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ABSTRACT

Following the 2010 Deepwater Horizon oil spill, extensive research has been conducted on
the toxicity of oil and polycyclic aromatic hydrocarbons (PAHs) in the aquatic environment.

The location and timing of the Deepwater Horizon surface slick coincided with the spawning
seasons of many important pelagic and estuarine fish species. As such, there has been particular
emphasis placed on the effects of PAHs on sensitive life history stages in fish, such as the
embryonic and larval periods. Additionally, the spill occurred throughout the spring and summer
months which, in estuaries, are marked by regular fluctuations in abiotic environmental factors
such as dissolved oxygen, salinity, and temperature. Until recently, there has been little work
done to elucidate the combined effects that PAHs from oil spills and adverse environmental
conditions (hypoxia, increased salinity, and elevated temperatures).

Work presented in this dissertation uses next generation sequencing technology (RNA Seq)
to determine differential gene expression in larval estuarine teleosts following exposure to
adverse environmental conditions and PAHs. Downstream canonical pathway and toxicological
function analysis were then applied to the identified differentially expressed genes (DEGs) to
predict cardiotoxic responses at the organismal level. To verify the predicted responses, a
phenotypic anchoring study was conducted and identified a cardiotoxic phenotype (pericardial
edema) and reduced cardiac output in embryos exposed to oil. Finally, the mechano-genetic
interplay governing the morphological development of the teleost heart was investigated and
correlations between developmental gene expression and blood flow forces within the

cardiovascular system were identified.
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CHAPTER 1. INTRODUCTION

1.1 Deepwater Horizon oil spill & PAHs

The Deepwater horizon oil spill in April 2010 was the worst in US history and released
an estimated 4.9 million barrels of oil into the northern Gulf of Mexico over the course of 87
days (Beyer et al., 2016; Camilli et al., 2012; Crone and Tolstoy, 2010; McNutt et al., 2012;
Norse and Amos, 2010). The plume of crude oil extended to the surface and created a slick that
covered more than an estimated 67,000 square kilometers (Norse and Amos, 2010; Sammarco et
al., 2013). The slick extended across the northern Gulf of Mexico and impacted approximately
2100 kilometers of shoreline from Louisiana to Florida, with tar-balls later found as far as the
Texas coast (Nixon et al., 2016). Following the spill, an abundance of research has been
conducted to elucidate the impact of the released oil on the surrounding biota. Many studies
have focused on polycyclic aromatic hydrocarbons (PAHs), the primary constituents of crude oil,
and their impacts on the fauna of the region (Beyer et al., 2016; Murphy et al., 2016).

PAHs have been identified as the primary driver of oil toxicity (Murphy et al., 2016) and
are some of them are extremely persistent in the environment (Carls et al., 2008; Peterson et al.,
2003; Short et al., 2003; Wang et al., 2014). PAHs are categorized by the length of their carbon
chains (Figure 1.1), with lighter PAHs having shorter carbon chains than their heavier
counterparts (Forth et al., 2017). Source oil (oil that was captured directly from the wellhead)
has proportionately more volatile, 2 ring PAHs than slick oil collected from the surface - which
has been weathered and is comprised largely of 3 and 4 ring PAHs (phenanthrene and chrysene
isoforms respectively). These structural and chemical differences play important roles in
defining the volatility and toxicity of each PAH. In general, the volatility of PAHs decreases

with size while toxicity increases (Esbaugh et al., 2016; Incardona et al., 2014, 2009, 2004;
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Mager et al., 2014). This leads to abundant toxic 3 and 4 ring PAHs persisting in the
environment (Heintz et al., 1999). PAH degradation rates are dependent on many factors such as
weathering processes (evaporation, photooxidation, dissolution, and biodegradation) and the
physical, chemical, and biological structure of the molecule (Abdel-Shafy and Mansour, 2016;
Collier et al., 2013). For example, the structurally stable, 3 ring PAH phenanthrene can remain
in the environment years after a spill has been contained and clean-up has ended (Abdel-Shafy

and Mansour, 2016).

1.2 Abiotic stressors in Gulf of Mexico estuaries

The timing of the Deepwater Horizon oil spill, during the spring and summer of 2010
(Crone and Tolstoy, 2010; Norse and Amos, 2010), coincided with the seasonal formation of the
“dead zone” in the northern Gulf of Mexico (Beyer et al., 2016; Rabalais et al., 2002; Figure
1.2). Annually, the dead zone begins to intensify in the spring when nutrient rich waters from
the Mississippi River watershed enter the Gulf of Mexico and often persists until the end of the
summer when storms enhance mixing within the water column. During this time, thermal
stratification allows for high oxygen consumption in the upper water column and development of
hypoxic waters in the lower water column (Rabalais et al., 2002). Northern Gulf of Mexico
estuarine surface waters regularly go through seasonal temperature fluctuations with average
ranges from 10°C in the winter months to greater than 30°C during the summer (Caffrey et al.,
2014). These seasonal periods of elevated water temperatures trigger thermally driven hypoxic
events in nearshore environments, similar to those observed in the dead zone.

Additionally, the biogeochemical aspects of bays along the northern Gulf of Mexico
coast contribute to salinity changes in estuaries. Shallow, protected bays with high water

residence times, little freshwater input, and high evaporation in the warmer months can result in
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hypersaline environments (Laguna Madre, TX estuary system often maintains salinities >40 ppt
(Wilson and Dunton, 2012; NOAA, 2021)) while pulses of freshwater inputs from storm events
or upstream reservoir discharges may result in reduced salinities as low as 0 ppt in bays and
estuaries (Orlando et al., 1993; Schroeder and Wiseman, 1986; Wilson et al., 2015). The
dynamic biogeochemical processes that regularly occur within estuaries — such as fluctuations in
dissolved oxygen, salinity, and temperatures (Bianchi et al., 1999; NOAA, 2021) - may impart a
level of resiliency to the species that reside there as they must be capable of physiologically
compensating to maintain homeostasis under a wide range of environmental conditions (Bennett
and Beitinger, 1997; Borowiec et al., 2015; Haney and Nordlie, 1997). Strategies employed by
inshore marine species to cope with prolonged hypoxia include transitioning to anaerobic
metabolism, migration from sub-sediment burrows to the sediment surface, and changes in
predation/ foraging behaviors (Gray et al., 2002; Pelster, 1999; Rabalais et al., 2002; Wu, 2002).
In particular, inshore fish species have exhibited changes in ventilatory rates, reduced growth
rates, and transitions to surface breathing when confined to hypoxic environments (Burggren et
al., 2017; Ern and Esbaugh, 2018; Gray et al., 2002; Rabalais et al., 2002; D. J. Randall and
Smith, 1967; Stierhoff et al., 2006; Zhang et al., 2009). Fish embryos exposed to increased
temperatures, elevated salinities, and/ or low dissolved oxygen levels often exhibit functional and
morphological cardiac impairments such as changes in heart rate, blood pressure, vasodilation,
and cardiac remodeling (Claireaux et al., 1995; Farrell, 2007; Keen et al., 2017; Klaiman et al.,

2011; Lin et al., 1994; A. D. J. Randall and Smith, 1967).

1.3 PAH toxicity in early development

The location and timing of the Deepwater Horizon spill made it particularly relevant in

fisheries research as the surface slick formed during the spawning season for many fishes (Block
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et al., 2005; Esbaugh et al., 2016; Muhling et al., 2012; Rooker et al., 2013, 2012). The slick
occurred both in the pelagic spawning grounds for many marine species and extended into the
estuary habitats critical for the life cycle of many nearshore and estuarine fish (Mendelssohn et
al., 2012). Previous work has shown that PAHs can have adverse impacts on specific organs and
systems (such as the cardiovascular system or the immune system), developmental stages, or act
as potential mutagens or carcinogens (Carls et al., 2008; Carvalho et al., 2008; Collier et al.,
2013; Edmunds et al., 2015; Esbaugh et al., 2016; Incardona et al., 2014, 2011; Jayasundara et
al., 2015; Mager et al., 2014; Magnuson et al., 2018; Pan et al., 2018; Xu et al., 2017, 2016).
Additional studies have shown that PAH toxicity in fish is variable depending on the life stage at
the time of the exposure (Barron et al., 2004; Collier et al., 2013; Hose et al., 1996; Incardona et
al., 2014, 2011). Perhaps the most susceptible life stages for a fish to be exposed to PAHs is
during the embryonic/larval stages (Barron et al., 2004; Collier et al., 2013; Hose et al., 1996;
Incardona et al., 2014, 2011). These stages represent periods of considerable physiological and
morphological changes as well as functional challenges such as transitioning from endogenous
nutrition to exogenous feeding. PAH toxicity that manifests in a range of developmental or
morphological deformities or toxicity can hinder an organism’s ability to function (i.e. through
sensory disruptions) and may produce lethal outcomes (Beyer et al., 2016; Collier et al., 2013).
Recent studies have shown that PAH exposure can drive toxicity through cardiovascular
dysfunction (Barron et al., 2004; Carls et al., 2008; Collier et al., 2013; Hose et al., 1996;
Incardona et al., 2009; Jayasundara et al., 2015; Mendelssohn et al., 2012; Rooker et al., 2013).
Specifically, instances of cardiac edema (Carls et al., 2008; Incardona et al., 2014, 2009;
Khursigara et al., 2017), decreased contractility, and changes in heart rates (Edmunds et al.,

2015; Incardona et al., 2011) have been observed in embryonic pelagic species exposed to
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Deepwater Horizon oil. However, relative to large pelagic fish, there has been little work on the
cardiac impacts in estuarine fishes exposed to PAHs. When compared to many pelagic species,
the embryonic stage of many coastal and estuarine species is relatively prolonged. Pelagic
species are often rapidly developing — for example bluefin tuna (7Thunnus thynnus) and mahi-
mahi (Coryphaena hippurus) hatch within 36 hours post-fertilization (Mager et al., 2017;
Miyashita et al., 2000) - while many estuarine species undergo extended embryonic periods
ranging from approximately 6 days post fertilization (dpf) in the sheepshead minnow
(Cyprinodon variegatus) to up to 30 dpf in the inland silverside (Menidia beryllina) (Bosker et
al., 2017; Kuntz, 1916; Middaugh and Hemmer, 1992). This prolonged development in the
embryonic stage may leave estuarine species more vulnerable to PAH induced cardiotoxicity
than more broadly studied pelagic species.

The sheepshead minnow, Cyprinodon variegatus, and the Gulf killifish, Fundulus
grandis, are estuarine species native to the Gulf of Mexico that have been used as models for
toxicity testing in a number of PAH studies (Bosker et al., 2017; Magnuson et al., 2018; Oleksiak
etal., 2011; Powell et al., 2004; Reid et al., 2016; Simning et al., 2019; Whitehead et al., 2011).
Both species inhabit nearshore environments that undergo daily and seasonal fluctuations in
temperature, salinity, and dissolved oxygen. They are also widely dispersed in estuaries directly
impacted by the Deepwater Horizon oil spill and their spawning seasons directly coincided with
the timing of the spill, February through October for C. variegatus and March through October
for F. grandis (Greeley and MacGregor, 1983; Kuntz, 1916), making them ideal candidates for
the study of the effects of oil and abiotic factors on transcriptional and morphological responses
in the developing cardiac system. Generally, it is assumed that species occupying the same

ecological niche will exhibit similar responses to environmental perturbations (Jones et al.,

19



2020). However, recent studies into the effects of oil on C. variegatus and F. grandis larval
mortality and transcriptional responses suggest that there may be subtle differences in molecular
responses that impart differential sensitivities between species (Jones et al., 2020; Serafin et al.,

2019; Simning et al., 2019).

1.4 Cardiovascular assessment

Methods of transcriptomic analysis and bioinformatics techniques have become
important tools widely used by ecotoxicologists. Next generation sequencing, especially through
RNA-Seq, has enabled ecotoxicologists to quantify the transcriptomes of non-model species
following exposures to environmental perturbations and better interpret changes to functional
aspects of the transcriptome (Garcia et al., 2012; Huang et al., 2014; Martyniuk and Simmons,
2016; Wang et al., 2009; Whitehead et al., 2012; Xu et al., 2017, 2016). This allows for more
increased knowledge of cellular functions, development, and disease progression across taxa.
Ecotoxicologists are now able to use differential gene expression and measurable changes in the
transcriptome of an organism to predict and test changes to in the physiology of the organism
following environmental exposures (Wang et al., 2009). These techniques have proven to be
particularly relevant in defining the impacts of large environmental disasters, such as the
Deepwater Horizon oil spill. Transcriptomic assessments of fish exposed to oil from the
Deepwater Horizon oil spill are becoming more prevalent in the literature (Murphy et al., 2016).
However, simply identifying differentially expressed genes in an organism does not necessarily
confer a change at the functional or organismal level. As such, phenotypic anchoring studies
should be conducted in tandem with next generation sequencing studies in order to verify

predicted downstream impacts with observed responses.
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Cardiovascular morphogenesis during embryonic development is influenced by the
interplay between mechanical forces — particularly wall shear stress and blood flow velocities —
and initiation of genetic cues (Boselli et al., 2015). A perturbation to this mechano-genetic
interplay could lead to cardiovascular malformations. The early structural abnormalities induced
by cardiotoxic agents in the heart can be traced to the hemodynamic changes and the
corresponding genetic regulation (Boselli et al., 2015). High resolution imaging techniques, such
as micro-particle image velocimetry, allows for non-intrusive, in vivo measurements of flow
metrics by tracing red blood cell patterns through the developing cardiovascular system (Bark et
al., 2017; Nakano et al., 2003; Sugii et al., 2002). Relationships between genetic cues and
hemodynamic responses can be defined by combining measurements from advanced imaging
techniques with gene expression analysis. Understanding and identifying the framework of these
interactions may lead to better understanding of mechanisms of cardiotoxicity in early

development.

