionocytes and aquaporins are 

localized throughout the epidermal layer along these cell borders (Li et al., 2011).  

Freshwater fish are dependent on the skin, kidney, and gills to maintain homeostasis as 

a result of being constantly surrounded by water that is necessary for survival. The skin 

creates a barrier for water and ions, while the kidney excretes water and organic waste 

(Serluca et al., 2002).  Within zebrafish, these systems are critical within early life-stages 

since embryos primarily rely on oxygen diffusion from the surrounding water in order to 

survive (Pelster & Burggren, 1996). During development, a water permeability barrier 

consists of two separate barriers – one surrounding the embryonic body and one 

surrounding the yolk sac (Hagedorn et al., 1998) – which allows embryos to regulate water 

uptake in the absence of a chorion (Hill et al., 2004). Interestingly, prior studies have 

demonstrated that impaired maintenance of the barrier surrounding the embryonic body 

results in edema (Hill et al., 2004). The zebrafish embryonic yolk sac is made up of 

proteins (mostly vitellogenin) (Ge et al., 2017; Link et al., 2006) and lipids (cholesterol, 

phosphatidylcholine, and triglycerides) (Link et al., 2006). The yolk can bioaccumulate 

toxins from waterborne exposures (Chen et al., 2015; Choi et al., 2016; Dolgova et al., 

2016; Souder & Gorelick, 2017), with uptake involving passive or active transport across 

the yolk sac epithelium (Sant & Timm-Laragy, 2018).  The yolk sac epithelium contains a 

majority of ionocytes found in developing embryos, but there is little information about the 

function of epidermal ionocytes as well as susceptibility of epidermal ionocytes to 

environmental chemicals (Kwong et al., 2016; Sant & Timme-Laragy, 2018). The yolk sac 

is metabolically active (Cindrova-Davies et al., 2017), and due to its ability to 

bioaccumulate hydrophobic environmental chemicals, may alter the normal trajectory of 

the developing embryo  (Sant & Timme-Laragy, 2018).   
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Our recent study found that pericardial edema was associated with elevated 

epidermal ionocytes within zebrafish embryos following a 24- to 72-hpf exposure to 

triphenyl phosphate (TPHP), an aryl phosphate ester-based flame retardant and 

plasticizer (Wiegand et al., 2022).  Moreover, we found that co-exposure of embryos to 

mannitol (an osmotic diuretic) blocked TPHP induced pericardial edema and effects on 

ionocyte abundance, whereas knockdown of ATPase1a1.4 – an abundant Na+/K+-

ATPase localized to epidermal ionocytes – mitigated TPHP-induced effects on ionocyte 

abundance but not pericardial edema. Overall, our study suggested that TPHP-induced 

toxicity during early stages of development may be driven by impacts on the 

osmoregulatory system within embryonic zebrafish (Wiegand et al., 2022). Therefore, the 

objective of this study was to identify whether TPHP impacts osmoregulation within 

embryonic zebrafish, and if disruption in osmoregulation is necessary for TPHP-induced 

pericardial edema. To accomplish this objective, we first utilized a fluorescent, sodium ion 

indicator dye and automated image acquisition/analysis protocols to quantify relative 

sodium concentrations in situ. Second, we utilized analytical chemistry to determine if the 

presence of mannitol or varying ionic strength of the surrounding exposure media affects 

TPHP uptake into the developing embryo. Third, we relied on ion chromatography and 

inductively coupled plasma optical emission spectrometry (ICP-OES) to quantify the 

concentrations of fluoride, chloride, nitrite, bromide, nitrate, phosphate, sulfate, sodium, 

calcium, potassium, and magnesium in different media used for embryo exposures, and 

how varying ion concentrations impact embryonic phenotypes. Finally, we utilized 

scanning electron microscopy to determine whether TPHP alters the morphology and/or 

organization of the yolk sac epithelium.   
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3.3 Materials and Methods  

Animals  

Using previously described procedures (Mitchell et al., 2018), wildtype adult (strain 

5D) zebrafish were maintained and bred on a recirculating system according to an 

Institutional Animal Care and Use Committee-approved animal use protocol (#20210027) 

at the University of California, Riverside.   

Chemicals  

TPHP (99.5% purity) and D-mannitol (>98% purity) were purchased from 

ChemService, Inc.  (West Chester, PA, USA) and Bio-Techne Corp. (Minneapolis, MN, 

USA), respectively. To prepare stock solutions, TPHP was dissolved in liquid 

chromatography-grade dimethyl sulfoxide (DMSO) and stored at room temperature in 2-

mL glass amber vials with polytetrafluoroethylene-lined caps. To prepare working 

solutions, stock solutions of TPHP were spiked into particulate-free water from our 

recirculating system (pH and conductivity of ~7.2 and ~950 μS, respectively), resulting in 

0.1% DMSO within all vehicle control and TPHP treatments. D-mannitol solutions were 

freshly prepared by dissolving powder into particulate-free water from our recirculating 

system and then immediately used for exposures.  

TPHP Exposures  

Immediately after spawning, fertilized eggs were collected and incubated in 

groups of approximately 50 per 100 X 15 mm polystyrene petri dish until 24 h post-

fertilization (hpf) within a light- and temperature-controlled incubator. Working solutions of 

vehicle (0.1% DMSO) or TPHP (2.5 μM, 5 μM, and 10 μM) were prepared as described 

above. Vehicle or TPHP solutions (10 mL) were added to 100 X 15 mm polystyrene petri 

dishes and viable embryos were then transferred to dishes, resulting in 30 initial embryos 

per dish (three replicate dishes per treatment). Embryos were then exposed to vehicle or 
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TPHP from 24 to 72 hpf. All dishes were covered with a lid and incubated under a 14-

h:10-h light-dark cycle at 28ºC until 72 hpf. At 72 hpf, embryos were either 1) fixed 

overnight at 4ºC in 4% paraformaldehyde in 1X phosphate buffered saline (PBS), 

transferred to 1X PBS, and stored at 4ºC for no longer than one month until imaging or 2) 

immediately stained and analyzed for embryonic sodium concentrations as described 

below.   

Quantification of Embryonic Sodium Concentrations  

At 72 hpf, embryos were stained with a fluorescent sodium indicator dye (CoroNa 

Green AM, Invitrogen, Waltham, MA, USA) to quantify embryonic sodium concentrations 

in situ. At 72 hpf, the embryos were rinsed three times with reverse osmosis (RO) water 

and then placed in a working solution containing RO water, 20% Pluronic F-127 

(Invitrogen, Waltham, MA, USA), and CoroNa Green AM for 1.5 h. The working solution 

was then aspirated, and embryos were washed with RO water another three times for 5 

min each. Finally, embryos were immobilized with 100 mg/L MS 222 for 3 min, transferred 

into 96-well plates, and imaged under transmitted light and a FITC filter on our 

ImageXpress Micro XLS Widefield High-Content Screening System within MetaXpress 

6.0.3.1658 (Molecular Devices, Sunnyvale, CA, USA). Body length, pericardial area, and 

yolk sac area were manually quantified within MetaXpress using images captured under 

transmitted light, whereas total area of sodium-derived fluorescence in the head, trunk 

and yolk sac was quantified with a custom module within MetaXpress using images 

captured under a FITC filter.  

Embryo Media Experiments  

Different concentrations (0.5X, 1X and 2X) of embryo media (EM) were created 

by diluting a stock concentration of 60X EM within RO water. 60X EM was made in-house 

by dissolving 17.2 g NaCl, 0.76 g KCl, 2.9 g CaCl2·2H20, and 4.9 g MgSO4·7H20 into 1 L 
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of RO water, and then autoclaving the final solution prior to long-term storage at 4°C. 

Varying concentrations of EM were used for TPHP exposures by spiking DMSO or TPHP 

in 0.5X, 1X or 2X EM, resulting in a final concentration of either 0.1% DMSO or 5 µM 

TPHP. Immediately after spawning, fertilized eggs were collected and incubated in groups 

of approximately 50 per 100 X 15 mm polystyrene petri dish until 24 hpf within a light- and 

temperature-controlled incubator. Working solutions of vehicle (0.1% DMSO) or 5 μM 

TPHP in EM (0.5X, 1X or 2X) were prepared as described above. Vehicle or TPHP 

solutions (10 mL) were added to 100 X 15 mm polystyrene petri dishes and viable 

embryos were then transferred to dishes, resulting in 30 initial embryos per dish (three 

replicate dishes per treatment). Embryos were then exposed to vehicle or TPHP from 24 

to 72 hpf. All dishes were covered with a lid and incubated under a 14-h:10-h light-dark 

cycle at 28ºC until 72 hpf. At 72 hpf, all embryos were analyzed for embryonic sodium 

concentrations as described above.  

EM Ingredient Experiments  

To determine if one of the EM ingredients was necessary for TPHP-induced 

pericardial edema, exposures of TPHP were performed in four different solutions 

containing individual ingredients of 2X EM. Four different solutions were prepared in RO 

water: 10 mM NaCl, 0.17 mM KCl, 0.66mM CaCl2·2H20, or 0.66mM MgSO4·7H20. Each 

of these solutions were then spiked with DMSO or TPHP, resulting in a final concentration 

of either 0.1% DMSO or 5 µM TPHP. Embryos were then exposed from 24-72 hpf as 

described above. At 72 hpf, all embryos were analyzed for embryonic sodium 

concentrations as described above.  