1.5 Aims and objectives

Research presented in this dissertation aims to define the transcriptomic, morphologic,
and functional changes in the developing cardiac system of estuarine species following exposure
to sub-optimal abiotic stressors and PAHs. Transcriptomic interrogation revealed that exposure
to hypoxia elicits distinct differential gene expression between C. variegatus and F. grandis
larvae. However, predicted impacts on downstream functional responses — reduced cardiac
hypertrophy, blood pressure modulation, and increased cardiac apoptosis — appear to be
conserved between the species. Combined exposures to oil and sub-optimal environmental
conditions in larval F. grandis resulted in transcriptomic alterations suggestive of reduced

development of systemic vasculature, altered blood pressure maintenance, and inhibited cardiac
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function resulting from increased cardiac proliferation. Cardiac morphology and function
analysis revealed significant pericardial edema and reduced cardiac output in embryonic C.
variegatus exposed to oil. Finally, the interplay between mechanical and genetic forces within
the developing fish cardiovascular system were assessed and mechano-genetic events critical to

cardiac remodeling were defined.
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Figure 1.1. Chemical structures of common polycyclic aromatic hydrocarbons present in
weathered oil from the Deepwater Horizon oil spill.
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Figure 1.2. Map depicting the spatial coincidence of the 2010 northern Gulf of Mexico hypoxic "dead zone" (NOAA) and the surface
slick of the Deepwater Horizon oil spill (Nixon et al., 2016). Heat map indicates severity of hypoxia with warmer colors representing
lower dissolved oxygen levels (hypoxia/anoxia) and cooler colors representing higher dissolved oxygen levels within the water
column (normoxia). Shaded areas within the black box represent location of the surface slick between April and September 2010.
Red star indicates location of the Deepwater Horizon wellhead.



CHAPTER 2. THE INFLUENCE OF HYPOXIA ON THE CARDIAC
TRANSCRIPTOMES OF TWO ESTUARINE SPECIES - C. VARIEGATUS
AND F. GRANDIS

A version of this chapter has been previously published; reproduced from:

Allmon, E., Serafin, J., Chen, S., Simning, D., Griffitt, R., Bosker, T., De Guise, S., Sepulveda,
M.S. 2021. The influence of hypoxia on the cardiac transcriptomes of two estuarine species — C.
variegatus and F. grandis. Comp. Biochem. Physiol. D. 39, 100837.
https://doi.org/10.1016/j.cbd.2021.100837

2.1 Abstract

Increased nutrient loading has led to eutrophication of coastal shelf waters which has resulted in
increased prevalence of persistent hypoxic zones — areas in which the dissolved oxygen content
of the water drops below 2 mg/L. The northern Gulf of Mexico, fed primarily by the Mississippi
River watershed, undergoes annual establishment of one of the largest hypoxic zones in the
world. Exposure to hypoxia can induce physiological impacts in fish cardiac systems that
include bradycardia, changes in stroke volume, and altered cardiovascular vessel development.
While these impacts have been addressed at the functional level, there is little information
regarding the molecular basis for these changes. This study used transcriptomic analysis
techniques to interrogate the effects of hypoxia exposure on the developing cardiovascular
system in newly hatched larvae of two estuarine species that occupy the same ecological niche —
the sheepshead minnow (Cyprinodon variegatus) and the Gulf killifish (Fundulus grandis).
Results suggest that while differential gene expression is largely distinct between the two
species, downstream impacts on pathways and functional responses such as reduced cardiac
hypertrophy, modulation of blood pressure, and increased incidence of apoptosis appear to be

conserved. Further, differences in the magnitude of these conserved responses may suggest that
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the length of embryonic development could impart a level of resiliency to hypoxic perturbation

in early life stage fish.

2.2 Introduction

The presence of hypoxic zones (waters in which dissolved oxygen (DO) levels fall below 2
mg/L) in coastal waters have steadily increased on a global scale since the mid-1900’s (Diaz and
Rosenberg, 2008; Rabalais et al., 2010). While some hypoxic zones occur naturally in areas of
coastal upwelling (Grantham et al., 2004; Helly and Levin, 2004; Rabalais et al., 2010), many
are attributed to increased nutrient loading (Conley et al., 2009; Rabalais et al., 2010, 2002) -
particularly due to excess nitrogen runoff from coastal watersheds (Rabalais et al., 2010, 2007,
2002; Rabalais and Turner, 2019; Turner and Rabalais, 1991). The associated eutrophication of
surface waters often leads to algal blooms, which ultimately die and sink to the sea floor -
leading to increased microbial respiration and decreased water oxygen levels (Rabalais et al.,
2010, 2002; Rabalais and Turner, 2019). One of the largest hypoxic zones in the world is in the
Northern Gulf of Mexico. Fed by the Mississippi and Atchafalaya Rivers and extending to the
mid-continental shelf along the Texas and Louisiana coasts, the Gulf of Mexico “Dead Zone”
forms annually and covers an average of 15,000 km? (Rabalais et al., 2007; Turner and Rabalais,
2018). The duration of hypoxic conditions varies from year to year and is driven by seasonal
stratification of the water column (Rabalais and Turner, 2019; Turner and Rabalais, 2018).
Annual establishment of the Dead Zone generally begins in late spring and persists until strong
cold fronts and tropical storms/hurricanes drive mixing of the water column and reoxygenation
of subsurface waters in the late summer to early fall (Rabalais et al., 2010; Turner and Rabalais,

2018).
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The coast of the Northern Gulf of Mexico is defined in many areas by shallow estuaries,
protected bays, and seagrass beds that play important roles in the life cycles of many marine
species (Nordlie, 2003). For example, estuaries act as spawning grounds and nursery habitats for
many fish species, providing settlement habitat for juveniles, shelter, and protection from
predators (Boehlert and Mundy, 1988; Morrell and Gobler, 2020; Rooker and Holt, 1997;
Stierhoff et al., 2006). The complex biogeochemical processes within estuaries are driven by
inland influences (e.g. from adjacent watersheds) as well as tidally driven pelagic influences,
which requires that species inhabiting these inshore environments need to be capable of
compensating for changing environments — including persistent hypoxic events (Conley et al.,
2009). In addition to hypoxic influences of the Dead Zone, these estuaries are susceptible to
thermally driven hypoxic events during which water temperatures throughout the water column
rise, resulting in decreased water oxygen saturation. Exposure to hypoxia has a multitude of
impacts on organisms and ecosystem processes including reduced survival, diminished
reproductive capacity, reduced local biodiversity, and changes in trophic structures and
interactions (Cheek et al., 2009; Craig, 2012; Eby and Crowder, 2002; Gray et al., 2002;
Jeppesen et al., 2018; LaBone et al., 2019; Landry et al., 2007; Morrell and Gobler, 2020;
Rabalais et al., 2002; Shang and Wu, 2004; Thomas et al., 2007; Vaquer-Sunyer and Duarte,
2008; Wu, 2002; Wu et al., 2003; Zhang et al., 2009). Organism’s responses to hypoxia are
varied and range from behavioral changes to metabolic adaptation across species (Gray et al.,
2002; Limburg et al., 2015; Rabalais et al., 2002; Wu, 2002; Zhang et al., 2009). For example,
mobile, pelagic species such as Atlantic croaker (Micropogonias undulatus), may vertically
migrate out of hypoxic bottom waters or fully migrate out of the hypoxic zone until the waters

become reoxygenated (Hazen et al., 2009; Wannamaker and Rice, 2000). Inshore or sessile
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species, however, may not be able to physically escape hypoxic waters and therefore must

employ strategies to physiologically compensate for low oxygen levels.

Strategies employed by inshore marine species to cope with prolonged hypoxia include
transitioning to anaerobic metabolism, migration from sub-sediment burrows to the sediment
surface, and changes in predation/ foraging behaviors (Gray et al., 2002; Pelster, 1999; Rabalais
et al., 2002; Wu, 2002). In particular, inshore fish species have exhibited changes in ventilatory
rates, reduced growth rates, and transitions to surface breathing when confined to hypoxic
environments (Burggren et al., 2017; Ern and Esbaugh, 2018; Gray et al., 2002; Rabalais et al.,
2002; Randall and Smith, 1967, Stierhoff et al., 2006; Zhang et al., 2009). In addition, the
cardiac system of fish has been proven to be sensitive to exposure to hypoxia and studies on the
impacts of hypoxia on the cardiac systems of fish have revealed rapid onset of bradycardia,
changes in stroke volume, altered cardiovascular vessel development, and changes in cardiac
metabolism pathways (Bagatto, 2005; Burggren et al., 2017; Everett et al., 2012; Farrell, 2007;
Gamperl and Farrell, 2004; Johnston et al., 2013; Pelster, 1999; Randall and Smith, 1967).
Although there have been numerous studies on the impact of hypoxia on the cardiac system at
the organismal level, the number of studies that have investigated the transcriptomic effects of
hypoxia during early life history on the developing cardiac system of fish are relatively low in
comparison. These studies have shown that early life stage exposure to hypoxia, especially in
the embryonic stages, induces gene expression changes that can impact physiological function in

later life history (Johnston et al., 2013; Robertson et al., 2014; Ton et al., 2003).

This study aims to elucidate the effects of hypoxia on the cardiac transcriptome of newly
hatched juveniles in two estuarine species — the sheepshead minnow (Cyprinodon variegatus)

and the Gulf killifish (Fundulus grandis). Generally, it is assumed that species occupying the
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same ecological niche will exhibit similar responses to environmental perturbations, such as
hypoxia (Jones et al., 2020). Recently, studies into the effects of oil on C. variegatus and F.
grandis larval mortality and transcriptional responses suggest that there may be subtle
differences in molecular responses that impart differential sensitivities between species (Jones et
al., 2020; Serafin et al., 2019; Simning et al., 2019). C. variegatus and F. grandis are both
widely distributed species within Gulf of Mexico estuaries and are commonly used in laboratory
studies. Estuaries in the northern Gulf of Mexico regularly undergo thermally driven hypoxic
events during the summer months during which water temperatures rise and often exceed 30°C.
These periods of elevated water temperatures coincide with the spawning seasons of both species
— February through October for C. variegatus and March through October for F. grandis.
However, the embryonic period is longer in F. grandis (14 days; Greeley and MacGregor, 1983)
than C. variegatus (6 days; Kuntz, 1916) resulting in a more complete development of the
cardiovascular system at hatch in F. grandis (Armstrong and Child, 1965). We predict that
transcriptomic and downstream functional cardiac responses to hypoxia exposure will be similar
between species. Due to its shorter development time in the embryonic stage and less developed
cardiovascular system at hatch, we hypothesize that post-hatch C. variegatus will be more
susceptible to hypoxic perturbation and exhibit increased transcriptomic responses to hypoxia

exposure than post-hatch F. grandis.

2.3 Materials and Methods

2.3.1 Broodstock collection and spawning

All animals were treated humanely in accordance with approved IACUC protocols from Purdue

University. Adult broodstock and embryos were maintained at species-specific optimal
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spawning and rearing conditions (for optimal F. grandis conditions see Green, 2013; for optimal

C. variegatus conditions see USEPA, 2002) until initiation of exposures post-hatch.

C. variegatus embryos were collected from adult broodstock maintained at the University
of Southern Mississippi’s Gulf Coast Research Lab (Ocean Springs, MS, USA) during natural
spawning events. Adult broodstock were housed in 12, 300 L recirculating raceways supplied
with 15 ppt artificial seawater (prepared with local well water, Fritz SuperSalt Concentrate (Fritz
Industries, Mesquite, TX, USA), and Tru-Soft water softener pellets (United Salt Corporation,
Houston, TX, USA)) maintained at 6 mg/L DO and 25°C on a 16L:8D photoperiod (Simning et
al., 2019; USEPA, 2002). Adults were fed commercial flake food to satiation twice daily.
Benthic breeding mats were introduced into each raceway for 24 hours, after which breeding
mats were removed and embryos were pooled into a single collection and washed in fresh water
to remove parasites and/or pathogens. Cleaned embryos were gently rolled on fine nylon mesh to
remove embryonic microvilli to prevent embryos from adhering to each other (USEPA, 2002)
and were then examined for fertilization. Fertilized embryos were transferred into 4 L holding
tanks supplied with 30 ppt artificial seawater (prepared as described above) maintained at 30 °C

until hatch, at which time larvae were immediately moved into exposure chambers.

Adult F. grandis were sampled from wild populations in Gulf of Mexico estuaries along
the Mississippi coast in March 2015 and were subsequently shipped to the Purdue Aquatic
Research Lab at Purdue University (West Lafayette, IN, USA). Adults were housed in 12, 130 L
aquaria connected as a recirculation aquaculture system maintained at ideal spawning conditions
- 10 ppt artificial seawater (prepared with Fritz SuperSalt concentrate), 6 mg/L DO and 25°C on

a 16L:8D photoperiod (Green, 2013). Fish were fed a mixed diet of frozen chironomids and
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frozen brine shrimp twice daily to satiation. Breeding was initialized through the introduction of
polyester filter mats (Pentair, Minneapolis, MN, USA) following methodologies described in
Green, 2013. Following spawning, fertilized embryos were collected and maintained in mesh
hatching chambers within the spawning tanks (see Serafin et al., 2019 for full methodology). At

hatch, larvae were immediately moved into exposure chambers.

2.3.2 Exposure design

C. variegatus larvae (< 10 h post-hatch) were randomly selected and placed in 150 mL
crystalizing beakers supplied with 100 mL artificial seawater (30 ppt) prepared as described
above (n = 30 larvae/beaker). Normoxic conditions (DO > 5 mg/L; n = 3) were maintained in a
temperature controlled environmental chamber at 30°C with a 16L:8D photoperiod, exposure
chambers were placed in the environmental chamber 4 h prior to initiation of the experiment to
allow water temperature to reach 30°C. Hypoxic conditions (DO <2 mg/L; n = 3) were
maintained by introducing nitrogen gas into a Biospherix I-Glove incubator glovebox equipped
with a PROOX model 360 oxygen control module (See Simning et al., 2019 for full description
of methodology). Exposures lasted for 48 h with water quality monitored daily in all exposure
chambers. C. variegatus larvae remained reliant on endogenous feeding from yolk sac reserves
and were not fed during the course of the exposures.

F. grandis larvae (<24 h post-hatch) were randomly chosen and placed in individual 125
mL glass jars sealed with Teflon lined caps. Exposure chambers [n = 9 normoxia (DO = 6
mg/L); n =9 hypoxia (DO < 2 mg/L)] were maintained within temperature controlled
environmental chambers at 30°C with a 16L:8D photoperiod and salinity was maintained using
reconstituted saltwater at 30 ppt as described above. Hypoxia was established through aeration

of exposure solution with nitrogen gas. Exposures lasted 48 h with water quality monitored
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daily. Larvae were not fed during the course of the exposure as they were still reliant on yolk

sac.

2.3.3 Water chemistry

Temperature, DO, and salinity were recorded at the onset of exposures and every 24 h
throughout the experiment. Temperature and DO were measured using a YSI PRO 1020 multi-
parameter meter (YSI Inc., Yellow Springs, Ohio, USA). Salinity was measured using a Pentair
Vital Sine SR6 handheld refractometer (Pentair AES, Cary, NC, USA). See Simning et al., 2019

(C. variegatus) and Serafin et al., 2019 (F. grandis) for full water quality methodologies.

2.3.4 RNA isolation/ RNA Seq

Immediately following conclusion of 48 h exposures, whole larvae were collected for RNA
analysis. To ensure sufficient RNA for library generation, 10 larvae were randomly sampled
from each C. variegatus exposure chamber and pooled to constitute one replicate. Similarly,
three F. grandis larvae were pooled to constitute one replicate, resulting in 3 normoxic and 3
hypoxic replicates per species. Larvae were flash frozen and stored at -80°C until RNA
extraction. RNA was isolated with RNeasy Mini Kits (Qiagen, Valencia, CA, USA) following
manufacturer’s protocols. Extracted C. variegatus RNA was shipped from The University of
Southern Mississippi to Purdue University overnight on dry ice. RNA concentrations were
quantified on a NanoDrop 2000 spectrophotometer with associated software (Thermo Fisher,
Waltham, MA, USA). All library preparation and RNA sequencing (RNA Seq) was performed
by the Purdue University Genomics Core Facility (West Lafayette, IN, USA) using I[llumina
TruSeq Stranded mRNA Sample Preparations Guide (Illumina, San Diego, CA, USA) to

construct polyA+ libraries. Libraries were sequenced on an Illumina HiSeq 2500 (Illumina, San
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Diego, CA, USA) to a minimum of 30 million 2 x 100 bp sequencing reads for C. variegatus and

15 million 2 x 100 bp sequencing reads for F. grandis.

2.3.5 Bioinformatic analysis

All sequencing data have been submitted and archived through the Gulf of Mexico Research
Initiative Information & Data Cooperative (GRIIDC) and are publicly available through NCBI’s
Gene Expression Omnibus (GEO) database (C. variegatus: GSE123469; F. grandis:
GSE129998). Quality checks of sequenced reads were conducted using the FastQC toolkit
(Andrews, 2010), Trimmomatic (Bolger et al., 2014) was used to remove adapter and low-
quality reads, and additional quality checks were run post-cleaning using FastQC. Filtered
sequences were loaded into CLC Genomics Workbench (Qiagen, Hilden, Germany) where C.
variegatus paired-end reads were merged and mapped to the C. variegatus reference genome
(RefSeq: GCF_000732505.1) and F. grandis paired-end reads were merged and mapped to the F.
heteroclitus reference genome (RefSeq: GCF_000826765.1). Gene expression values were
calculated as transcripts per million (TPM) and differential expression was calculated in the CLC
Genomics Workbench. Differentially expressed genes (DEGs) were defined as those with a fold
change absolute value > 2 and an FDR p-value of p < 0.05 when compared to the normoxia
control group within the same species. A full list of all mapped genes from each C. variegatus
and F. grandis library can be found in Supplemental Table 2.1
(https://doi.org/10.1016/j.cbd.2021.100837). Heat maps of all mapped genes and DEGs across
both species using Euclidean distance hierarchical clustering and complete linkages were created
in R using pheatmap package (Kolde, 2012). Venny 2.1 was used to generate Venn diagrams of
shared and unique DEGs between species. DEGs were converted to their human orthologs and

analyzed to predict impacted downstream pathways and functions through the use of Ingenuity

41



Pathway Analysis (IPA; Qiagen, Hilden, Germany) software with a FDR p-value cut-off at 0.05.
While zebrafish orthologs would be taxonomically similar to the species in this analysis, [IPA’s
extensive database of human and mammalian gene-association findings facilitate a more in depth
analysis of gene interactions and associated downstream pathways and functions than data
currently available for teleost models alone (Jones et al., 2020; Xu et al., 2017a, 2017b). In order
to maintain the cardiac related scope of this analysis, only canonical pathways and toxicological
functions related to cardiac effects were included (Jones et al., 2020; Rodgers et al., 2018;
Serafin et al., 2019). Gene networks for cardiac apoptosis were generated for each species in [PA
with an FDR p-value cutoff of < 0.01 in order to include only the most significantly impacted

genes involved in each network.

2.4 Results

2.4.1 Water quality

Nominal exposure conditions as well as associated measurements of water quality parameters are
listed in Table 2.1. For all experiments across both species, temperature and salinities were
maintained at + 1°C and * 1 ppt of the nominal concentrations, respectively. For C. variegatus
experiments, DO was maintained at nominal concentrations throughout the course of the 48 h
exposure period. F. grandis exposures were conducted in sealed chambers without active
maintenance of DO levels and thus DO levels decreased by an average of 1.45 £ 0.73 mg/L in
normoxic conditions and 0.75 £+ 0.47 mg/L under hypoxic conditions over the course of the 48 h
exposures. There were no measurable changes in pH or ammonia levels for either species over

the course of the exposures.
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2.4.2 Read mapping

Reads generated from the C. variegatus libraries mapped to the C. variegatus reference genome
with > 98% success and reads from the F. grandis libraries were mapped to the F. heteroclitus
reference genome with > 94% mapping success (Table 2.2). In total, 11580 annotated genes
were identified across all samples from both species and used for hierarchical clustering,
differential expression, and downstream analysis. The hierarchical clustering of all genes from
both species (Figure 2.1) indicates that species differences in gene expression play a stronger

role in clustering than hypoxia exposure.

2.4.3 Differential expression

Differential expression analysis revealed a total of 4908 DEGs across both species following
hypoxia exposure (Supplemental Table 2.2; https://doi.org/10.1016/j.cbd.2021.100837). C.
variegatus larvae exposed to hypoxia expressed a total of 3123 DEGs, of which 2173 were
uniquely expressed. F. grandis accounted for a total of 2735 DEGs with 1785 unique DEGs; 950
DEGs were expressed by both species (Figure 2.2A). Hierarchical clustering of all DEGs
(Figure 2.2B) revealed patterns similar to those seen in the clustering of all genes — where
species differences appear to be the strongest influence followed by hypoxia exposure. Hypoxia
elicited differential expression in 254 cardiac related genes (as identified by IPA) across both
species, 160 of which were uniquely expressed in C. variegatus, 23 unique to F. grandis, and 71
expressed in both species (Figure 2.3A). Comparable to previous analysis, hypoxia was not the

primary factor when cardiac-specific DEGs were hierarchically clustered (Figure 2.3B).

43



2.4.4 Canonical pathway analysis

Analyses conducted through IPA included only those predicted pathways and functions that
showed both a significant response (p < 0.05) and directional response (activation z-score # 0) in
at least one species. Canonical pathway analysis revealed 11 cardiac-related pathways that
exhibited transcriptional responses in at least one species (Figure 2.4A). These pathways
strongly impact several cardiac processes that include hypertrophy, inflammation, angiogenesis,
apoptosis, blood pressure maintenance. To a lesser extent, processes such as contractility,
vasodilation, cardiac fibrosis, and blood clotting are also impacted. Activation (positive z-
scores, orange tones) and inhibition (negative z-scores, blue tones) of signaling pathways are
consistent between both C. variegatus and F. grandis. However, the strength of activation/
inhibition is almost universally greater in C. variegatus than F. grandis — the one exception
being F. grandis exhibiting a stronger response in “Factors Promoting Cardiogenesis in

Vertebrates”.

2.4.5 Toxicological function analysis

Continued analysis into the toxicological functions impacted by hypoxia exposure revealed 14
cardiac-related functions (Figure 2.4B). An important point to note is that IPA analyses are
conducted on human orthologs of DEGs and therefore careful interpretation is needed when
evaluating results. The list of predicted cardiovascular functions impacted by hypoxia includes
several variations of cardiac apoptosis and heart dysfunction. When these repetitive functions
are grouped together, the list of impacted functions can be reduced to four primary functions —
congenital heart disease, heart dysfunction, cardiac apoptosis, and tachycardia. As with

predicted trends in impacted canonical pathways, activation and inhibition responses between C.
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variegatus and F. grandis are similar with C. variegatus exhibiting stronger responses to hypoxia
exposure.

To explore the mechanisms driving the strong apoptotic response observed in both
species, gene networks were created for “Apoptosis of heart cells” — the apoptotic function with
the strongest response in the toxicological function analysis (Figure 2.5). IPA generated gene
networks include expression patterns for all DEGs in the apoptotic pathway for both species. In
total, 50 DEGs were found within the pathway with 14 DEGs shared between the species, 19
DEGs unique to C. variegatus, and 17 DEGs unique to F. grandis (Table 2.3). Gene expression
patterns within the shared DEGs were similar between the two species with the exception of
casp9 and gapdh which were both significantly increased in C. variegatus but significantly

decreased in F. grandis.

2.5 Discussion

This study aimed to investigate the impacts of hypoxia on the developing cardiac transcriptomes
of two estuarine fish species. Other studies have described the impacts of hypoxia on the
development and physiological function of the cardiac system in developing fish — including
bradycardia, changes in stroke volume, differing cardiac metabolism, and altered cardiovascular
development (Jacob et al., 2002; Johnston et al., 2013; Pelster, 2002, 1999; Shang and Wu, 2004)
as well as genotypically plastic responses (Robertson et al., 2014; Ton et al., 2003). To our
knowledge this study is one of the first to go beyond targeted gene expression analysis and
analyze transcriptomic effects in order to predict cardiovascular pathways and functions
impacted by hypoxia exposure in newly hatched fish. Further, this study expanded the analysis

to include two ecologically similar species, C. variegatus and F. grandis, to determine if
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exposure to hypoxia elicits similar responses across taxa that inhabit similar ecological niches.
Embryological descriptions of development suggest that the cardiovascular system is less
developed in C. variegatus than F. grandis at hatch (Greeley and MacGregor, 1983; Kuntz,
1916) which was hypothesized to impart an increased sensitivity to hypoxia in C. variegatus
larvae. Similar to many rapidly developing teleost species, C. variegatus appears to continue
angiogenesis post-hatch (Kuntz, 1916) and likely relies on cutaneous exchange of respiratory
gasses and ions until complete branchial transition has occurred (see Burggren et al., 2017 for
full review of cardiovascular development in embryonic and larval fishes). Results presented
here confirm that responses to hypoxia are generally similar but differ in magnitude between
both species and appear to support the hypothesis that newly hatched F. grandis are more robust

to hypoxia exposure than newly hatched C. variegatus.

Analysis into the differential gene expression data revealed distinct differences in
expression in C. variegatus larvae exposed to hypoxia compared to F. grandis larvae, as
evidenced by the hierarchical clustering driven by species and not exposure conditions (Figures
2.1, 2.2B, 2.3B). It is important to note that while not controlled for in this study, the wild-
caught F. grandis broodstock may have previously been exposed to hypoxia resulting in
potential epigenetic impacts on differential gene expression not present in the laboratory reared
C. variegatus broodstock population. Although C. variegatus exhibited nearly 2.5 times the
number of cardiac related DEGs than F. grandis and hierarchical clustering suggests distinct
differences between the species, predicted impacts on canonical pathways showed some
similarities in both species (Figure 2.4A). An important caveat to note is that DEG analysis was
completed on whole larvae extracts and while many genes addressed in this analysis are

primarily expressed in cardiac tissues, potential expression influences from outside the
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cardiovascular system cannot be definitively excluded. Nevertheless, trends in canonical
pathway analysis suggest that hypoxia exposure results in reduced cardiac hypertrophy through
inhibition of NFAT, as well as through Apelin and Endothelin-1 signaling pathways. Similar
interactions between these signaling pathways and hypertrophic responses have been observed in
mammalian cardiomyocyte models (Pu et al., 2003; Xie et al., 2015). Additionally, modulation
of blood pressure was impacted in both species through inhibition of Adrenomedullin,
Aldosterone, Renin-Angiotensin and P2Y purinergic receptor signaling pathways. This data
corroborates results from studies done on mammalian cardiomyocytes that have shown that these
pathways all have roles in blood pressure maintenance and can be induced by exposure to

hypoxic conditions (Burnstock, 1987; Cormier-Regard et al., 1998; Foster et al., 2010).