Quantification of Embryonic Doses of TPHP and DPHP  

Embryonic doses of TPHP and diphenyl phosphate (DPHP, the primary metabolite 

of TPHP) were quantified following exposure to TPHP from 24-72 hpf in RO water, system 
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water, or 2X EM as described above. For the first experiment, 24-hpf embryos were 

transferred to 100 X 15 mm polystyrene Petri dishes (30 embryos per dish; four dishes 

per treatment) containing either system water and 0.1% DMSO, 5 µM TPHP, 250 mM D-

Mannitol, or 5 µM TPHP + 250 mM D-Mannitol.  For the second experiment, 24-hpf 

embryos were transferred to 100 X 15 mm polystyrene Petri dishes (30 embryos per dish; 

four dishes per treatment) containing either 1) RO water + 0.1% DMSO or 5 µM TPHP, or 

1) 2X EM + 0.1% DMSO or 5 µM TPHP. All embryos were incubated until 72 hpf. For 

each replicate group (4 groups per treatment), ~30 embryos were placed into a 2-mL 

cryovial, immediately snap-frozen in liquid nitrogen, and stored at -80°C. Prior to 

extraction, samples were spiked with deuterated TPHP (d15-TPHP) and deuterated 

DPHP (d10-DPHP).  Analytes were extracted and quantified similar to previously 

published methods (Mitchell et al., 2018). Method detection limits (MDLs) were set as 

three times the standard deviation of lab blanks (if present) or three times the noise. The 

MDLs for DPHP and TPHP were 0.86 ng and 1.19 ng, respectively, for the first 

experiment, and 0.50 ng. and 0.032 ng, respectively, for the second experiment.  

Ion Chromatography and ICP-OES   

To determine the concentration of ions within water being used in our experiments, 

10 mL samples of RO, system water, 0.5X EM, 1X EM, and 2X EM were analyzed within 

UCR’s Environmental Science Research Laboratory. Anions of interest were analyzed 

using a Dionex AQUION (Sunnyvale, CA) model ion chromatograph (IC) fitted with a 

conductivity cell detector, a 10-μL sample injection loop, Ion Pac AG14 (4x80 mm), AS14 

(4x250 mm) guard and analytical columns maintained at 30°C, DRS-600 (4 mm) self-

regenerating suppressor, and DV40 autosampler. The resin composition was 

ethylvinylbenzene cross-linked with divinylbenzene. The column specifications were the 

following: 9-μm particle size, 55% substrate crosslinking, anion exchange capacity of 65 
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μeq, alkyl quaternary ammonium ion exchange group, and medium-high hydrophobicity. 

Calibration standards were diluted from certified stock solutions using deionized water 

prepared via a Labconco WaterPro DS system (Kansas City, MO). Eluent was prepared 

using this deionized water with the following concentration: 3.5mM Na2CO3/1.0 mM 

NaHCO3. All glassware was washed using this deionized water. Anions were calibrated 

using concentrations ranging from 0.01 to 1000 ppm, with a limit of detection (LOD) 

determined using the equation LOD = (3.3 x SDy-intercept)/slope. Verification of calibration 

efficacy was conducted by analysis of a certified multi-anion reference standard, 

“VeriSpec Mixed Anion Standard 7”, yielding percent recoveries from 91% to 99% for all 

seven anions.  

Cations were analyzed utilizing an Optima 7300 DV Model Inductively Coupled 

Plasma – Optical Emission Spectrometer (ICP-OES, Perkin-Elmer, Waltham, MA) and 

using an Elemental Scientific (Omaha, NB) 4DXC autosampler. Samples and standards 

were pumped into a nebulization spray chamber at a rate of 0.80 mL per minute. These 

aerosolized droplets of 10 µm in diameter were then drawn into the argon plasma via a 

gas pressure of 0.5 L per min. The carrier liquid was 1% trace metal grade nitric acid 

(HNO3), and a mixing T provided an inflow of 2.5 ppm Yttrium to serve as an internal 

standard. The argon plasma was generated using a gas flow rate of 14 L per min and a 

radio frequency inducement of 1350W. Auxiliary gas flow was set to 0.2 L per min. 

Calibration standards were diluted from stock solutions certified by Spex, using deionized 

water prepared via a Labconco WaterPro DS system (Kansas City, MO) and trace metal 

grade nitric acid. Polypropylene flasks were used for all liquid preparations. Cations were 

calibrated using concentration ranging from 0.01 to 1000 ppm, with limit of detection 

(LOD) determined using the equation LOD = (3.3 x SDy-intercept)/slope. Verification of 

calibration efficacy was conducted by analysis of a certified multi-anion reference 
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standard prepared by VWR, yielding percent recoveries from 89% to 99% for all four 

cations. 

Scanning Electron Microscopy  

To determine if TPHP induced alterations to the yolk sac epithelium, a Hitachi 

Tabletop TM4000Plus Scanning Electron Microscope (SEM) was utilized to scan five 

independent locations on the yolk sac of each embryo. Prior to imaging, exposures were 

performed from 24-72 hpf within RO water, system water, or 2X EM containing 0.1% 

DMSO, 5 µM TPHP, 250 mM D-Mannitol, or 5 µM TPHP + 250 mM D-Mannitol. At 72 hpf, 

all embryos were fixed within 4% PFA as described above. Immediately before imaging, 

fixed embryos were flash frozen within a liquid nitrogen bath.  Frozen embryos were then 

imaged using the following magnification and settings: 10 KV, setting 4, VSE, 2,000 X. 

Images were then analyzed within ImageJ (Version 1.8.0_172) using the following steps:   

1. File → Open → Chose photo for analysis.  

2. Choose *straight* line button on the toolbar and measure one side of the well to the 

other.  Then chose Analyze → Set Scale (keep distance listed in pixels the same, 

make known distance 3, keep the pixel aspect ratio the same, Unit length is mm, 

and click the checkbox next to global).  

3. Image → Adjust → Threshold (set first box to 0 and second box to 35) → click 

apply. 

4. Analyze → Analyze particles (make sure the box next to summary is clicked).  

5. The number under total area provides the total area of microridges in the image, 

record, and repeat steps.   
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Statistics  

For all data generated within this study, a general linear model (GLM) analysis of 

variance (ANOVA) (⍺ = 0.05) and Tukey-based multiple comparisons were performed 

using SPSS Statistics 24. 

3.4 Results  

TPHP Does not Affect Embryonic Sodium Concentrations In Situ  

Relative to embryos exposed to vehicle (0.1% DMSO) from 24-72 hpf, exposure 

to TPHP (2.5 µM, 5 µM and 10 µM) from 24-72 hpf did not significantly affect sodium 

concentrations within the head, yolk sac or trunk of embryonic zebrafish (Figure 3.1). 

Pericardial edema and yolk sac area were also quantified and, consistent with our prior 

studies, we found no significant differences in the yolk sac area whereas TPHP increased 

pericardial area in a concentration-dependent manner (Figure 3.1).   
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Figure 3.1. Mean (± standard deviation) of the area of fluorescence in the head (A), yolk 
sac (B), trunk (C), total area of the yolk sac (D), and pericardial area (E) of embryos 
exposed to vehicle  (0.1% DMSO), 2.5 µM TPHP, 5 µM TPHP or 10 µM TPHP from 24-
72 hpf. Asterisks (*) denotes a significant difference (p<0.05) relative to vehicle controls. 

  
 

TPHP-Induced Pericardial Edema is Dependent on Ionic Strength Within Exposure 

Media  

To better characterize the ionic composition of exposure media used within this 

study, we first quantified the concentration (in ppm) of Fluoride, Chloride, Nitrite, Bromide, 

Nitrate, Phosphate, Sulfate, Sodium, Calcium, Potassium, or Magnesium in RO Water, 

System Water, 0.5X EM, 1X EM, and 2X EM. While certain ions were present within 

System Water, 0.5X EM, 1X EM, and 2X EM but not RO Water, the concentration of 

chloride increased as a function of EM strength and accounted for the majority of ions 

present within 0.5X, 1X, and 2X EM (Figure 3.2). Indeed, the concentration of chloride 
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within 2X EM was 3X higher than the next highest ion (sodium) (Figure 3.2), a finding that 

was not surprising since three out of the four salts used to make EM contain chloride.   

 
Figure 3.2. Mean (± standard deviation) of the concentration (in ppm) of Fluoride, 
Chloride, Nitrite, Bromide, Nitrate, Phosphate, Sulfate, Sodium, Calcium, Potassium, or 
Magnesium in RO Water, System Water, 0.5X EM, 1X EM, and 2X EM. Asterisks (*) 
denotes a significant difference (p<0.05) relative to RO water. 
 
Embryos were exposed to 5 µM TPHP in different exposure media (RO Water, 0.5X EM, 

1X EM, or 2X EM) from 24-72 hpf to determine if an increase in ionic strength of exposure 

media altered TPHP-induced pericardial edema. While TPHP decreased body length 

across all exposure media, TPHP did not affect yolk sac area within any of exposure media 

(Figure 3.3). However, we found that, even in the presence of TPHP, pericardial area was 

not significantly different from water or vehicle controls when exposed within RO water or 

0.5X EM (Figure 3.3). However, when embryos were exposed to TPHP within 1X or 2X 

EM, pericardial area was significantly higher relative to water and vehicle controls, similar 

to what we have observed in this study and our prior studies using system water (Figure 

3.3).  
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Interestingly, similar to our prior findings in system water, D-Mannitol completely mitigated 

TPHP-induced pericardial edema within co-exposed within 1X or 2X EM (Figure 3.3).  