Further downstream analysis into toxicological functions, or pathological endpoints,
predicted to be impacted by hypoxia exposure aligned well with the DEG analysis and canonical
pathway analysis. Generally, activation/inhibition responses were consistent across both species,
however C. variegatus tended to respond to a higher degree (larger absolute value z-scores) than
F. grandis. An important caveat to IPA analysis is that it requires the conversion of DEGs
within an RNA Seq dataset to their human orthologs and then runs functional analyses based on
their associated human/mammalian functions. As a result, there are a number of repetitious
toxicological functions predicted by this analysis — for example several functions listed in Figure
2.4B are specific iterations of cardiac apoptosis (i.e. “Apoptosis of heart cells”, “Apoptosis of
cardiomyocytes”, “Cell death of heart ventricle”, etc.). Overwhelmingly, most toxicological
functions represented in this analysis in both species are involved in increased incidence of
cardiac apoptosis. Consequently, a deeper analysis into the gene networks driving apoptosis in

each species were conducted.
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“Apoptosis of heart cells” was the apoptotic toxicological function that resulted in the
strongest response in the toxicological function analysis and therefore, was chosen as the
function for mechanistic analysis. Common trends in both species included reduced expression
of genes involved in cellular proliferation and the regulation of cell growth. This data
corresponds with previous studies in mammalian models (rat and human cell lines) that have
found that protein coding genes such as nicotinamide phosphoribosyltransferase (nampt),
prohibitin (phb), and heat-shock protein B8 (hspb8) play important roles in proliferation and the
induction of cardiac hypertrophy (Mishra et al., 2010; Pillai et al., 2013; Shemetov et al., 2008).
Similarly, both species saw reduced expression in genes that have been shown to be involved in
the protection against apoptosis including pleiotropic regulator 1 (plrgl), eukaryotic translation
termination factor 1 (raf1), heat-shock protein B6 (hspb6), and hspb8 (Dreiza et al., 2010;
Kleinridders et al., 2009; Shemetov et al., 2008; Yamaguchi et al., 2004). Interestingly, the
small heat-shock protein HspB8 has been identified as capable of conferring both pro- and anti-
apoptotic properties in human cells, depending on expression levels and the nature and quantity
of proteins bound to it (Shemetov et al., 2008). Conversely, the small heat-shock protein HspB6,
does not appear to initiate apoptosis but does serve a cardioprotective role in mouse

cardiomyocytes by preventing cardiac apoptosis (Dreiza et al., 2010).

Unsurprisingly, a number of genes involved in the induction of apoptosis were
significantly upregulated in gene networks for both species. Genes such as cellular
communication network factor 1 (ccnl), lipocalin 2 (/cn2), tumor protein 53 (¢p53), ubiquitin
protein ligase E4B (ube4b), and the e2f1/ tfdp1 transcription factor complex were identified in
this analysis and have been shown in murine and C. elegans models to promote cellular

apoptosis (Antoniou et al., 2020; Hitchens and Robbins, 2003; Hsu et al., 2013; Long et al.,

48



1997; Xu et al., 2012). Tumor protein 53 (p53), encoded by #p53, is responsive to various
cellular stressors (Vogelstein and Kinzler, 1992) and plays a critical role in the apoptotic
response by regulating the expression of various target genes, activating intracellular signaling
pathways (Long et al., 1997), and inducing cell cycle arrest or apoptosis (Chen et al., 1996).
Specific to this analysis, genes such as glyceraldehyde-3-phosphate dehydrogenase (gapdh),
plrgl, ube4b, and the e2f1/ tfdp1 complex have all been shown to be regulated, at least in part, by
the action of p53 (Antoniou et al., 2020; Chen et al., 1999; Hitchens and Robbins, 2003;
Kleinridders et al., 2009). p53 has also been shown to inhibit hypoxia inducible factor 1a
(HIF1a) activity and induce cardiac dysfunction in mice (Sano et al., 2007). This is consistent
with the counterintuitive reduction of Aif7a in this analysis observed in both C. variegatus and F.

grandis larvae following hypoxia exposure.

Expression trends in DEGs involved in apoptotic pathways common to both species were
largely consistent, with the exception of gapdh and casp9, both of which were expectedly
upregulated in C. variegatus but downregulated in F. grandis. gapdh has been shown to induce
apoptosis in murine species (Dastoor and Dreyer, 2001), especially following upregulation by
p53 (Chen et al., 1999); however, p53 was not upregulated in F. grandis which may explain the
lack of gapdh expression in this species. Caspase 9, encoded by the casp9 gene, is an essential
activator in the caspase cascade that terminates in cellular apoptosis (Kuida et al., 1998). Studies
in mammalian models have shown that inhibition of Caspase 9 in cardiomyocytes confers
significant protection from apoptosis (Han et al., 2006). An important regulator of caspase
activity central to apoptotic pathways is the e2f1/ tfdpl complex (Hitchens and Robbins, 2003).
This complex, formed by the binding of two transcription factors — E2F and DP1 — promotes

apoptosis through p53 dependent and independent pathways, the latter of which results in the
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upregulation of several caspases. It is interesting that both aspects of the e2f1/ tfdpI complex are
upregulated in F. grandis while casp9 is not. Further studies will need to be conducted to
elucidate the interplay between expression of e2f1/ tfdpl and casp9 in hypoxia exposed F.

grandis larvae.

2.6 Conclusions

This study is one of the first to examine the predicted functional effects of hypoxia on the
developing cardiovascular system of estuarine fish through transcriptomic analysis. Trends
apparent throughout multiple levels of analysis presented here support previous literature
regarding the hypoxic influence on the cardiovascular system, including changes in cardiac
hypertrophy and blood pressure modulation (Burnstock, 1987; Cormier-Regard et al., 1998;
Foster et al., 2010; Pu et al., 2003; Xie et al., 2015). Data presented here expands that
knowledge to include potential mechanisms driving hypoxia induced apoptotic pathways in two
ecologically similar species. Overall, responses to hypoxia at all levels of analysis appear to be
conserved between both species, although the magnitude of response is almost universally
greater in C. variegatus relative to F. grandis. This result lends support to the hypothesis that
extended embryonic development prior to hatch results in cardiovascular systems that are more
robust to hypoxic perturbation; whereas shortened embryonic development time may result in
cardiovascular systems that are more susceptible to environmental disruption. However, results
should be interpreted cautiously as transcriptomic alterations do not necessarily confer
physiological changes (see Evans, 2015 for full review of transcriptomic limitations). As such,
additional studies into hypoxia’s impact on associated protein activity and phenotypic anchoring

studies should be completed to further verify these conclusions.
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Table 2.1. Nominal and measured water quality parameters over the course of the 48 h control and
hypoxia experiments with C. variegatus and F. grandis. Values represented as mean = S.D.

Species Condition Variable Nominal Value 0h Value 24h Value 48h Value
C. variegatus ~ Normoxia DO 5 mg/L 533+£0.09mg/L  533+£0.09mg/L  5.33+0.09 mg/L
Temperature ~ 30°C 29.29 +£0.08°C 29.29 +£0.08°C 29.29 £ 0.08°C
Salinity 30 ppt 30+ 0 ppt 30+ 0 ppt 30 £ 0 ppt
Hypoxia DO 2 mg/L 2.52+£0.05mg/L  2.52+0.05mg/L  2.52+0.05 mg/L
Temperature  30°C 28.74 £ 0.1°C 28.74 £ 0.1°C 28.74 +£0.1°C
Salinity 30 ppt 31.73 £0.17 ppt 31.73 £0.17 ppt 31.73 £ 0.17 ppt
F. grandis Normoxia DO 6 mg/L 587+0.05mgL  O8EO3IMEL 41y 088 m/L
Temperature  30°C 30+ 1°C 30+ 1°C 30+ 1°C
Salinity 30 ppt 30+ 0.5 ppt 30+ 0.5 ppt 30+ 0.5 ppt
Hypoxia DO 2 mg/L 2392 1.04mgr, 3 EOSBOMIL 5o 663 o
Temperature  30°C 30+ 1°C 30+ 1°C 30+ 1°C
Salinity 30 ppt 30+ 0.5 ppt 30+ 0.5 ppt 30+ 0.5 ppt
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Table 2.2. Summary statistics for each RNA Seq library generated from C. variegatus and F.
grandis larvae following 48 h exposure to normoxia or hypoxia.

RNASeq Library Total Reads Mapped Reads Reads Mapped Annotated Genes
C. variegatus Normoxia 1 63,052,636 62,253,364 98.73% 9,999
C. variegatus Normoxia 2 70,755,822 69,866,371 98.74% 9,991
C. variegatus Normoxia 3 62,964,228 62,168,903 98.74% 9,999
C. variegatus Hypoxia 1 71,102,886 70,096,035 98.58% 9,994
C. variegatus Hypoxia 2 56,100,342 55,263,288 98.51% 9,990
C. variegatus Hypoxia 3 72,171,170 71,176,683 98.62% 9,996
F. grandis Normoxia 1 18,922,036 18,602,458 98.31% 9,614
F. grandis Normoxia 2 16,997,452 16,721,628 98.38% 9,574
F. grandis Normoxia 3 28,684,164 28,212,819 98.36% 9,660
F. grandis Hypoxia 1 15,008,146 14,716,725 98.06% 9,644
F. grandis Hypoxia 2 18,634,622 18,278,967 98.09% 9,675
F. grandis Hypoxia 3 17,484,322 17,160,229 98.15% 9,661
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Table 2.3. DEGs identified by IPA in “apoptosis of heart cells” pathway with FDR p <0.01. All values presented as log(TPM).

Species C. variegatus F. grandis

Treatment Normoxia Hypoxia Normoxia Hypoxia

ID 1 2 3 1 2 3 1 2 3 1 2 3
agt 2.002 2.074 2.024 1.851 1.862 1.913 1.633 1.392 1.570 1.570 1.346 1.454
atgl6ll 1.403 1.386 1.410 1.217 1.146 1.171 1.309 1.272 1.257 1.178 1.176 1.085
bachl 0.910 0.929 0.958 0.777 0.804 0.642

bnip3 2.151 2.189 2.183 2.015 2.039 1.925 2.108 2.119 2.149 1.818 1.650 1.982
calcrl 0.447 0.691 0.720 0.386 0.346 0.276 0.158 0.292 0.307 0.493 0.508 0.360
camk2n?2 1.436 1.446 1.425 1.217 1.311 1.117

casp9 0.948 0.951 0.925 1.062 1.019 0.997 1.050 1.185 1.211 1.045 0.989 1.093
cat 2.075 2.052 2.082 2.032 2.046 1.981 2.474 2.428 2.465 2.275 2.168 2.389
cdk2 0.528 0.512 0.412 0.713 0.555 0.693 0.090 -0.244 0.072 0.572 0.730 0.481
cdk9 1.385 1.388 1.381 1.298 1.208 1.253 1.336 1.345 1.357 1.236 1.261 1.225
cdknlb 1.630 1.620 1.668 1.501 1.453 1.388

crem 0.727 0.744 0.785 0.509 0.617 0.626
csk 0.813 0.831 0.885 0.952 0.958 0.886

cenl 1.599 1.626 1.547 1.647 1.714 1.711 1.667 1.572 1.609 1.717 1.604 1.645
e2f1 -0.569 -0.367 -0.301 -0.229 -0.337 -0.167 -1.097 -0.658 -0.119 0.064 -0.456
Sfadd 1.292 1.293 1.372 1.268 1.288 1.193
fasn 0.722 0.757 0.700 0.193 0.274 0.104 0.876 0.796 0.770 0.956 0.943 0.779
foxo3 1.608 1.594 1.587 1.354 1.388 1.323 1.469 1.488 1.483 1.423 1.356 1.412
fsdl 2.001 2.058 2.048 2.211 2.149 2.086 1.658 1.663 1.679 1.801 1.897 1.789
fst3 1.724 1.844 1.814 1.578 1.611 1.498 0.827 0.861 0.900 0.633 0.744 0.821
gapdh 3.711 3.675 3.724 3.808 3.809 3.811 3.421 3.466 3.448 3.409 3.356 3.413
gsk3a 1.087 1.131 1.116 1.059 1.002 1.033 0.453 0.637 0.498 0.857 0.881 0.857
gsk3b 1.216 1.205 1.117 1.117 1.096 1.061 0.391 0.241 0.446 0.760 0.899 0.750
hifla 1.625 1.574 1.581 1.450 1.407 1.398 1.448 1.393 1.442 1.273 1.309 1.335
hspb6 1.673 1.606 1.497 1.357 1.609 1.605 1.322 1.249 1.334 1.228 1.208 0.868
hspb8 1.390 1.392 1.473 1.153 1.008 1.243 1.475 1.501 1.341 1.192 1.224 1.151
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il6st
irak4
kras
Icn2
lepr
map2k4
map2k5
mapkl
mmp2
mitpn
nampt
ndufal3
nppa
nubl
phb
plrgl
prkaa2
prkcd
rafl
sfrp2
tfdpl
tp53
txnip
ube4b

1.484
0.838
1.567
1.606
1.393
1.823
0.158
1.604
1.657
2.033
1.389
2.355
1.235
1.693
2.209
1.397
0.763
1.102
1.345
1.671
0.959
1.601
2.358
1.422

1.537
0.831
1.541
1.688
1.431
1.836
0.220
1.594
1.698
2.011
1.360
2.344
1.226
1.656
2.211
1.483
0.845
1.141
1.324
1.726
1.038
1.605
2.382
1.462

1.533
0.824
1.581
1.702
1.466
1.824
0.201
1.556
1.673
1.988
1.331
2.365
1.318
1.723
2.230
1.460
0.795
1.154
1.340
1.642
1.011
1.625
2.382
1.421

1.381
0.825
1.616
1.773
1.321
1.628
0.389
1.381
1.850
2.133
1.227
2.259
1.459
1.595
2.197
1.440
0.657
1.210
1.207
1.798
1.108
1.667
2.481
1.201

Table 2.3 continued

1.361
0.784
1.645
1.817
1.370
1.668
0.398
1.400
1.801
2.143
1.225
2.260
1.437
1.501
2.166
1.399
0.601
1.212
1.251
1.757
1.084
1.687
2.420
1.208

1.204
0.832
1.629
1.806
1.291
1.612
0.253
1.347
1.756
2.110
1.120
2.299
1.376
1.522
2.207
1.308
0.428
1.099
1.152
1.752
0.950
1.601
2.440
1.148

0.934
0.980

1.089
1.663
0.580
1.567
0.943
1.516
0.825
2.342

1.368
2.199
1.327
0.655
1.111
1.335
0.550
0.450

1.446

0.943
0.953

1.069
1.701
0.509
1.590
0.840
1.508
0.774
2.398

1.455
2.310
1.375
0.715
1.061
1.269
0.250
0.380

1.475

0.862
0.972

1.111
1.673
0.486
1.487
1.005
1.584
0.712
2.340

1.474
2.289
1.360
0.846
1.127
1.354
0.666
0.601

1.472

0.667
1.367

0.694
1.541
0.746
1.677
1.326
1.722
1.002
2.262

1.026
2.105
1.309
0.595
1.286
1.258
1.101
0.884

1.386

0.850
1.334

0.633
1.531
0.714
1.696
1.336
1.763
1.080
2.267

0.985
2.098
1.277
0.810
1.373
1.255
1.337
0.865

1.362

0.770
1.304

0.949
1.627
0.761
1.646
1.340
1.725
0.881
2.266

1.117
2.104
1.338
0.752
1.298
1.317
0.967
0.804

1.412
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Figure 2.1. Heatmap with hierarchical clustering of all mapped genes in C. variegatus and F. grandis larvae following 48 h exposure
to either hypoxia or normoxia. Expression values represented as log(TPM).
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Figure 2.2. (A) Comparison of 4908 shared and unique DEGs present in C. variegatus (blue) and F. grandis (yellow) following 48 h
exposure to hypoxia. (B) Heatmap with hierarchical clustering of all DEGs in C. variegatus and F. grandis larvae following 48 h
exposure to either hypoxia or normoxia. Expression values represented as log(TPM).
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Figure 2.3. (A) Comparison of 254 shared and unique cardiac specific DEGs present in C. variegatus (blue) and F. grandis (yellow)
following 48 h exposure to hypoxia. (B) Heatmap with hierarchical clustering of cardiac specific DEGs in C. variegatus and F. grandis
larvae following 48 h exposure to either hypoxia or normoxia. Expression values represented as log(TPM).
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shades indicate pathway/function activation, cool shades indicate pathway/function inhibition.
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CHAPTER 3. EFFECTS OF POLYCYCLIC AROMATIC HYDROCARBONS
AND ABIOTIC STRESSORS ON FUNDULUS GRANDIS CARDIAC
TRANSCRIPTOMICS

A version of this chapter has been previously published; reproduced from:

Allmon, E., Serafin, J., Chen, S., Rodgers, M.L., Griffitt, R., Bosker, T., De Guise, S.,
Sepulveda, M.S., 2021. Effects of polycyclic aromatic hydrocarbons and abiotic stressors on
Fundulus grandis cardiac transcriptomics. Sci. Total Environ. 752, p.142156.
https://doi.org/10.1016/j.scitotenv.2020.142156

3.1 Abstract

Following the 2010 Deepwater Horizon oil spill, extensive research has been conducted on the
toxicity of oil and polycyclic aromatic hydrocarbons (PAHs) in the aquatic environment. Many
studies have identified the toxicological effects of PAHs in estuarine and marine fishes, however,
only recently has work begun to identify the combinatorial effect of PAHs and abiotic
environmental factors such as hypoxia, salinity, and temperature. This study aims to characterize
the combined effects of abiotic stressors and PAH exposure on the cardiac transcriptomes of
developing Fundulus grandis larvae. In this study, F. grandis larvae were exposed to varying
environmental conditions (dissolved oxygen (DO) 2, 6 ppm; temperature 20, 30°C; and salinity
3, 30 ppt) as well as a to a single concentration of high energy water accommodated fraction
(HEWAF) (3>.PAHs 15 ppb). Whole larvae were sampled for RNA and transcriptional changes
were quantified using RNA-Seq followed by qPCR for a set of target genes. Analysis revealed
that exposure to oil and abiotic stressors impacts signaling pathways associated with
cardiovascular function. Specifically, combined exposures appear to reduce development of the
systemic vasculature as well as strongly impact the cardiac musculature through cardiomyocyte
proliferation resulting in inhibited cardiac function and modulated blood pressure maintenance.

Results of this study provide a holistic view of impacts of PAHs and common environmental
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stressors on the cardiac system in early life stage estuarine species. To our knowledge, this study
is one of the first to simultaneously manipulate oil exposure with abiotic factors (DO, salinity,

temperature) and the first to analyze cardiac transcriptional responses under these co-exposures.

3.2 Introduction

Coastal estuaries are dynamic environments that play an important role in the life cycle of many
marine species. These inshore environments are subject to influences from adjacent inland
watersheds as well as tidal influences from pelagic waters. This interplay creates complex
biogeochemical profiles wherein fluctuating abiotic factors such as dissolved oxygen (DO),
salinity, and water temperatures interact and influence organisms living within estuaries
(Orlando et al., 1993; Schroeder and Wiseman, 1986). The Northern Gulf of Mexico annually
undergoes seasonal intensification of the dead zone — a regional hypoxia event that forms at the
mouth of the Mississippi River — in the late spring and summer months. During this time, DO
levels within the water column drop to less than 2 parts per million (ppm) presenting oxic
challenges to organisms residing in the dead zone (Rabalais et al., 2002). In addition to oxic
challenges from the dead zone, estuaries in the Northern Gulf of Mexico undergo regular salinity
fluctuations driven by changes in freshwater inputs from river discharge, precipitation, and
tidally driven marine inputs. These fluctuations create brackish environments within estuaries
with salinities that can range from fully fresh water (0 ppt) to hypersaline environments (> 35
ppt) (Orlando et al., 1993). Next, estuarine habitats are often very shallow and are therefore
susceptible to changes in thermal regimes driven by ambient air temperatures, warm freshwater
inputs from watersheds, and cooler marine waters driven in by tides (Schroeder and Wiseman,

1986). These dynamic interactions require the organisms that reside in these estuaries be capable
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of physiologically compensating for the changing environments (Bennett and Beitinger, 1997;
Borowiec et al., 2015; Haney and Nordlie, 1997).

In addition to adapting to fluctuating abiotic factors, estuarine species are often faced with
anthropogenic stressors. An important example is the Deepwater Horizon oil spill that occurred
in the Northern Gulf of Mexico from April to September 2010 and released an estimated 4.9
million barrels of crude oil into the environment (Beyer et al., 2016; Camilli et al., 2012; McNutt
et al., 2012; Norse and Amos, 2010). The plume from the wellhead reached the surface and
created a slick that reached shorelines from Louisiana to Florida and was estimated to cover >
26,000 square miles (Beyer et al., 2016; Norse and Amos, 2010; Sammarco et al., 2013). The
location and timing of the spill coincided with the annual development of the dead zone as well
as the spawning periods for many pelagic and estuarine fish species (Esbaugh et al., 2016;
Mubhling et al., 2012; Rooker et al., 2013). Following the spill there has been a breadth of
research on the effects of oil (see Murphy et al., 2016 for a literature review), particularly its
primary constituents — polycyclic aromatic hydrocarbons (PAHs) — on the early life stages of
fishes. Importantly, previous work with PAHs has shown that PAH toxicity in fish is variable
and depends on the life stage at the time of the exposure. PAHs can have adverse impacts on
specific organ and systems (such as the cardiovascular system or the immune system),
developmental stages, or act as potential mutagens or carcinogens (Carls et al., 2008; Carvalho et
al., 2008; Collier et al., 2013; Edmunds et al., 2015; Esbaugh et al., 2016; Incardona et al., 2014,
2011; Jayasundara et al., 2015; Mager et al., 2014; Magnuson et al., 2018; Pan et al., 2018; Xu et
al., 2017a, 2016).

While many studies have identified the toxicological effects of oil in estuarine and marine

fishes (for a review, see Murphy et al., 2016), only recently has work begun to identify the
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combined effects of oil and abiotic environmental factors such as hypoxia, salinity, and
temperature (Hedgpeth and Griffitt, 2016; Jasperse et al., 2019; Mauduit et al., 2018;
Milinkovitch et al., 2020; Serafin et al., 2019; Simning et al., 2019). Specifically, a number of
studies have found impacts of abiotic stressors on the developing cardiac system in fish. Cardiac
impairments such as changes in heart rate, blood pressure, vasodilation, and cardiac remodeling
are common when embryos are exposed to increased temperatures, elevated salinities, and/ or
low DO levels (Claireaux et al., 1995; Farrell, 2007; Keen et al., 2017; Klaiman et al., 2011; Lin
et al., 1994; Randall and Smith, 1967). Similarly, exposure to PAHs under otherwise optimal
environmental conditions have repeatedly shown cardiac effects including heart malformations,
reductions in cardiac output, and increases in pericardial edema in both estuarine and pelagic
fishes(Carls et al., 2008; Incardona et al., 2014, 2011, 2009; Jayasundara et al., 2015; Khursigara
et al., 2017).

Currently, the combined effects of abiotic factors and PAH exposure on the developing
cardiac system are largely unknown. This study aims to characterize these effects in developing
Gulf killifish (Fundulus grandis). F. grandis is an estuarine species native to the Gulf of Mexico
and alongside a closely related species (Fundulus heteroclitus) has been used as a model for
toxicity testing in a number of PAH studies (Oleksiak et al., 2011; Powell et al., 2004; Reid et
al., 2016; Whitehead et al., 2011). F. grandis inhabit nearshore environments that undergo daily
and seasonal fluctuations in temperature, salinity, and DO. They are also widely dispersed in
estuaries directly impacted by the Deepwater Horizon oil spill and their spawning seasons
directly coincided with the timing of the spill (Greeley and MacGregor, 1983), making them
ideal candidates for the study of the combined effects of oil and abiotic factors on transcriptional

responses in the developing cardiac system. We hypothesize that exposure to PAHs or
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environmentally relevant abiotic factors (hypoxia, salinity, temperature) will result in changes to
cardiac related transcriptional responses. Additionally, we expect that the combination of PAHs
with an abiotic factor will result in altered transcriptional responses relative to independent

exposure to PAHs or abiotic factors alone.

3.3 Materials and Methods

3.3.1 Broodstock collection and spawning

Wild caught adult F. grandis broodstock were collected from Mississippi estuaries in Gautier,
Ocean Springs, Deer Island, and Bay St. Louis in March 2015. Fish underwent a 14-day
quarantine period upon arrival to Purdue Aquaculture Research Lab at Purdue University, West
Lafayette, Indiana, USA. Fish were maintained in 130 L aquaria at 25+1°C, 6 mg/L DO, 10 ppt
salinity (reconstituted saltwater prepared with Fritz SuperSalt Concentrate, Fritz Industries,
Mesquite, TX, USA), and 16L:8D photoperiod. Fish were fed to satiation twice daily with
frozen chironomids (morning) and frozen brine shrimp (JEHM Co., Lambertville, NJ, USA)
(evening). A single mating pair of F. grandis was bred 2-3 times per week and embryos were
collected on Pentair polyester filter mats (Minneapolis, MN, USA) using techniques described by
Green 2013. Embryos were then transferred to floating mesh cylinders (15 cm x 5 cm) in the

adult tanks from which they were collected and were monitored daily until hatch.

3.3.2 Exposure design

F. grandis larvae (<24h post hatch) were randomly chosen and placed in individual 125 mL glass
jars sealed with Teflon lined caps. A fully factorial design was used to combine PAH exposure
(0, 15 ng/L), DO (2, 6 ppm), salinity (3, 30 ppt), and temperature (20, 30°C); n = 9 larvae per

treatment. Exposure chambers were maintained within temperature controlled environmental
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chambers with a 16L:8D photoperiod. Hypoxic conditions (DO < 2 ppm) were established
through aeration with nitrogen gas. Salinity was maintained using reconstituted saltwater at the
appropriate salinity as described above. Exposures lasted 48 h with water quality monitored
daily. Fish were not fed during the course of the exposure as they were still reliant on yolk sac.