Figure 3.3. Mean (± standard deviation) of length (A), yolk sac area (B) and pericardial 
area (C) of embryos exposed to water control, vehicle (0.1% DMSO), 5 µM TPHP, 250 
mM D-Mannitol, or 5 µM TPHP + 250 mM D-Mannitol in different types of media (RO 
Water, 0.5X EM, 1X EM, or 2X EM.  Plus sign (+) denotes a significant difference (p<0.05) 
relative to 5 µM TPHP in RO water, whereas an asterisk (*) denotes a significant difference 
(p<0.05) relative to embryos exposed to vehicle (0.1% DMSO) within the same media 
group (RO Water, 0.5X EM, 1X EM or 2X EM).  
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 To determine if a specific salt within EM was required for TPHP-induced pericardial 

edema, each EM ingredient was tested individually by exposing embryos to either vehicle 

(0.1% DMSO) or 5 µM TPHP. While there were no significant differences in body length 

or yolk sac area across all groups, pericardial area was significantly increased when 

embryos were exposed to TPHP within exposure media containing any of four EM 

ingredients (Figure 3.4). Interestingly, the most significant effects were observed when 

embryos were exposed within exposure media containing KCl, CaCl2 ● 2H2O, or NaCl, 

suggesting that chloride may be playing a key role in pericardial edema formation.   

Figure 3.4. Mean (±  standard deviation) of  length (A), yolk sac area  (B), and pericardial 
area  (C) of embryos exposed  to water control, vehicle  (0.1% DMSO) or 5 µM  TPHP in 
varying  exposure media (10.18  mM KCl, 19.73 mM  CaCl2⦁2H2O, 40.71 mM  MgSO4, 
and 294.3 mM  NaCl). Asterisks (*)  denotes a significant  difference (p<0.05)  relative to 
vehicle (0.1%  DMSO) in the same  exposure media group  (0.17 mM KCl, 0.66 mM  
CaCl2⦁2H2O, 0.66 mM  MgSO4, and 10 mM  NaCl), whereas a plus sign (+) denotes a  
significant difference  (p<0.05) relative to  embryos exposed to 5 µM TPHP in RO Water. 
D-Mannitol and ionic strength of exposure media do not impact TPHP uptake.  
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Since D-mannitol (an osmotic diuretic) mitigates TPHP-induced pericardial edema 

and increasing the ionic strength of exposure media exacerbates TPHP-induced 

pericardial edema, we quantified embryonic doses of TPHP and DPHP in the presence 

of D-mannitol or within RO Water vs. 2X EM. Interestingly, embryonic doses of TPHP and 

DPHP were not affected by the presence of D-mannitol nor significantly different within 

RO Water vs. 2X EM (Figure 3.5), suggesting that differences in the severity of TPHP-

induced pericardial edema under these varying experimental conditions were not 

attributed to differences in TPHP uptake.  

Figure 3.5. A) Mean (± standard deviation) of  measured concentration of  DPHP and 
TPHP (ng/embryo) in embryos  exposed to vehicle (0.1%  DMSO), 5 µM TPHP, 250  mM 
D-Mannitol, and 5 µM  TPHP + 250 mM D-Mannitol from 24-72 hpf. Asterisks (*) denotes 
a significant difference (p<0.05) relative to vehicle (0.1% DMSO). B)  Mean (± standard 
deviation) of measured concentration of DPHP and TPHP (ng/embryo) in embryos 
exposed to vehicle (0.1% DMSO) or 5 µM TPHP in different medias (RO Water or 2X EM). 
Asterisks (*) denotes a significant difference (p<0.05) relative to vehicle (0.1% DMSO).  
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TPHP Disrupts the Morphology and Organization of the Embryonic Yolk Sac Epithelium 

Overall, TPHP-exposed in 2X embryo media embryos exhibited extensive 

microridges relative to embryos exposed to vehicle in Location C and E (Figure 3.6). While 

microridges in TPHP exposed embryos were higher at all locations, we only observed 

significant differences in those three locations. Embryos exposed to TPHP within 2X EM 

also exhibited extensive microridges relative to TPHP-exposed embryos in RO water at 

Locations C and E (Figure 3.6). Interestingly, in all but one of the locations, embryos 

exposed to both TPHP and D-Mannitol within 2X EM had significantly less microridges 

compared to embryos exposed to TPHP alone (Figure 3.6). At all 5 locations, there is also 

an upward trend in the abundance of microridges observed within TPHP exposed 

embryos, suggesting that an increase in ionic strength of exposure media exacerbated the 

generation of microridges within embryos.  
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Figure 3.6. Locations (A, B, C, D, and E) used for SEM on the yolk sac of embryonic 
zebrafish (A).  Panels B-F show the total area of microridges across treatment groups 
within each location. (G)  Representative images of Location C are shown. * denotes a 
significant difference (p<0.05) relative to vehicle (0.1% DMSO) within same exposure 
media. + denotes a significant difference (p<0.05) relative to 5 µM TPHP in RO Water. ┴ 
denotes a significant difference (p<0.05) relative to 5 µM TPHP in 2X EM. 
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3.5 Discussion  

Based on our prior studies in developing zebrafish, TPHP is known to increase 

the number of ionocytes, as well as induce pericardial edema, liver enlargement and 

disrupt cardiac looping (Isales et al., 2015; McGee et al., 2013; Mitchell et al., 2018; 

Reddam et al., 2019; Wiegand et al., 2022). Within this study, we found that TPHP-

induced pericardial edema is dependent on the presence of high ion concentrations within 

exposure media – a result that was likely associated with pericardial edema, increased 

ionocytes, and decreased body length found in our last studies (Isales et al., 2015; McGee 

et al., 2013; Mitchell et al., 2018; Reddam et al., 2019; Wiegand et al., 2022; Yozzo et al., 

2013). Numerous studies have shown how changing the ion concentration of media can 

impact embryonic development (Liao et al., 2009; Esaki M et al., 2009; Esbaugh et al., 

2019).  However, to our knowledge, little is known about how ionic strength of exposure 

media impacts the toxicity of chemicals within zebrafish embryos. Indeed, our findings 

have significant implications due to minimal standardization of zebrafish embryo-based 

toxicity assays around the world.   

We also found that TPHP altered the structure of the embryonic yolk sac 

epithelium by inducing an increase in the presence of microridges. This difference was 

more pronounced within TPHP-exposed embryos in 2X EM, where the yolk sac epithelium 

of TPHP-exposed embryos exhibited significantly more microridges relative to vehicle-

exposed embryos in the same exposure media as well as TPHP-exposed embryos within 

RO water. This TPHP-induced phenotype was different from D-Mannitol and co-exposure 

groups, which consistently had the lowest amounts of microridges in all five locations. To 

our knowledge, only one other study has investigated the potential impacts of 

contaminants on the epithelium of embryonic zebrafish.  
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This study found that metal oxide nanoparticles caused skin damage on 

embryonic zebrafish (Peng et al., 2018) but, unlike our study, most of the skin damage 

was localized to the posterior regions.   

Most studies in the published literature have investigated the epithelial layer of 

adult rather than embryonic zebrafish. Interestingly, these studies have looked at the 

capacity for cutaneous wound healing within zebrafish (Naomi et al., 2021) and, as such, 

are difficult to compare to our results due to differences of the epithelial layer of adult vs. 

embryonic zebrafish. For example,  embryonic zebrafish utilize the entire epithelial layer 

for osmoregulation due to ionocytes and  aquaporins being spread across their skin, while 

adult zebrafish have ionocytes and aquaporins  localized to their gills, which occurs 

around 14 dpf (Breves et al., 2014; Dymowska et al., 2012; Evans, 2008, 2011; Gilmour, 

2012; Hiroi & McCormick, 2012; Hwang & Lee, 2007; Hwang et al., 2011; Kumai & Perry, 

2012; Wright & Wood, 2012). Embryonic zebrafish also do not develop scales until around 

30 dpf (Le Guellec et al., 2003), making the embryonic skin more vulnerable to damage 

that may not impact adult zebrafish.   

There are potential explanations underlying how TPHP-induced damage may be 

occurring.  First, there may be an impact on the differentiation of ionocytes and/or 

keratinocytes. This disruption may be causing more ionocytes of different types to be 

produced, which was seen in our recent study (Wiegand et al., 2022). Second, there may 

be alterations in the maintenance of tight-junction barriers between keratinocytes (Kiener 

et al., 2008), alterations which have been found to cause similar phenotypes as TPHP-

induced effects in zebrafish embryos. Interestingly, weakening of tight junctions on the 

epithelium as a result of toxin exposure has the potential to cause defects in 

osmoregulation (Hill et al., 2004; Kiener et al., 2008). On the yolk sac epithelium layer, 

tight-junction proteins regulate the paracellular movement of ions and fluids, with claudins  
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being the primary determinant of the epithelial barrier function (Guh et al., 2015; Turksen 

& Troy, 2004).   

 
3.6 Conclusions  

To our knowledge, this is the first study to investigate the potential impacts of 

TPHP on the embryonic yolk sac epithelium during early zebrafish development, and how 

changing ion composition of exposure media impacts the toxicity of TPHP within zebrafish 

embryos. Our data suggests that TPHP increases the frequency of microridges on the 

embryonic yolk sac epithelium, leading to potential impacts on osmoregulation and organ 

development during embryogenesis. We also found that changing the ionic strength of 

exposure media influenced the severity of pericardial edema formation, with increased 

ionic strength of the exposure media leading to increased pericardial edema. We also 

demonstrated that D-Mannitol does not impact TPHP uptake in embryonic zebrafish while 

still preventing TPHP-induced pericardial edema formation. Further research is needed 

to determine if TPHP is impacting the ability of embryonic zebrafish to repair its epithelial 

layer, leading to an imbalance in ion transport during embryonic development.  
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Chapter 4: Triphenyl Phosphate-Induced Pericardial Edema in Zebrafish: 

Role of Epidermal Injury and Uptake/Depuration Kinetics During Embryonic 

Development 

4.1 Abstract 

 Triphenyl phosphate (TPHP) – a widely used organophosphate-based flame 

retardant – blocks cardiac looping during zebrafish development in a concentration-

dependent manner, a phenotype that is dependent on disruption of embryonic 

osmoregulation and pericardial edema formation. However, it’s currently unclear whether 

1) TPHP-induced effects on osmoregulation are driven by direct, TPHP-induced injury to 

the embryonic epidermis and 2) whether TPHP-induced pericardial edema is reversible or 

irreversible following cessation of exposure.  Therefore, the objectives of this study were 

to determine whether TPHP-induced pericardial edema is reversible, and whether TPHP 

causes injury to the embryonic epidermis by quantifying the number of DAPI-positive 

epidermal cells and analyzing the morphology of the yolk sac epithelium using scanning 

electron microscopy.   First, we found that exposure to TPHP from 24-72 h post-fertilization 

(hp) did not increase prolactin – a hormone that regulates ions and water levels – in 

embryonic zebrafish, whereas high ionic strength exposure media was associated with 

elevated levels of prolactin. Second, we found that TPHP did not decrease DAPI-positive 

epidermal cells within the embryonic epithelium, and that fenretinide – a synthetic retinoid 

that promotes epithelial wound repair – partially mitigated the prevalence of TPHP-induced 

microridges within the yolk sac epithelium.  Finally, we found that the pericardial area of 

TPHP-exposed embryos was similar to vehicle-treated embryos following transfer to clean 

water and depuration of TPHP. Overall, our findings suggest that 1) TPHP does not cause 

injury to the embryonic epidermis; 2) TPHP-induced pericardial edema is reversible; and 
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3) the ionic strength of exposure media has the potential to influence the baseline 

physiology of zebrafish embryos.  

4.2 Introduction  

Fish maintain ionic and osmotic homeostasis to ensure optimal cellular and 

physiological processes (Guh et al., 2015). Similar to humans, this process is achieved by 

utilizing transepithelial transport mechanisms (Guh et al., 2015). However, unlike humans, 

fish regulate ionic and osmotic gradients between an external aquatic environment and 

internal biological system (Guh et al., 2015). Osmoregulation has evolved to quickly adapt 

to changes in the aquatic environment, which can vary in osmolarity and ionic composition 

(Guh et al., 2015). Adult fish perform many ionic and osmoregulatory mechanisms within 

the gills, which have a similar role as the human kidney (Evans, 2008; Hwang & Lee, 

2007). Within the gills, ionocytes represent major, mitochondria-rich cells that are 

responsible for the transport of ions and are functionally analogous to mammalian renal 

tubular cells (Dymowska et al., 2012; Evans, 2011; Guh et al., 2015; Hwang et al., 2011).  

After fertilization of zebrafish eggs, ionocytes begin to differentiate at 

approximately 24 h post-fertilization (hpf) and are localized along the embryonic skin (or 

epidermis) to transport essential ions from the surrounding water into the developing 

embryo (Hwang & Chou, 2013). As the fish continues to develop, ionocytes migrate to the 

developing gills and the number of epidermal ionocytes decreases. After all ionocytes 

have migrated to the gills, the number of ionocytes ceases to increase (Ayson et al., 1994; 

Hiroi et al., 1999). Gill-localized ionocytes provide adequate respiratory and 

osmoregulatory capacity in order to meet physiological demands of the organism 

(Rombough, 2007). When the epidermis is injured, the basal cell layer promotes active 

cell migration, while the superficial layer utilizes a purse-string contraction to seal off the 
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wound (Gault et al., 2014).  If epidermal cells are damaged, surrounding fluid can disrupt 

the ion gradients, leading to osmotic and electrical changes within the epidermis such as 

osmotic shock (Kennard & Theriot, 2020). Osmotic shock may serve as an early cue for 

epidermal injury, as osmotic shock causes cell swelling, tissue damage within the embryo, 

and promotion of cellular migration toward the injury (Chen et al., 2019; Gault et al., 2014).  

Prolactin is a freshwater-adapting hormone in zebrafish (Breves et al., 2014) that 

regulates ions and water levels in vertebrates (McCormick & Bradshaw, 2006). 

Interestingly, prolactin has varying functions in different vertebrates, ranging from 1) 

wound healing, seasonal hair growth, and milk production in mammals (Foitzik et al., 

2009); 2) increasing open-channel density of sodium channels in adult frog skin (Takada 

& Kasai, 2003); and 3) altering skin permeability of osmoregulatory surfaces (gills, skin, 

kidney, intestine, bladder) in teleost fish (Manzon, 2002). Prolactin regulates the amount 

of Na+, K+, and Cl- in embryonic zebrafish (Shu et al., 2016). If prolactin levels are impacted 

due to chemical exposure, this has the potential to affect regulation of Na+, K+, and Cl- ion 

transport that is essential for normal zebrafish development. 

 Prior studies in our lab have found that triphenyl phosphate (TPHP) – a widely 

used organophosphate-based flame retardant – blocks cardiac looping during zebrafish 

development in a concentration-dependent manner, a phenotype that is dependent on 

pericardial edema formation (Isales et al., 2015; McGee et al., 2013; Mitchell et al., 2018; 

Reddam et al., 2019; Yozzo et al., 2013). Moreover, D-Mannitol – an osmotic diuretic that 

increases the osmolarity of the surrounding solution (Papich, 2016) – and fenretinide – a 

synthetic retinoid that may promote epithelial wound repair (Szymański et al., 2020) – are 

both able to block TPHP-induced pericardial edema (Mitchell et al., 2018, 2019; Reddam 

et al., 2019; Wiegand et al., 2022, 2023).  D-Mannitol does not impact TPHP uptake in 
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embryos, demonstrating that mitigation of TPHP-induced pericardial edema is not an 

artifact of decreased embryonic doses of TPHP in the presence of D-Mannitol (Wiegand 

et al., 2023). TPHP-induced pericardial edema is also associated with increased 

epidermal ionocyte and microridge formation on the yolk sac epithelium, phenotypes that 

are rescued by co-exposing embryos to D-Mannitol (Wiegand et al., 2022, 2023). Finally, 

TPHP-induced pericardial edema does not occur in exposure solutions of low ionic 

strength (e.g., reverse osmosis water), with edema formation only occurring in exposure 

solutions with higher ionic strength (e.g., conditioned water from a recirculating system) 

(Wiegand et al., 2023). Overall, our studies to date collectively suggest that TPHP-induced 

pericardial edema within zebrafish embryos may be dependent on epidermal injury and 

disruption of osmoregulation across the epidermis.  However, it’s currently unclear 

whether TPHP-induced pericardial edema is reversible or irreversible within embryonic 

zebrafish. 

Using zebrafish embryos as a model, the primary objectives of this study were to 

1) determine if TPHP-induced effects on osmoregulation are driven by direct, TPHP-

induced injury to the embryonic epidermis and 2) whether TPHP-induced pericardial 

edema is reversible or irreversible following cessation of exposure, To accomplish these 

objectives, we first relied on whole-mount immunohistochemistry and automated image 

analysis to quantify the abundance of prolactin within embryonic zebrafish under varying 

exposure conditions. Second, we quantified the abundance of embryonic epidermal cells 

by utilizing DAPI-based, in situ staining and automated image analysis. Third, we utilized 

scanning electron microscopy to determine whether fenretinide blocks TPHP-altered 

morphology and/or organization of the yolk sac epithelium. Finally, we exposed embryos 

to TPHP from 24-72 hpf and, after transferring to clean system water from 72-120 hpf, 
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determined whether the severity of TPHP-induced pericardial edema was associated with 

TPHP uptake and depuration.  

4.3 Materials and Methods  

Animals  

Using previously described procedures (Mitchell et al., 2018), wildtype adult (strain 

5D) zebrafish were maintained and bred on a recirculating system according to an 

Institutional Animal Care and Use Committee-approved animal use protocol (#20210027) 

at the University of California, Riverside. 

Chemicals  

TPHP (99.5% purity), D-mannitol (>98% purity), and fenretinide (>99.3% purity) 

were purchased from ChemService, Inc. (West Chester, PA, USA), Bio-Techne Corp. 