There were 9 replicates (one larvae per replicate) per treatment.

3.3.3 High energy water accommodated fraction (HEWAF) preparation

1 g/L of Macondo crude oil was blended with seawater using a stainless steel blender (Waring,
Stamford, CT, USA) at low speed for 30 s, utilizing previously established methods (Forth et al.,
2017b, 2017a). HEWAF was allowed to settle for 1 hour in a glass separatory funnel before 450

mL was drained and used immediately for exposures.

3.3.4 PAH analysis

Gas chromatography coupled with tandem mass spectrometry (GC/MS/MS) was used to quantify
concentrations of 29 parent PAHs, alkyl PAHs, and alkyl PAH homologs from stock solutions at
the University of Connecticut Center for Environmental Sciences and Engineering (Storrs, CT,
USA). PAH concentrations from HEWAF dilutions and test solutions over time were calculated
using fluorescence methodology by measuring fluorescence between 270 and 380 nm (Greer et
al., 2012). See Serafin et al. (2019), Table S2 for total PAH concentrations and the 29 analytes

quantified (tPAH29).

3.3.5 Water chemistry

Temperature, DO, salinity, and PAH content were measured at the onset of exposures and

throughout the 48h exposure. Temperature and DO were measured using a YSI PRO 1020
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multi-parameter meter. Salinity was measured using a Pentair Vital Sine SR6 handheld
refractometer. PAH concentrations were indirectly quantified through fluorometry (Greer et al.,
2012) using a Turner Designs AU-10 fluorometer (Turner Designs, San Jose, CA, USA). For

full water chemistry methodology see Serafin et al. (2019).

3.3.6 RNA isolation/ RNA Seq

Following 48h exposures, individuals were collected for RNA analysis. To ensure sufficient
RNA, three larvae were pooled to constitute one replicate, resulting in three replicates per
treatment. RNA isolation was completed using RNeasy Mini Kits (Qiagen, Valencia, CA, USA)
according to manufacturer’s protocols. RNA quantification was measured using a NanoDrop
2000 spectrophotometer and associated software (Thermo Fisher, Waltham, MA, USA). RNA
sequencing (RNAseq) was performed at the Purdue University Genomics Core Facility (West
Lafayette, IN, USA) with an Illumina HiSeq 2500 (Illumina, San Diego, CA, USA) to sequence
a minimum of 15 million 2 x 100 bp sequencing reads; average sequencing depth was 23 million

reads/sample.

3.3.7 Bioinformatic analysis

All gene expression data have been submitted and archived through the Gulf of Mexico Research
Initiative Information & Data Cooperative (GRIIDC). Sequenced reads were quality checked
using the FastQC toolkit (Andrews, 2010), adapter sequences and low-quality reads were
trimmed using Trimmomatic (Bolger et al., 2014), and a post-cleaning quality check was run
again using FastQC. Filtered sequences were loaded into CLC Genomics Workbench (Qiagen,
Hilden, Germany) where paired-end reads were merged and mapped to the F. heteroclitus

reference genome (NCBI genome: 743) with >94% mapping success. Gene expression values
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were calculated as transcripts per million and differential expression was calculated in the CLC
Genomics Workbench. Differentially expressed genes (DEGs) were defined as those with an
FDR p-value < 0.05 when compared to expression under control conditions. Heat maps for
DEGs using Euclidean distance hierarchical clustering and complete linkages were created in R
using pheatmap package (Kolde, 2012). DEGs were converted to their human orthologs and
analyzed using Ingenuity Pathway Analysis (IPA) (Qiagen, Hilden, Germany) software with a
FDR p-value cut-off at 0.05 to predict downstream pathways and functions. IPA provides a
widely curated database of human and mammalian gene-association findings that allow for
deeper analysis of gene interactions and associated downstream pathways and functions than
data currently available for teleost models alone (Jones et al., 2020; Xu et al., 2017a, 2017b).
For DEG analysis and pathway analysis, treatment groups were compared to the control group
(3 PAH =0 pg/L, DO = 6 ppm, salinity = 3 ppt, temperature = 20°C). In order to maintain the
cardiac related scope of this analysis, only canonical pathways, toxicological functions, and
disease/ biofunctions related to cardiac effects were included (Rodgers et al., 2018; Serafin et al.,

2019).

3.3.8 RT qPCR analysis

Subsets of RNA isolate samples collected for RNA Seq analysis were also used for real-time
qPCR validation (3 pools of 3 larvae each per treatment). Isolated RNA was converted to cDNA
using a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher, Waltham, MA, USA),
cDNA concentrations were verified on a NanoDrop 2000 spectrophotometer and associated
software (Thermo Fisher, Waltham, MA, USA). RT qPCR was conducted on a Bio-Rad CFX
Connect Real-Time PCR System utilizing iQ SYBR Green Supermix (Bio-Rad, Hercules, CA)

following the thermal cycling protocol provided by the manufacturer. Primers were supplied by
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Integrated DNA Technologies (Coralville, [A). Primer sequences were designed through
Primer3Plus software (Untergasser et al., 2007) using NCBI nucleotide sequence data. Full
primer sequences and NCBI accession numbers are listed in Table 3.1. Reaction efficiencies for
each primer pair were determined through serially diluted standard curves with all reaction
efficiencies between 90% and 103% (R*>0.99). Relative abundance of each gene in relation to
the control gene fS-actin was analyzed using the delta-delta CT method (Vandesompele et al.,
2002). Note that f-actin is a common housekeeping gene with CT values that remained stable
across all conditions tested. Statistical analysis of gene expression data for all treatments was
analyzed using one-way ANOV As and Holm-Sidak pairwise multiple comparison versus control
group post-hoc tests with fiducial level of significance of p <0.05. All comparisons passed
normality (Shapiro-Wilk) and equal variance (Brown-Forsythe) tests. All statistical variables
are presented in Supplemental Table 3.1 located at

https://doi.org/10.1016/j.scitotenv.2020.142156.

3.4 Results

3.4.1 Water quality

While this experiment consisted of a fully factorial design that included up to four environmental
stressors, to conserve power within analyses, only treatments that included a single factor
deviation from control (oil, hypoxia, salinity, or temperature) and treatments that included binary
combinations of oil and a single abiotic factor (i.e. oil + hypoxia) were included in this analysis.
Nominal exposure conditions (3 PAH, DO, salinity, and temperature) for all treatments included
in analysis are listed in Table 3.2A with associated measurements of water quality parameters in

Table 3.2B. Temperatures and salinities were maintained at = 1°C and £ 1 ppt nominal
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concentrations respectively. Over the course of the 48h exposure, DO decreased by an average
of 2.2 + 0.6 ppm under normoxic conditions and 1 + 0.8 ppm under hypoxic conditions. Initial
> PAH values for all exposures involving oil were 15.3 + 1.15 ppb (Serafin et al., 2019). For a
detailed description of water quality parameters and PAH decline over the 48h exposure period

see Serafin et al. (2019).

3.4.2 Differential expression

Differential expression analysis revealed a total of 494 DEGs within the cardiac-related
pathways analyzed across all treatment groups (Supplemental Table 3.2;
https://doi.org/10.1016/j.scitotenv.2020.142156). Figure 3.1 shows the hierarchical clustering of
all DEGs according to treatments. The most obvious pattern that emerged during clustering was
the role of oil in the structuring of the transcriptional response of cardiac-related genes; oil (104
DEGs) and oil + hypoxia (160 DEGs) treatments clustered closely followed by the oil + salinity
(225 DEGs) and oil + temperature (338 DEGs) treatments. The hypoxia only (137 DEGs) and
salinity only (123 DEGs) treatments clustered closely together and were more similar to the
treatments containing oil than the temperature alone treatment. The temperature treatment had
the fewest DEGs (44) of all exposure groups and did not cluster closely with any additional

treatment groups.

3.43 PCR validation of RNASeq DEGs

Overall, qPCR data for genes involved in xenobiotic metabolism and cardiac function are in
agreement to those seen in the RNA Seq data (Figure 3.2). Genes involved in xenobiotic
metabolism (ahrr, ugtlal, and cypla) universally showed upregulation relative to controls in all

exposures containing oil either singly or in combination with an abiotic stressor (Figure 3.2A-C).
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Expression of ahrr was significantly increased in the oil, oil + hypoxia, oil + salinity, and oil +
temperature exposures, but its expression was not significantly altered when exposed to an
abiotic factor alone (Figure 3.2A). Expression of ugt/al was significantly downregulated in the
elevated temperature RNA Seq data; corresponding qPCR data showed a similar, but non-
significant trend (Figure 3.2B). Exposure to oil, and to oil + hypoxia, high salinity and high
temperature caused an upregulation of ugt/al expression. Although cypla which was not
differentially upregulated from the RNA Seq data, upregulation from qPCR data followed a
similar trend with the previous two genes, with an upregulation in all treatments involving oil
exposure and in any single abiotic stressor treatment + oil (Figure 3.2C).

Expression trends in genes involved in cardiac formation and function were also similar
between the qPCR and RNA Seq data. Expression of fbxo32 was not significantly impacted
under oil only, elevated temperature, or the combination of oil + temperature (Figure 3.2D). In
contrast, under hypoxic and elevated salinity conditions, RNA Seq measurements showed a
significant decrease in fbxo32 transcripts; similarly, qPCR measurements showed reduced, but
non-significant fbxo32 expression. fbxo32 expression was significantly upregulated in the
combination treatments of oil + hypoxia and oil + salinity. Expression of fgf7 was not
significantly impacted under elevated temperature or elevated salinity (Figure 3.2E). Exposure
to hypoxia in the absence of oil significantly increased the number of fgf7 transcripts measured
through RNA Seq and although not significant, the qPCR expression of fgf7 was also increased
relative to control. All exposures involving oil exhibited significantly increased expression of
fgf7 with the combined exposure of oil + temperature having qPCR expression levels
significantly higher than oil alone. Similarly, all exposures including oil induced significant

increases in expression of mb with the oil + temperature exposure significantly higher than the
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oil alone exposure (Figure 3.2F). Hypoxia alone also induced a significant increase in mb in the
qPCR data and a non-significant increase in the RNA Seq data. There were no differences from

control in mb expression in the elevated salinity and temperature exposures.

3.4.4 Canonical pathway analysis

Analyses conducted through IPA included only those predicted pathways and functions that
showed both a significant response (p < 0.05) and directional response (activation z-score # 0) in
at least one treatment. Pathway analysis showed DEGs involved in 18 cardiac-related canonical
pathways exhibiting a significant transcriptional response in at least one treatment (Figure 3.3).
Impacted pathways have roles in several cardiac functions including vasodilation, blood pressure
maintenance, cell proliferation, hypertrophy, and contractility. Inhibition of calcium signaling
was the only response that remained consistent among all treatments. Single exposures to abiotic
factors tended to inhibit signaling pathways (as indicated by negative activation z-scores and
shades of blue in Figure 3.3). Exposure to elevated temperature alone induced almost no
changes in canonical pathways except for a slight inhibition in calcium signaling. Combined
exposures to oil and abiotic factors tended to activate pathways involved in cell proliferation and
hypertrophy (positive activation z-scores and shades of orange in Figure 3.3) as well as reduced

angiogenesis.

3.4.5 Toxicological function analysis

Further analysis through IPA identified 26 toxicological functions across all treatments that were
both significantly impacted and showed directionality (Figure 3.4). Toxicological functions
were identified using the human orthologs of DEGs and as such, interpretation of results must be

done with caution. Additionally, variants of several functions appear multiple times within the
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resulting list of impacted toxicological functions (i.e. congenital heart disease and familial
congenital heart disease). These 26 functions can be grouped together and reduced to represent 9
broad toxicological functions: Heart malformations, congenital heart defects, congestive heart
failure/ pericardial edema, cardiomyocyte proliferation, cardiomyocyte death, heart damage,
hypertrophy, arrythmia, and heart dysfunction/ failure.

In general, toxicological function analysis aligns well with canonical pathway analysis. Similar
to the results from the canonical pathway analysis, general trends in increased cellular
proliferation and hypertrophy and inhibited contractility were identified by the toxicological
function analysis. Exposure to oil alone resulted in activation of congenital cardiac defects,
cardiac hypertrophy, and increased cardiac dysfunction/ failure. Exposure to hypoxia or elevated
salinity resulted in similar responses of increased cardiac malformations and congenital cardiac
defects. Like the DEG and canonical pathway results, elevated temperature alone resulted in few
impacted toxicological functions. Broadly, trends in combined oil + hypoxia and oil + salinity
responses followed those seen in their respective single abiotic factor responses. The combined
effects of oil and elevated temperature, however, did not follow trends in either oil alone or
temperature alone treatments; responses included activation of cardiomyocyte proliferation and
hypertrophy, inhibition of cardiomyocyte death, and inhibition of cardiac malformations and

congenital defects.