(Minneapolis, MN, USA), and Tocris Bioscience (Bristol, UK), respectively. To prepare 

stock solutions, TPHP and fenretinide were dissolved in liquid chromatography-grade 

dimethyl sulfoxide (DMSO) and stored at room temperature in 2-mL glass amber vials 

with polytetrafluoroethylene-lined caps. To prepare working solutions, stock solutions of 

TPHP and fenretinide were spiked into particulate-free water from our recirculating 

system (pH and conductivity of ~7-8 and ~900-1000 μS, respectively), resulting in 0.1% 

DMSO within all vehicle control, fenretinide, and TPHP treatment solutions. D-mannitol 

solutions were freshly prepared by dissolving powder into particulate-free water from our 

recirculating system and then immediately used for exposures.   

TPHP Exposures 

Immediately after spawning, fertilized eggs were collected and incubated in 

groups of approximately 50 per 100 X 15 mm polystyrene petri dish until 24 h post-

fertilization (hpf) within a light- and temperature-controlled incubator. Working solutions of 
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vehicle (0.1% DMSO), 250 mM D-mannitol, 2.14 μM fenretinide, 5 μM TPHP, 250 mM D-

Mannitol + 5 μM TPHP, or 2.14 μM fenretinide + 5 μM TPHP were prepared as described 

above. The concentrations of D-mannitol, fenretinide, and TPHP were selected based on 

our previously published studies (Mitchell et al., 2019; Reddam et al., 2019; Wiegand et 

al., 2022, 2023).  Treatment solutions (10 mL per replicate dish) were added to 100 X 15 

mm polystyrene petri dishes, and viable embryos were then transferred to dishes, 

resulting in 30 initial embryos per dish (three replicate dishes per treatment). Embryos 

were then exposed under static conditions to each treatment solution from 24 to 72 hpf. 

All dishes were covered with a lid and incubated under a 14-h:10-h light-dark cycle at 

28ºC until 72 hpf. At 72 hpf, embryos were fixed overnight at 4ºC in 4% paraformaldehyde 

(PFA) in 1X phosphate-buffered saline (PBS), transferred to 1X PBS, and stored at 4ºC 

for no longer than one month until imaging. 

 To determine whether TPHP-induced pericardial edema was reversible, working 

solutions of vehicle (0.1% DMSO) and 5 μM TPHP were prepared as described above. 

Treatment solutions (10 mL per replicate dish) were added to 100 X 15 mm polystyrene 

petri dishes, and viable embryos were then transferred to dishes, resulting in 30 initial 

embryos per dish (three replicate dishes per treatment per timepoint). Embryos were then 

exposed to vehicle (0.1% DMSO) or 5 μM TPHP from 24 to 72 hpf. All dishes were covered 

with a lid and incubated under a 14-h:10-h light-dark cycle at 28ºC. At 48 and 72 hpf, a 

total of 90 vehicle-treated embryos and 90 TPHP-treated embryos per time-point were 

fixed overnight at 4ºC in 4% PFA in 1X PBS, transferred to 1X PBS, and stored at 4ºC for 

no longer than one month until imaging. The remaining embryos were transferred from 

vehicle or TPHP solutions into clean water from our recirculating water system and then 

incubated under a 14-h:10-h light-dark cycle at 28ºC until 96 or 120 hpf. At 96 and 120 
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hpf, a total of 90 vehicle-treated embryos and 90 TPHP-treated embryos per time-point 

were fixed overnight at 4ºC in 4% PFA in 1X PBS, transferred to 1X PBS, and stored at 

4ºC for no longer than one month until Imaging. Fixed embryos were then transferred to 

black 384-well microplates containing 0.17-mm glass-bottom wells (Matrical Bioscience, 

Spokane, WA, USA), centrifuged for 5 min at 140 rpm, and imaged under transmitted light 

on our ImageXpress Micro XLS Widefield High-Content Screening System within 

MetaXpress 6.0.3.1658 (Molecular Devices, Sunnyvale, CA, USA). Body length, 

pericardial area, and yolk sac area were manually quantified within MetaXpress using 

images captured under transmitted light. 

Whole-Mount Immunohistochemistry and Automated Imaging 

Similar to previously described protocols (Yozzo et al., 2013), fixed embryos were 

labeled with 1:500 dilution of a prolactin-specific monoclonal antibody (INN-hPRL-1) (Life 

Technologies, Carlsbad, CA, USA) and 1:500 dilution of AlexaFluor 488-conjugated goat 

anti-mouse IgG1 cross-adsorbed antibody (Thermo Fisher Scientific, Waltham, MA, USA) 

to quantify the abundance of prolactin. Labeled embryos were transferred to black 384-

well microplates containing 0.17-mm glass-bottom wells (Matrical Bioscience, Spokane, 

WA, USA), centrifuged for 5 min at 140 rpm, and imaged under transmitted light and a 

FITC filter on our ImageXpress Micro XLS Widefield High-Content Screening System 

within MetaXpress 6.0.3.1658 (Molecular Devices, Sunnyvale, CA, USA). Body length, 

pericardial area, and yolk sac area were manually quantified within MetaXpress using 

images captured under transmitted light, whereas prolactin was automatically quantified 

with a custom module within MetaXpress using images captured under a FITC filter.   
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Quantification of the Abundance of Embryonic Epidermal Cells 

Vehicle- and TPHP-treated embryos were stained with DAPI to quantify the 

abundance of cells within the embryonic epidermis. Following exposure from 24-72 hpf, 

72-hpf embryos were fixed overnight at 4ºC in 4% PFA in 1X PBS, transferred to 1X PBS, 

and stored at 4ºC for no longer than one month until imaging. Fixed embryos were then 

incubated at room temperature for 15 min in DAPI-containing Fluoromount-G mounting 

medium (Thermo Fisher Scientific, Waltham, MA, USA) that was diluted 1:4 in 1X PBS. 

The solution was then aspirated and embryos were washed with reverse osmosis (RO) 

water for 5 min. Embryos were then transferred to black 384-well microplates containing 

0.17-mm glass-bottom wells (Matrical Bioscience, Spokane, WA, USA), centrifuged for 5 

min at 140 rpm,  and imaged under transmitted light and a DAPI filter on our ImageXpress 

Micro XLS Widefield High-Content Screening System within MetaXpress 6.0.3.1658 

(Molecular Devices, Sunnyvale, CA, USA). The total area and number of DAPI-labeled 

epidermal cells were automatically quantified with a custom module within MetaXpress 

using images captured under a FITC filter.   

Quantification of Embryonic Doses of TPHP and DPHP  

Embryonic doses of TPHP and diphenyl phosphate (DPHP, the primary metabolite 

of TPHP) were quantified at 48 hpf, 72 hpf, 96 hpf, and 120 hpf following exposure to 

vehicle (0.1% DMSO) or 5 µM TPHP from 24-72 hpf and following transfer to clean water 

from 72-120 hpf as described above. For each replicate (4 replicates per treatment per 

timepoint), ~30 embryos were placed into a 2-mL cryovial, immediately snap-frozen in 

liquid nitrogen, and stored at -80°C. Prior to extraction, samples were spiked with 

deuterated TPHP (d15-TPHP) and deuterated DPHP (d10-DPHP).   
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Analytes were extracted and quantified according to previously published 

methods (Mitchell et al., 2018). Method detection limits (MDLs) were set as three times 

the standard deviation of lab blanks (if present) or three times the noise. The MDLs for 

TPHP and DPHP were 0.05 ng and 0.45 ng, respectively. 

Scanning Electron Microscopy  

A Hitachi Tabletop TM4000Plus Scanning Electron Microscope (SEM) was utilized 

to scan five independent locations on the yolk sac epithelium of each embryo. Prior to 

imaging, embryos were exposed from 24-72 hpf within RO water, system water, or 2X 

embryo media (EM) (Wiegand et al., 2023) containing 0.1% DMSO, 5 µM TPHP, 2.14 µM 

fenretinide, or 5  µM TPHP + 2.14 µM fenretinide as described above. At 72 hpf, all 

embryos were fixed with 4% PFA and stored as described above. Immediately before 

imaging, fixed embryos were flash-frozen within a liquid nitrogen bath.  Frozen embryos 

were then imaged using the following magnification and settings: 10 KV, setting 4, VSE, 

2,000 X. Images were then analyzed within ImageJ (Version 1.8.0_172) using previously 

described protocols (Wiegand et al., 2023).  

Statistics  

For all data generated within this study, a general linear model (GLM) analysis of 

variance (ANOVA) (⍺ = 0.05) and Tukey-based multiple comparisons were performed 

within SPSS Statistics 24. 

4.4 Results 

Ionic Strength of Exposure Media is Associated with Elevated Levels of Prolactin 

 Relative to embryos exposed to vehicle (0.1% DMSO) from 24-72 hpf, exposure 

to 5 µM TPHP alone from 24-72 hpf across all three exposure media types (RO Water, 

System Water, or 2X EM) did not result in a significant increase in prolactin abundance 
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(Figure 4.1). However, there was an upward trend in prolactin abundance as the ionic 

strength of exposure media increased from RO Water to System Water to 2X EM, while 

D-Mannitol alone and TPHP + D-Mannitol co-exposures suppressed prolactin levels 

across all exposure media types.  Pericardial area, yolk sac area, and length across all 

treatments were consistent with our prior studies (Isales et al., 2015; McGee et al., 2013; 

Mitchell et al., 2018; Reddam et al., 2019; Wiegand et al., 2022, 2023), where yolk sac 

area was not affected across treatments nor embryo media types and TPHP induced 

pericardial edema within embryos exposed within System Water and 2X EM (Figure 4.1).  