3.4.6 Diseases/ biofunction analysis

IPA analysis into diseases and biofunctions revealed an overall trend in activation across
exposures with most responses occurring in oil alone, hypoxia, and oil + hypoxia exposures
(total of 26 functions impacted, Figure 3.5). As with previously discussed IPA analyses,

elevated temperature alone resulted in few impacted functions. Increased salinity and the
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combination of oil + salinity also showed little response at this level of analysis. Responses
included effects on vasculature development, fatty plaque formations, and blood pressure
disorders. Diseases involved in development of vasculature (vascular lesions, outgrowth of
vasculature, and others) were activated in all exposures involving oil, which aligns with the
inhibition of angiogenesis seen in the canonical pathway analysis (Figure 3.5). Responses that
suggest increases in fatty plaque formations (atherosclerosis, foam cells, and
hypertriglyceridemia) were only present in oil, hypoxia, and oil + hypoxia exposures. Impacts
on blood pressure disorders were seen in all exposures involving oil. These results are supported
by those from the canonical pathway analysis in that the inhibition of blood pressure disorders
seen in the combined oil + abiotic factors align with the activation of signaling pathways

involved in blood pressure maintenance (Aldosterone, Apelin, and Renin-Angiotensin).

3.5 Discussion

This study aimed to characterize the combined effects of oil exposure and sub-optimal abiotic
factors on the transcription of cardiac related genes in early life history F. grandis. While other
studies have described the effects of oil on the cardiac system of fish (Carls et al., 2008;
Incardona et al., 2014, 2011, 2009; Jayasundara et al., 2015; Khursigara et al., 2017), to our
knowledge none have expanded their assessment to include how dynamic environmental
parameters (which are common in estuaries) influence these effects. Importantly, abiotic factors
such as DO, salinity, and temperature have been shown to impact cardiac function independent
of oil exposure through changes in heart rate, blood pressure, vasodilation, and cardiac
remodeling — implying that environmental conditions play a key role in the development and
function of the cardiac system in early life fish stages (Claireaux et al., 1995; Farrell, 2007; Keen

et al., 2017; Klaiman et al., 2011; Randall and Smith, 1967). In addition, the cardiac
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transcriptome of early life stage fish has been shown to be responsive to the presence of oil and
perturbations in environmental conditions (Xu et al., 2017a, 2016). Therefore, this study used
the analysis of transcriptional changes in conjunction with predicted downstream pathway
analysis to elucidate the impacts of both oil and sub-optimal abiotic factors on the cardiovascular
system of larval F. grandis. Results presented here appear to support our hypothesis that
exposure to PAHs and abiotic factors result in changes to cardiac related transcriptional
responses. Further, there appears to be some evidence that combined exposure to oil and abiotic
factors enhances these responses.

Analysis of the differential gene expression data suggests that the presence of oil is the
strongest factor influencing transcriptional responses in the cardiac system under our exposure
conditions. All exposures that included oil clustered closely together under the hierarchical
clustering model, whereas exposures to individual abiotic factors did not cluster closely with any
exposures involving oil. Within the oil cluster, the oil treatment alone and the oil + hypoxia
treatment clustered most closely together, a trend that is reflected in downstream analyses
through IPA. The combination of oil and an abiotic factor resulted in slightly more DEGs than
exposure to any individual stressor, hinting that there may be a synergistic response when
exposed to multiple stressors. This is most prominently seen in the oil + temperature exposure
which resulted in more than triple the number of DEGs than the oil only exposure and a more
than 7-fold increase in DEGs relative to the temperature alone exposure. While these results
suggest a more than additive effect in DEG expression, a definitive statistical analysis could not
be completed due to small sample sizes and additional exposures will need to be performed in
order to verify the trends in the data. However, these DEG results suggest complex interactions

between oil and abiotic factors are involved in mediating transcriptional cardiac responses.

81



A number of DEGs involved in xenobiotic metabolism and cardiac function were chosen
for further analysis through qPCR. ahrr (aryl-hydrocarbon receptor repressor) is an important
feedback modulator in the aryl-hydrocarbon receptor signaling cascade and has roles in
regulating cell growth and differentiation (Clark et al., 2010). ugt/al (UDP
glucuronosyltransferase 1al) encodes an enzyme in the glucuronidation pathway that
metabolizes lipophilic xenobiotics into water-soluble metabolites (Schlenk et al., 2008). cypla
(cytochrome p450 1a) is a member of the cytochrome p450 family of enzymes which catalyzes
reactions involved in xenobiotic metabolism; its expression is induced by the presence of PAHs
(Schlenk et al., 2008). qPCR results for these genes involved in xenobiotic metabolism
universally followed the same trends as those seen in the DEG analysis of RNA Seq data. As
expected (Kim et al., 2018; Mimura et al., 1999; Shimada and Fujii-Kuriyama, 2004), each gene
was significantly upregulated in every treatment involving oil exposure. cypla expression
profiles resulting from qPCR analysis followed expected trends as those seen in ahrr and ugtlal
expression. Interestingly, cyplo did not exhibit significant differential expression in the RNA
Seq dataset. Similarly, a lack of significant differential cyp/a expression was observed in RNA
Seq data for PAH exposed F. grandis analyzed using the Tuxedo protocol (Serafin, 2017).
These parallel results suggest that the discrepancy between qPCR and RNA Seq analyses are not
due to errors induced by the RNA Seq pipeline; rather, they highlight the different sensitivities
between RNA Seq and gPCR methodologies. The cypla qPCR product in this study is only 258
bp, while the RNA Seq methods attempt to map reads to the whole gene of 2708 bp. It is
possible that the cypla gene is not highly conserved between these two Fundulus species and the

qPCR method caught the conserved region while much of the true F. grandis cypla reads could
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not be mapped to the non-conserved F. heteroclitus cyplo region. This would result in the non-
mapped reads being discarded and not appearing as DEGs in the downstream analysis.
Additional genes involved in cardiac development and function (fbxo32, fgf7, and mb)
were assessed and the resulting qPCR trends, much like those involved in xenobiotic
metabolism, matched closely with those seen in the RNA Seq data. fbxo32 (f-box protein 32)
was only significantly upregulated in the combined oil + hypoxia and oil + salinity treatments.
As fbxo32 is highly expressed during muscle atrophy (Cleveland and Evenhuis, 2010), its
upregulation may suggest an increase in cellular death and dysfunction of the cardiac system
under these combined conditions. Similarly, mammalian models have shown increased fbxo32
expression and associated muscle atrophy under hypoxic conditions (Bodine and Baehr, 2014;
De Theije et al., 2015). fgf7 (fibroblast growth factor 7), which has roles in embryonic
development, cell proliferation and differentiation, as well as cardiac morphogenesis (Zinkle and
Mohammadi, 2019) was significantly upregulated in all treatments involving oil as well as the
hypoxia only exposure. The expression pattern seen here is similar to fgf7 expression patterns
observed in polar cod exposed to PAHs, suggesting that fgf7 expression may also be sensitive to
the presence of PAHs in the environment (Andersen et al., 2015). mb (myoglobin) expression
followed similar patterns to fgf7 and was upregulated in hypoxia and all exposures involving oil
in both qPCR and RNA Seq datasets. As mb’s primary function is intracellular oxygen storage
(Bailey and Driedzic, 1986), this may be indicative of an increased oxygen demand under oil
and/ or hypoxia conditions. Indeed, in many fish species, exposure to hypoxia resulted in
upregulation of myoglobin in muscle tissues (for a review, see Zhu et al., 2013). qPCR results
presented here validate the trends seen in the RNA Seq differential gene expression analysis and

further confirm that exposure to oil and abiotic environmental stressors are capable of eliciting
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responses in the expression of genes involved in detoxification and cardiac function/development
in fish early life stages.

IPA identified 18 canonical pathways that were both significantly impacted and showed
directionality in their responses. Impacted pathways affected are involved in regulating a
number of cardiovascular functions including vasodilation, blood pressure maintenance, cell
proliferation, cardiac hypertrophy, and contractility. Alone, exposure to abiotic factors largely
resulted in the inhibition of many pathways including vasodilatory responses, blood pressure
maintenance, contractility of the heart, and cardiomyocyte proliferation, which align with
previous studies showing that hypoxia, salinity, and temperature can result in changes in heart
rate, blood pressure, vasodilation, and cardiac remodeling (Claireaux et al., 1995; Farrell, 2007;
Keen et al., 2017; Klaiman et al., 2011; Randall and Smith, 1967). When co-exposed with oil,
responses appear to shift, and many pathways become activated. For instance, exposure to both
oil and hypoxia results in increases in cell proliferation, cardiac hypertrophy, and contractility,
and reduced angiogenesis; suggesting that cell growth may be increased in the heart but reduced
throughout the rest of the cardiovascular system. Similar results were seen when fish were co-
exposed to oil and salinity stress, i.e., increased signaling of cellular proliferation, hypertrophy,
and cardiac tissue remodeling and reductions in contractility, angiogenesis, and vasodilation.
These results again are suggestive of increased cardiomyocyte growth but reduced cellular
proliferation throughout the rest of the cardiovascular system. This likely puts additional stress
on the heart as increased cardiomyocyte proliferation and cardiac hypertrophy thickens the walls
of the heart resulting in reduced elasticity and contractility. Much like results from the DEG
analysis, exposure to elevated temperature alone elicited almost no response in the canonical

pathway analysis, but when combined with oil exposure, elevated temperature resulted in the
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strongest canonical pathway responses. These pathways, especially those that were not impacted
in either the oil alone or temperature alone exposures - such as the activation of Aldosterone and
Apelin signaling pathways - suggests that exposure to multiple stressors can induce complex
responses in developing fish. Responses in the combined oil and temperature exposure were
similar to other binary exposures and included increased cardiomyocyte proliferation, cardiac
hypertrophy, and contractility as well as reduced angiogenesis. Further suggesting that cardiac
impairment occurs through morphological changes in the cardiac musculature that then drives
alterations in the function of the cardiac system.

Further analysis through IPA into impacted toxicological functions yielded results similar
to those seen in the canonical pathway analysis. It is important to note that IPA runs analysis on
the human orthologs of the DEGs identified in the RNA Seq data and therefore, the functional
analysis is based on human/ mammalian functions. As such, a number of functions identified in
this analysis are repetitious — for example “Congenital heart disease” and “Familial congenital
heart disease” were both identified as functions impacted by the exposures (Figure 3.4). Trends
generally follow those seen in canonical pathway analysis for functions involving increases in
cardiomyocyte proliferation, inhibited contractility, and increased hypertrophy across treatments,
strengthening the conclusion that cardiac impairment is driven by thickening of the heart walls.
Additionally, the functions most strongly impacted appear to switch from activation states to
inhibition states when going from a single abiotic stressor to combined exposures with oil (i.e.
“Congenital heart disease”, Figure 3.4). This corresponds well with results from the clustering
analysis that suggests that the presence of oil is the primary driver of responses across
treatments. Functions with weaker responses overall tended to be more variable and did not

exhibit clear reversals in responses when co-exposed with oil (i.e. “Cell death of ventricular
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myocytes”, Figure 3.4). This suggests that there are complex interactions driving the effects
seen at the functional level and that co-exposure to oil and an abiotic stressor may exacerbate
effects seen in exposures to an individual stressor. Interrogation into predicted diseases and bio
functions resulted in widescale activation with oil, hypoxia, and the co-exposure of oil and
hypoxia treatments eliciting the most cardiovascular effects (Figure 3.5), again suggesting that
the presence of oil modulates the responses seen across treatments. Processes involved in the
development of the vasculature were activated in all treatments involving oil but reduced in the
hypoxia only treatment. This response aligns well with the “Inhibition of angiogenesis by TSP1”
seen in the canonical pathway analysis (Figure 3.3). TSP1 (thrombospondin 1) is an
angiogenesis inhibitor that works by inducing endothelial cell apoptosis and is induced under
hypoxic conditions (Moulton and Folkman, 2004; Phelan et al., 1998). It is therefore
unsurprising that exposure to hypoxia resulted in inhibition of development of vasculature and
other vasculogenesis/ angiogenesis processes (Figure 3.5). Processes involved in blood pressure
disorders were largely inhibited in all treatments involving oil, with a slight activation in the
hypoxia only treatment. These results correlate well with effects seen in pathways involved in
blood pressure maintenance. Specifically, the inhibition of blood pressure disorders in the
combined oil and abiotic factor treatments (Figure 3.5) align with the activation of signaling
pathways involved in blood pressure maintenance (Aldosterone, Apelin, and Renin-Angiotensin,
Figure 3.3). Along with evidence supporting changes in structural morphology of the
developing cardiac system, these results provide a holistic view of the impacts of multiple
stressors on the cardiovascular system. The data suggests that processes regulating blood

pressure maintenance are increased in response to inhibited cardiovascular function which
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appears to be driven by increased cardiomyocyte proliferation and reduced development of the
systemic vasculature.

This study is one of the first to concomitantly examine the effects of oil and
environmental abiotic stressors through the lens of transcriptomic changes related to cardiac
development and function. Trends apparent throughout the multiple levels of analysis in this
study support previous findings regarding environmental influences on the cardiac
transcriptomes of early life history fish when exposed to a single stressor (Carls et al., 2008;
Claireaux et al., 1995; Farrell, 2007; Incardona et al., 2014, 2011, 2009; Jayasundara et al., 2015;
Keen et al., 2017; Khursigara et al., 2017; Klaiman et al., 2011; Lin et al., 1994; Randall and
Smith, 1967). Work presented here expands that knowledge to include trends apparent when fish
are co-exposed to oil and abiotic stressors. Overall, responses appear to be structured through
complex interactions and the transcriptomic responses to binary exposures do not appear to be
the additive result of responses to two single exposures. The presence of oil in combination with
abiotic stressors impacted signaling pathways and cardiovascular functions through changes in
cardiomyocyte proliferation, cardiac hypertrophy, alterations in contractility, and modulation of
blood pressure maintenance. Further, the development of systemic vasculature appears to be
heavily impacted by combined exposures of oil and sub-optimal abiotic conditions. Predominant
trends across all levels of predictive downstream analysis suggests that cardiac impairment due
to co-exposure to oil and an abiotic stressor presents as cardiac hypertrophy driven by increased

cardiac proliferation and results in reduced contractility and modulation of blood pressure.
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Table 3.1. Primer sequences and NCBI accession numbers for all genes analyzed using qPCR.
All sequences are listed 5° to 3. Reverse primers (R) are reverse complements of the genetic
sequence.