Figure 4.1. Mean (± standard deviation) prolactin fluorescence area (A), pericardial area 
(B), body length (C), and yolk sac area (D) of embryos exposed to water only, vehicle 
(0.1% DMSO), 2.14 µM Fenretinide, 250 mM D-Mannitol, 5 µM TPHP, 5 µM TPHP + 2.14 
µM Fenretinide, or 5 µM TPHP + 250 mM D-Mannitol from 24-72 hpf. Plus sign (+) denotes 
a significant difference (p<0.05) relative to the same treatment in RO water, whereas 
asterisk (*) denotes a significant difference (p<0.05) relative to embryos exposed to 
vehicle (0.1% DMSO) within the same media group (RO Water, System Water or 2X EM). 
 
TPHP Does not Decrease DAPI-Positive Cells Within the Embryonic Epidermis 

 To determine if TPHP has the potential to decrease the number of epidermal cells, 

embryos were fixed and stained with DAPI following exposure to vehicle (0.1% DMSO), 

2.14 µM Fenretinide, 250 mM D-Mannitol, 5 µM TPHP, 5 µM TPHP + 2.14 µM Fenretinide, 
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or 5 µM TPHP + 250 mM D-Mannitol from 24-72 hpf. Embryos were then analyzed utilizing 

a custom module within MetaXpress to quantify individual cell nuclei and total area of all 

nuclei present within the embryonic epidermis. These data were then divided by body 

length to normalize against embryo size. In RO Water and 2X EM, there were no 

significant differences in length-normalized total area of nuclei across all treatments.  

However, in System Water, 2.14 µM Fenretinide, 5 µM TPHP + 2.14 µM Fenretinide, and 

5 µM TPHP + 250 mM D-Mannitol resulted in an increase in length-normalized total area 

of nuclei (Figure 4.2). Interestingly, there was only one treatment – 250 mM D-Mannitol in 

RO water – that resulted in a significant increase in length-normalized total cell count 

(Figure 4.2). Body length data were consistent with our prior studies (Isales et al., 2015; 

McGee et al., 2013; Mitchell et al., 2018, 2019; Reddam et al., 2019; Wiegand et al., 2022, 

2023), where exposure to 250 mM D-Mannitol, 5 µM TPHP + 2.14 µM Fenretinide, and 5 

µM TPHP + 250 mM D-Mannitol in RO Water resulted in decreased body length when 

compared to vehicle controls. Similarly, in System Water, exposure to 5 µM TPHP, 5 µM 

TPHP + 2.14 µM Fenretinide, or 5 µM TPHP + 250 mM D-Mannitol also resulted in 

decreased body length when compared to vehicle controls.  In 2X EM, exposure to 250 

mM D-Mannitol, 5 µM TPHP, 5 µM TPHP + 2.14 µM Fenretinide, or 5 µM TPHP + 250 

mM D-Mannitol resulted in decreased body length when compared to vehicle controls.  
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Figure 4.2. Mean (± standard deviation) nuclei area (A) and cell count (B) normalized to 
the body length (C) of embryos exposed to water only, vehicle (0.1% DMSO), 2.14 µM 
Fenretinide, 250 mM D-Mannitol, 5 µM TPHP, 5 µM TPHP + 2.14 µM Fenretinide, or 5 µM 
TPHP + 250 mM D-Mannitol from 24-72 hpf. Plus sign (+) denotes a significant difference 
(p<0.05) relative to the same treatment in RO Water, whereas asterisk (*) denotes a 
significant difference (p<0.05) relative to embryos exposed to vehicle (0.1% DMSO) within 
the same exposure media (RO Water, System Water or 2X EM).  
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Fenretinide Mitigates the Prevalence of TPHP-Induced Microridges  

Within all SEM imaging locations and exposure media types, 5 µM TPHP induced 

an increase in the prevalence of microridges on the yolk sac epithelium relative to vehicle 

controls, with significant differences appearing in 1) Locations A and B in all three 

exposure types, 2) Location C in System Water and 2X EM, and 3) Locations D and E in 

2X EM (Figure 4.3). Embryos exposed to TPHP within 2X EM also exhibited extensive 

microridges relative to TPHP-exposed embryos in RO Water at Locations A, B and C 

(Figure 4.6). Interestingly, across all locations, fenretinide partially mitigated the 

prevalence of TPHP-induced of microridges (Figure 4.6). Consistent with our prior studies 

(Wiegand et al., 2023), there was an upward trend in the abundance of microridges as a 

function of increasing ionic strength of exposure media from RO Water to System Water 

to 2X EM, suggesting that an increase in ionic strength of exposure media alone 

exacerbates the formation of microridges within the yolk sac epithelium.  
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Figure 4.3. Locations (A, B, C, D, and E) used for SEM on the yolk sac epithelium of 
embryonic zebrafish (A). Panels B-F show the total area of microridges across treatment 
groups within each location. Representative images of Location C are shown in Panel G. 
Asterisk (*) denotes a significant difference (p<0.05) relative to vehicle (0.1% DMSO) 
within same exposure medium. Plus sign (+) denotes a significant difference (p<0.05) 
relative to 5 µM TPHP in Reverse Osmosis (RO) Water.  
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TPHP-Induced Effects on Pericardial Area and Body Length are Reversible 

To determine if embryos depurated TPHP after rapid uptake from 24-72 hpf, 

embryonic doses of TPHP and DPHP were quantified at 48 hpf, 72 hpf, 96 hpf, and 120 

hpf. Embryonic doses of TPHP and DPHP were significantly decreased at 96 hpf and 120 

hpf after embryos were transferred to clean System Water at 72 hpf (Figure 4.4).  Likewise, 

the severity of TPHP-induced effects on pericardial area and body length was decreased 

following transfer to clean System Water at 72 hpf, returning to levels similar to vehicle 

controls by 120 hpf (Figure 4.5).  

 
Figure 4.4. Mean (± standard deviation) concentration of TPHP (ng/embryo) (A) and 
DPHP (ng/embryo) (B) in embryos exposed to vehicle (0.1% DMSO) or 5 µM TPHP from 
24-72 hpf. Embryonic doses of TPHP and DPHP were quantified at 48 hpf, 72 hpf, 96 hpf, 
and 120 hpf. Asterisk (*) denotes a significant difference (p<0.05) relative to vehicle (0.1% 
DMSO) within the same time-point, whereas plus sign (+) denotes a significant difference 
(p<0.05) relative to the same treatment at 48 hpf.  
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Figure 4.5. Mean (± standard deviation) pericardial area (A), body length (B), and yolk 
sac area (C) of embryos exposed to vehicle (0.1% DMSO) or 5 µM TPHP from 24-72 hpf 
and then clean System Water from 72-120 hpf. Asterisk (*) denotes a significant difference 
(p<0.05) relative to vehicle (0.1% DMSO) within the same time-point, whereas plus sign 
(+) denotes a significant difference (p<0.05) relative to the same treatment at 48 hpf.  
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4.5 Discussion  

 Based on our prior studies in embryonic zebrafish, we found that TPHP disrupted 

cardiac looping, induced pericardial edema and liver enlargement, increased ionocyte 

abundance, and decreased body length (Isales et al., 2015; McGee et al., 2013; Mitchell 

et al., 2018; Reddam et al., 2019; Wiegand et al., 2022, 2023). In our most recent study, 

we also found that TPHP-induced pericardial edema was dependent on the ionic strength 

of exposure media (Wiegand et al., 2023). Although ion-deficient conditions increases 

prolactin receptor a (prlra) in adult zebrafish (Breves et al., 2013), within this study we 

found that the levels of prolactin in embryonic zebrafish were impacted by the ionic 

strength of exposure media and not TPHP exposure. Interestingly, prolactin is essential 

for zebrafish larvae to survive in freshwater, as it allows larval fish to adapt to varying ion 

levels in the surrounding water (Shu et al., 2016).  Moreover, prolactin is a freshwater 

adaptation hormone (Breves et al., 2014; Manzon, 2002) that is necessary for regulation 

of the expression of specific ionocytes in zebrafish gills and skin throughout development 

(Breves et al., 2013, 2014).  Therefore, our data suggests that an increase in prolactin as 

a function of increasing ionic strength of exposure media may be a compensatory 

response to maintain homeostasis within embryonic zebrafish.  

 Despite TPHP-induced changes on the yolk sac epithelium (Figure 4.3; Wiegand 

et al., 2022), TPHP did not decrease DAPI-positive cells within the embryonic epidermis. 

Prior studies that have investigated embryonic zebrafish skin damage focus on the skin 

healing process, utilizing methods such as the tail wounding assay, 

immunohistochemistry, and transgenic lines (LeBert & Huttenlocher, 2014; Richardson, 

2018; Rosowski, 2020). Only one study has investigated the impacts of contaminants on 

the epidermis by utilized a neutral red dye to stain damaged cells (Peng et al., 2018). 
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DAPI-stained embryos revealed that TPHP did not increase cell death on the epidermis. 

Although DAPI is a vital dye that identifies live vs. dead cells, DAPI does not reveal non-

lethal damage or if junctions between the epidermal cells are being impacted by TPHP.  

Therefore, it is possible that, in the absence of epidermal cell death, TPHP may induce 

osmotic shock within the embryonic epidermis due to skin or junction damage, as osmotic 

shock may alter the ability for embryos to properly regulate ion uptake. Our past study 

found that that number of ionocytes increase following exposure to TPHP (Wiegand et al., 

2022), a compensatory response that might be occurring as a result of trying to regulate 

an increase in ion concentrations within the embryo.   

Based on our most recent study, TPHP exposure resulted in an increase in 

microridges on the yolk sac epithelium in embryonic zebrafish, and D-Mannitol (an 

osmoprotectant) was found to block this increase in microridges (Wiegand et al., 2023). 

Fenretinide – a synthetic retinoid and pan-retinoic acid receptor agonist – was also 

previously found to reverse pericardial edema within TPHP-exposed embryos (Mitchell et 

al., 2018). Therefore, similar to D-Mannitol, we hypothesized that fenretinide may block a 

TPHP-induced increase in microridges on the yolk sac epithelium. Contrary to our 

hypothesis, fenretinide did not block an increase in TPHP-induced microridges, 

suggesting that fenretinide-mediated mitigation of TPHP-induced pericardial edema is 

independent – and possibly downstream – of TPHP-induced microridge formation within 

the yolk sac epithelium.  Although little is known about how contaminants induce the 

formation of microridges within embryonic zebrafish, it is possible that, given the role of 

the yolk sac epithelium in osmoregulation, chemically-induced alterations in microridges 

may impact normal osmoregulation within the embryo (Breves et al., 2014; Dymowska et 
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al., 2012; Evans, 2008, 2011; Gilmour, 2012; Hiroi & McCormick, 2012; Hwang & Lee, 

2007; Hwang et al., 2011; Kumai & Perry, 2012; Wright & Wood, 2012).  

Our prior studies also showed that TPHP-induced pericardial edema occurs when 

embryos are exposed to 5 μM TPHP from 24-72 hpf (Isales et al., 2015; McGee et al., 

2013; Mitchell et al., 2018; Reddam et al., 2019; Wiegand et al., 2022, 2023). To determine 

if TPHP-induced pericardial edema and decreased body length are reversible phenotypes 

during embryonic development, TPHP-exposed embryos were placed in clean (TPHP-

free) system water from 72-120 hpf after being exposed to TPHP from 24-72 hpf. 

Interestingly, we found that, following transfer to clean water, TPHP-induced pericardial 

edema was significantly mitigated by 96 and 120 hpf in a time-dependent manner – a 

finding that was strongly associated with time-dependent depuration from 72-120 hpf. 

Moreover, there was an approximately 24-h lag between TPHP depuration vs. recovery 

of embryo morphology based on pericardial area and body length as endpoints, 

suggesting that TPHP-induced developmental toxicity may be reversible.   

4.6 Conclusions  

To our knowledge, this is the first study to investigate role of epidermal injury and 

uptake/depuration kinetics in TPHP-induced pericardial edema within zebrafish embryos. 
First, we found that exposure to TPHP from 24-72 h post-fertilization (hp) did not increase 

prolactin in embryonic zebrafish, whereas high ionic strength exposure media was 

associated with elevated levels of prolactin. Second, we found that TPHP did not decrease 

DAPI-positive epidermal cells within the embryonic epithelium, and that fenretinide 

partially mitigated the prevalence of TPHP-induced microridges within the yolk sac 

epithelium.  Finally, we found that the pericardial area of TPHP-exposed embryos was 

similar to vehicle-treated embryos following transfer to clean water and depuration of 
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TPHP. Overall, our findings suggest that 1) TPHP does not cause injury to the embryonic 

epidermis; 2) TPHP-induced pericardial edema is reversible; and 3) the ionic strength of 

exposure media has the potential to influence the baseline physiology of zebrafish 

embryos. 
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Chapter 5: Summary and Conclusions 

5.1 Summary 

Triphenyl phosphate (TPHP) is a commonly used plasticizer and additive flame 

retardant that can easily migrate into the environment. Past studies in our lab have shown 

that TPHP disrupted cardiac looping, induced pericardial edema and liver enlargement, 

increased ionocyte abundance, and decreased body length in embryonic zebrafish. In 

Chapter 2, we found that TPHP may have multiple mechanisms of toxicity which leads to 

an increase in ionocyte abundance and pericardial edema in developing zebrafish 

embryos. In Chapter 3, we demonstrated that TPHP alters the structure of the yolk sac 

epithelium, which leads to the disruption of osmoregulation and pericardial edema in 

zebrafish embryos. Finally, in Chapter 4, our findings suggest that TPHP does not cause 

injury to the embryonic epidermis, TPHP-induced pericardial edema is reversible and the 

ionic strength of exposure media has the potential to influence the baseline physiology of 

zebrafish embryos. Overall, these data highlight the impacts of TPHP on the 

osmoregulatory system of embryonic zebrafish, and the importance of standardization 

within the zebrafish toxicology field.  

5.2 Triphenyl Phosphate Impacts Ionocyte Abundance 

TPHP has been found to block cardiac looping during development which is 

dependent on TPHP-induced fluid accumulation, increase ionocyte abundance, cause 

liver enlargement, thyroid endocrine disruption, and ocular toxicity in embryonic zebrafish. 

Despite our understanding of osmoregulation and the role of ionocytes in embryonic 

zebrafish, little is known about how environmental contaminants may impact the function 

and abundance of ionocytes within the embryo. Using immunohistochemistry, we found 

that TPHP exposure from 24-72 hpf increases the abundance of the Na+/K+ ionocytes 

when compared to the vehicle control. However, D-Mannitol was able to mitigate the 
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increase in ionocyte abundance as well as pericardial edema formation, which is 

consistent with past studies. Interestingly, when exposure initiation was changed to 30 

hpf, the increase in ionocyte abundance did not occur, but pericardial edema was still 

present, suggesting that 1) 24-30 hpf represents a critical window of exposure for TPHP-

induced effects on ionocyte abundance and 2) an increase in ionocyte abundance may 

not be required for pericardial edema formation.  

To understand if an individual type of Na+/K+ ionocyte was required for TPHP-

induced pericardial edema to form, a knockdown of ATPase1a1.4 was performed. 

ATPase1a1.4 was chosen for knockdown because it’s strongly expressed and colocalized 

with NaRCs within the embryonic skin of zebrafish, the alpha subunit contains ion binding 

sites, and it predominates in freshwater fish. This knockdown mitigated TPHP-induced 

effects on ionocyte abundance, but not body length or pericardial edema. This suggests 

that the presence of ATPase1a1.4 is required for TPHP-induced effects on ionocyte 

abundance. 

Finally, to determine whether the absence of functional Na+/K+ ionocytes would 

impact TPHP-induced pericardial edema formation, Ouabain, a broad-spectrum Na+/K+ -

ATPase inhibitor, was utilized. Interestingly, Ouabain did not increase ionocyte 

abundance, but it exacerbated the impacts on pericardial area caused by TPHP, 

suggesting that inhibition of Na+/K+-ATPase exacerbates TPHP-induced edema formation. 

Contrary to D-Mannitol, Ouabain likely facilitated movement from outside to inside the 

embryo when co-exposed with TPHP. Further research is needed to determine if TPHP is 

impacting other types of ionocytes, causing an imbalance in ion transport during 

development and the mechanism of how this is occurring.  
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5.3 Triphenyl Phosphate-Induced Pericardial Edema is Dependent on the Ionic 

Strength of Exposure Media 

Pericardial edema is the fluid accumulation surrounding the developing heart, it is 

an abnormal phenotype that has been commonly observed across different species of fish 

embryos, following exposure to a variety of diverse chemicals. Pericardial edema, 

depending on severity, can lead to interference in development benchmarks, such as 

prevention of cardiac looping, bradycardia, and kidney malformations. Past studies have 

found that in zebrafish embryos, edema may be caused by kidney failure, circulatory 

failure, ionic imbalance, and permeability defects. While mechanisms underlying edema 

in mammals has been extensively studied, within the published literature specific to fish, 

edema is reported as an abnormal phenotype/endpoint, without a follow-up mechanistic 

investigation. It is possible that edema is being caused by osmoregulatory changes 

caused by contaminants. 

We utilized a fluorescent sodium indicator dye to determine how sodium movement 

may be impacted by TPHP exposure. Our study found that TPHP does not affect 

embryonic sodium concentrations in situ. To better understand the role of water-borne 

ions in driving TPHP’s impact on embryonic development, ion chromatography and ICP-

OES were used to measure the ionic strength of each water type (RO Water, System 

Water, 0.5X EM, 1X EM, and 2X EM) to better characterize the ionic composition of the 

exposure media to be used in this study. Fluoride, chloride, nitrite, bromide, nitrate, 

phosphate, sulfate, sodium, calcium, potassium, and magnesium were measured in five 

different water samples (RO Water, System Water, 0.5X EM, 1X, EM, 2X EM). Chloride 

was found to be 3 times higher than the next highest ion (sodium). Utilizing this 

information, sodium levels were analyzed after TPHP exposures were performed in 

varying media types. While embryonic sodium concentrations were not affected, TPHP-
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induced pericardial edema was. While we found that TPHP decreased body length in all 

exposure media types, which is consistent with our lab’s past studies, pericardial edema 

did not form in the presence of TPHP in RO Water or 0.5X EM. TPHP-induced pericardial 

edema did not form until the 1X EM media group. The 2X EM group’s edema was so large 

that it was significantly different from both the vehicle in 2X EM and the TPHP exposed 

embryos in the RO group. This suggests that high ionic strength in exposure media is 

required for TPHP-induced pericardial edema formation. Each ingredient of the embryo 

media was then tested to determine if there was a particular ion which was contributing to 

the edema formation. While there were no significant differences in body length of yolk 

sac area across all groups, pericardial area was significantly increased when embryos 

were exposed to TPHP within exposure media containing any of the four EM ingredients. 

Interestingly the most significant effects were observed when embryos were exposed 

within exposure media containing KCl, CaCl2 ● 2H2O, or NaCl, suggesting that chloride 

may be playing a key role in pericardial edema formation.  

Analytical chemistry was performed to ensure that changes in ionic strength were 

not impacting TPHP uptake and preventing edema formation. Analytical chemistry was 

also performed on embryos exposed to TPHP and D-Mannitol, as D-Mannitol has been 

found to block edema formation from occurring in embryonic zebrafish. It was found that 

ionic strength of exposure media and D-Mannitol do not impact uptake of TPHP into the 

embryos, indicating that another mechanism is causing the differences in edema 

formation.  

In our past study, we found that TPHP impacts the abundance of Na+/K+ ionocytes. 

Given that ionocytes are found alongside the skin of embryonic zebrafish until 14 dpf, with 

a large amount of them being found in the yolk sac, looking at the epithelial layer of the 

yolk sac may elucidate a mechanism of toxicity for TPHP.  A scanning electron microscope 
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was used to analyze if TPHP induced alterations to the yolk sac epithelium, and TPHP 

disrupts the morphology and organization of the embryonic yolk sac epithelium by 

increasing the abundance of microridges. While microridges in TPHP-exposed embryos 

were higher at all locations, we only observed significant differences in two of the study 

locations. Interestingly, embryos that were exposed to TPHP and D-Mannitol had 

significantly less microridges compared to embryos exposed to TPHP alone. At all 

locations analyzed, there is an upward trend in the abundance of microridges observed 

within TPHP-exposed embryos. This suggests that an increase in ionic strength of 

exposure media exacerbated the generation of microridges within embryos. 

5.4 TPHP-Induced Pericardial Edema is Reversible 

Chapters 2 and 3 found that osmoregulation and yolk sac epithelium 

morphology/organization are being impacted in embryonic zebrafish that are exposed to 

TPHP. Our lab has also previously found that pre-treatment and/or co-exposure with 

fenretinide (a synthetic retinoid and pan-retinoic acid receptor agonist) or D-Mannitol (an 

osmoprotectant) blocks pericardial edema formation in embryos that are exposed to 

TPHP. Both drugs have different structures and mechanisms of action, but D-Mannitol 

and Fenretinide can block or mitigate key events that lead to pericardial edema formation. 

To determine how this is occurring, we identified how TPHP is impacting prolactin (a 

critical hormone that plays a role in wound healing and osmoregulation), extended 

exposure durations from 24-72 hpf to 24-120 hpf, and utilized a DAPI stain to quantify the 

DAPI-positive cells on embryonic zebrafish’s epithelial layer.  

Immunohistochemistry was performed to determine prolactin abundance in 

embryos, and while TPHP does not seem to impact prolactin abundance, the ionic 

strength of the exposure media seems to be associated with elevated levels of prolactin. 

Interestingly, prolactin is essential for zebrafish larvae to survive in freshwater, and is 
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considered a freshwater adaption hormone, that is necessary for regulation of the 

expression of specific ionocytes through zebrafish development. Our data suggests that 

the increase seen in prolactin may be a compensatory response to maintain homeostasis 

in embryonic zebrafish.  

To determine in TPHP exposure can cause a decrease in the number of epidermal 

cells, a DAPI stain was used. We found that TPHP does not decrease DAPI-positive cells 

within the embryonic epidermis. However, in System Water, 2.14 µM Fenretinide, 5 µM 

TPHP + 2.14 µM Fenretinide, and 5 µM TPHP + 250 mM D-Mannitol resulted in an 

increase in length-normalized total area of nuclei. Interestingly, there was only one 

treatment – 250 mM D-Mannitol in RO water – that resulted in a significant increase in 

length-normalized total cell count.  

Based on Chapter 3, TPHP exposure resulted in an increase in microridge 

abundance on the yolk sac epithelium in embryonic zebrafish, which D-Mannitol was able 

to block this phenotype. To determine if fenretinide (which can also reverse pericardial 

edema within TPHP-exposed embryos) blocks TPHP-induced microridge formation, 

scanning electron microscopy was performed. Interestingly, fenretinide did not block the 

increase in TPHP-induced microridges, suggesting that fenretinide-meditated mitigation 

of TPHP-induced pericardial edema is independent of TPHP-induced microridge 

formation.  

To determine if embryos were able to depurate TPHP after uptake from 24-72 hpf, 

embryonic doses of TPHP and DPHP were quantified at 48 hpf, 72 hpf, 96 hpf, and 120 

hpf. TPHP exposures were performed from 24-72 and then embryos were placed in clean 

system water from 72-120 hpf. Body length, yolk sac edema and pericardial area were 

quantified at 72, 96 hpf and 120 hpf. Embryonic doses of TPHP and DPHP were 

significantly decreased at 96 hpf and 120 hpf after transfer to clean System Water. Also, 
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TPHP-induced effects on pericardial area and body length are reversible and returned to 

levels similar to vehicle controls by 120 hpf.  

5.5 Further Directions and Considerations  

Edema is a commonly observed abnormal phenotype in fish toxicological studies. 

Despite its widespread use, the mechanism of edema formation is unknown. Therefore, 

determining this mechanism of action, and whether it is consistent throughout edema 

causing contaminants is essential. The research conducted within Chapter 2, Chapter 3 

and Chapter 4 utilized zebrafish embryos, an animal model commonly used to assess the 

effects of contaminants during development. Due to its rapid development, overlap with 

other vertebrate development processes, small size, and fully sequenced genome, the 

zebrafish is an ideal model to perform toxicity testing. Commonly used experimental 

methods were also utilized to analyze TPHP toxicity and to determine the edema-causing 

mechanism. The research presented within this dissertation has aimed to fill some of the 

gaps associated with TPHP-induced impacts on development, as well as the mechanisms 

that cause edema to form in embryonic zebrafish. Our research addresses 1) the impacts 

of TPHP on the osmoregulatory system of zebrafish embryos, 2) the impact of an exposure 

media’s ionic strength on edema formation in embryonic zebrafish, 3) how TPHP impacts 

the epithelial layer of embryonic zebrafish.  

Despite the novel nature of this dissertation, it has provided a wide variety of 

questions that still need to be answered. For example, we predict that the increase in 

ionocytes seen in Chapter 2, likely plays a role in edema formation, yet our understanding 

of where this falls in TPHP’s adverse outcome pathway is limited. We can predict that it 

falls later in our adverse outcome pathway, likely before fluid accumulation occurs (Figure 

5.1), though our work never confirmed this. Our work has also not been able to identify 



75 
 

the initiating action of pericardial edema formation. Future work should continue to look at 

various factors that could play a role in the adverse outcome pathway. Future studies 

could include looking at TPHP’s impact on tight junctions between the keratinocytes on 

the embryo’s epithelium utilizing whole-mount immunohistochemistry or morpholino 

knockdowns. Other studies could include looking at other hormones that regulate osmotic 

and ionic homeostasis such as, cortisol, isotocin-neurophysin, atrial natriuretic peptide, 

renin, catecholamines, growth hormone, parathyroid hormone, and calcitonin.  

 

Figure 5.1: The predicted adverse outcome pathway based on past studies as well 
as Chapters 2-4. It includes two steps that will need to be further experimented on to 
determine if they play a role in pericardial edema formation.  

 
In Chapter 4, we found that fenretinide, a RAR agonist was able to mitigate 

pericardial edema, and the increase in microridges on the yolk sac epithelium. Despite 

this knowledge, little is known about how TPHP is impacting the RAR nuclear receptors in 

embryonic zebrafish. There is also little information on TPHP’s impacts on other nuclear 

receptors. Looking further into this relationship could also potentially elucidate a 

mechanism of action for edema formation.  

The continuation of this work is essential to determine the validity of zebrafish as 

a toxicology model, as well as determining the mechanism of edema formation in zebrafish 

embryos. For example, future studies should focus on analyzing the yolk sac epithelium 
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at 120 hpf (using SEM) to determine if microridge abundance is reversible like the TPHP-

induced pericardial edema and shortened body length. Finally, using zebrafish embryos, 

the toxicity of a library of edema-inducing chemicals should be screened in varying 

exposure media as well as in the presence/absence of D-Mannitol to determine whether 

our findings with TPHP apply to other environmental chemicals or drugs that are known 

to induce pericardial edema.  
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