Gene name Sequence (5'-3") Efficiency NCBI accession # Product Length

B-actin F  GCT CTG TGC AGA ACA ACC ACA CAT 90% XM 012850364 136 bp
R TAA CGC CTC CTT CAT CGT TCC AGT

ahrr F AGC TAT GCA GTC AAC AAC GG 98.8% NM 001309962.1 385 bp
R CTCTCT CTC ATT GCA TGT AAA CG

ugtlal F AGG ATG GCA TGT CTT ACA AGG 102% XM _012854427.1 321 bp
R GCA CAT CTT TGG GTA AAT CGC

cvpla F TGT TGC CAA TGT GAT CTG TG 93% NM_001310009 258 bp
R CGG ATG TTG TCC TTG TCA AA

fbx032 F  AAA ACA ACA ACG TCT CTG TGG 99.7% XM _012864657.1 178 bp
R TGA ACG TAA ATC CAC TTC TCC

fof7 F GTC ACT CAG AAC ACA TTG ACG 97.6% XM _012877162.1 604 bp
R AGT CAT CAA TCG TGA GGA ACC

mb F ATG ATA TGG TTC TCA AGC ACT GG 104% XM _012850507.1 111 bp

R GGA ACA GCT TTT GGG TAT CTG G
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Table 3.2. (A) Nominal treatment exposure conditions (Oil concentrations, DO, salinity, and
temperature). Conditions that deviate from control are bold. (B) Initial (0 h) and Final (48 h)
water quality values for each test condition. Values represented as mean + S.D.

A Treatment Oil (ppb Y PAH) DO (ppm) Salinity (ppt) Temperature (°C)
0 6 3 20
Control
0Oil 15 6 3 20
Hypoxia 0 <2 3 20
Oil & Hypoxia 15 <2 3 20
Salinity 0 6 30 20
Oil & Salinity 15 6 30 20
T 0 6 3 30
emperature
Oil & Temperature 15 6 3 30
B Condition Nominal Value Initial Value (0 h) Final Value (48 h)
oil 0 ppb YPAH 0 ppb Y PAH 0 ppb YPAH
15 ppb Y PAH 153+ 1.15 ppb > PAH 1+2.9 ppb YPAH
2=x0.
DO 6 ppm 6 ppm 2.2+ 0.6 ppm
<2 ppm 2 ppm 1+ 0.8 ppm
+0. +0.
Salinity 3 ppt 3+0.5ppt 3+0.5ppt
30 ppt 30+ 0.5 ppt 30+0.5 ppt
20 °C 20+1°C 20+ 1°C
Temperature
30 °C 30+ 1°C 30+1°C
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Figure 3.1. Heatmap with hierarchical clustering of cardiac related differentially expressed genes
across all treatments relative to control (0 ppb tPAH, 6 ppm DO, 3 ppt, 30° C). Warm shades (reds)
indicate increased expression, cool shades (blues) indicate reduced expression.
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Figure 3.2. qPCR (black bars) and RNA Seq (grey bars) expression values for genes involved in
xenobiotic metabolism [ahrr (A), ugtlal (B), cypla (C)] and cardiac development/ function
[fbx032 (D), fgf7 (E), mb (F)]. All expression values shown as mean £SEM log2(relative mRNA)
set relative to expression under control conditions (0 ppb tPAH, 6 ppm DO, 3 ppt, 20 °C). Values
that are significantly different than control (p < 0.05) are designated with an asterisk (*).
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Canonical Pathway

Cardiac B-adrenergic Signaling Activation z-score
Endothelin-1 Signaling - 52
Nitric Oxide Signaling in the Cardiovascular System 1-=2
Thrombin Signaling 0-1
eNOS Signaling 0
Adrenomedullin Signaling Pathway -1-0
Hypoxia Signaling in the Cardiovascular System -2--1
Inhibition of Angiogenesis by TSP1 <-2
P2Y Purigenic Receptor Signaling Pathway
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Apelin Endothelial Signaling Pathway
Cardiac Hypertrophy Signaling

Renin Angiotensin Signaling

Cardiac Hypertrophy Signaling (Enhanced)
Intrinsic Prothrombin Activation Pathway
Role of NFAT in Cardiac Hypertrophy
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Figure 3.3. TPA analysis of cardiac canonical pathways across all treatment groups that were both
significantly impacted (p <0.05) and showed directionality (activation z-score # 0). Warm shades
indicate pathway activation, cool shades indicate pathway inhibition.
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Figure 3.4. IPA analysis of cardiac toxicological functions across all treatment groups that were
both significantly impacted (p < 0.05) and showed directionality (activation z-score # 0). Warm
shades indicate function activation, cool shades indicate function inhibition.
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Figure 3.5. IPA analysis of predicted cardiac diseases and impacted bio functions across all
treatment groups that were both significantly impacted (p < 0.05) and showed directionality
(activation z-score # 0). Warm shades indicate disease/ bio function activation, cool shades
indicate disease/ bio function inhibition.
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CHAPTER 4. OIL INDUCED CARDIAC EFFECTS IN EMBRYONIC
SHEEPSHEAD MINNOWS, CYPRINODON VARIEGATUS

A version of this chapter has been submitted for publication; reproduced from:
Allmon, E., Walker, G., Griffitt, R., Sepulveda, M.S. (2021) Oil induced cardiac effects in
embryonic sheepshead minnows, Cyprinodon variegatus. Manuscript submitted for publication.

4.1 Abstract

Following the Deepwater Horizon oil spill in April 2010, much research has been conducted on
the cardiotoxic effects of oil on fish. Sensitive life history stages, such as the embryonic period,
have been targeted to elucidate the effects of polycyclic aromatic hydrocarbons (PAHs) on the
developing cardiovascular systems of fish. However, much of this research has focused on rapidly
developing pelagic species, with little emphasis on estuarine species with longer embryological
periods. Moreover, previous studies have used heart rate as the primary endpoint to measure
cardiac performance in embryos and larvae; an endpoint that on its own may overlook impairment
in cardiac performance. This study aims to fill these knowledge gaps and provide a more holistic
approach for assessing the effects of PAHs on cardiac function by exposing sheepshead minnow
(Cyprinodon variegatus) embryos to two oil doses (150 and 300 pg/L tPAH nominally) throughout
embryonic development and measuring cardiac responses through the identification of cardiotoxic
phenotypes (pericardial edema) as well as calculation of cardiac output at 4 days post fertilization.
Results of this study show significant increases in pericardial edema at both oil doses relative to
controls as well as significantly reduced cardiac output — driven by reductions in ventricular stroke
volume. This study is one of the first to assess cardiac output in embryonic fish exposed to oil and
methods described here allow for more physiologically relevant measures of cardiac performance

in early life stages through established and non-invasive measures.
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4.2 Introduction

The Gulf of Mexico has been the site of two of the largest marine oil spills in history. The Ixtoc
1 well blowout in the Bay of Campeche, Mexico in June 1979 released 3.4 million barrels of
crude oil over the course of 290 days (Soto et al., 2014). As a result, an estimated 33 metric tons
of oil were removed from Mexican and Texas shorelines — including environmentally important
areas such as coastal lagoons & marshes, mangrove forests, river mouths, and sandy beaches
(Jernelov and Lindén, 1981). In April 2010 off the coast of Louisiana, an explosion on the
offshore drilling rig, the Deepwater Horizon, marked the beginning of the largest marine oil spill
in United States history (Short, 2017). Over the course of 87 days, an estimated 4.9 million
barrels of crude oil was released into the Gulf of Mexico (Camilli et al., 2012; Crone and
Tolstoy, 2010) ultimately resulting in over 2100 km of impacted coastal habitat and oiled
shorelines in the Northern Gulf of Mexico from Texas to Florida (Nixon et al., 2016). Both
disasters resulted in crude oil forming surface slicks that underwent physical, chemical, and
biological weathering processes, ultimately resulting in weathered oil being transported to and
impacting coastal environments.

The impacts of oil on marine ecosystems are still being investigated, but there is much data
available on the toxicity of oil on the fish species inhabiting both pelagic and nearshore
environments. Importantly, weathering processes, such as evaporation, photooxidation,
dissolution, and biodegradation often change the concentrations of polycyclic aromatic
hydrocarbons (PAHs) present within the oil, leading to differing toxicities between crude and
weathered oils from the same source (Aeppli et al., 2012; Liu et al., 2012; Neff et al., 2000).
Studies on the toxicity of weathered oil from the Deepwater Horizon have shown that weathering
processes increase toxicity by concentrating the highly cardiotoxic 3-ring PAHs (Esbaugh et al.,

2016; Incardona et al., 2014, 2009, 2004; Mager et al., 2014). Additionally, the Deepwater
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Horizon spill occurred coincidentally with the spawning seasons of many commercially
important fish species (Block et al., 2005; Rooker et al., 2013, 2012). As such, many studies
have been conducted on large pelagic marine species such as bluefin tuna (Thunnus thynnus),
yellowfin tuna (Thunnus albacares), amberjack (Seriola dumerili), and mahi-mahi (Coryphaena
hippurus) to determine the effect on cardiotoxic endpoints following oil exposure during early
life stages (Esbaugh et al., 2016; Incardona et al., 2014; Mager et al., 2014; Pasparakis et al.,
2019). Similarly, several coastal species — Gulf killifish (Fundulus grandis), sheepshead
minnow (Cyprinodon variegatus), red drum (Sciaenops ocellatus), and inland silverside
(Menidia beryllina) — have shown evidence of cardiotoxicity resulting from oil exposure during
embryonic and larval stages (Adeyemo et al., 2015; Allmon et al., 2021; Bosker et al., 2017;
Dubansky et al., 2013; Khursigara et al., 2017).

When compared to many pelagic species, the embryonic stage of many coastal and
estuarine species is relatively prolonged. Pelagic teleosts are often rapidly developing — for
example bluefin tuna and mahi-mahi hatch within 36 hours post-fertilization (hpf) (Mager et al.,
2017; Miyashita et al., 2000) - while many estuarine species undergo extended embryonic
periods ranging from approximately 6 days post fertilization (dpf) in the sheepshead minnow to
up to 30 dpf in the inland silverside (Bosker et al., 2017; Kuntz, 1916; Middaugh and Hemmer,
1992). Early life stage fish have been shown to be particularly susceptible to contaminants and
adverse effects during development have been shown to carry over into long-term toxicity
(Hutchinson et al., 1998; McKim, 1977). Prolonged development in the embryonic stage may
leave estuarine species vulnerable to cardiotoxicity induced by exposure to oil. Conversely, the
dynamic biogeochemical processes that regularly occur within estuaries may impart a level of

resiliency to the species that reside there. Northern Gulf of Mexico estuaries regularly undergo

105



fluctuations in dissolved oxygen, salinity, and temperatures (Bianchi et al., 1999; NOAA, 2021)
requiring fish species and their developing embryos to be capable of maintaining homeostasis
under a wide range of environmental conditions.

The sheepshead minnow is an estuarine fish found along the Atlantic coast of the United
States from the Chesapeake Bay to south Florida as well as throughout the Gulf of Mexico
(USEPA, 2009). It is an established toxicity model (USEPA, 2009) and it’s spawning season,
February through October (Kuntz, 1916), directly coincided with the timing of the Deepwater
Horizon oil spill, making it an ideal candidate on which to test the effects of oil on the
developing cardiac system. While there is much data relating oil exposure to cardiotoxic
phenotypes (pericardial edema) (Beyer et al., 2016; Carls et al., 2008) and generalized fish
cardiac performance (arrhythmias, changes in heart rate, and contractility) (Edmunds et al., 2015;
Incardona et al., 2011, 2009; Mager et al., 2014), literature surrounding the effects of oil on the
development of the cardiac system in estuarine species is sparse with heart rate being the most
commonly measured cardiotoxic endpoint (Adeyemo et al., 2015; Bosker et al., 2017; Dubansky
et al., 2013; Khursigara et al., 2017). Only one study expanded their assessment of cardiac
performance to include cardiac output as a function of stroke volume (Khursigara et al., 2017).
Many fish have been shown to manipulate stroke volume to control cardiac output (Anttila et al.,
2013; Farrell, 1991; Webber et al., 1998), therefore, assessment of heart rate without accounting
for changes in cardiac output may be overlooking a significant marker of cardiovascular
function. To our knowledge, holistic cardiac performance in response to oil exposure has not
been directly measured in estuarine teleosts with prolonged embryonic periods. This study aims
to assess cardiac development and function in response to oil exposure by characterizing

cardiotoxic phenotypes and measuring cardiac output in sheepshead minnow embryos. We
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hypothesize that embryos exposed to oil will exhibit cardiotoxic phenotypes and have a reduced

cardiac output resulting from altered heart rates and stroke volumes.

4.3 Materials and Methods

All methods involving animal use were conducted in accordance with relevant guidelines and
regulations; methodological protocols have been approved by the Purdue Institutional Animal

Care and Use Committee.

4.3.1 Sheepshead minnow husbandry and embryo collection

Wild caught sheepshead minnows (5 females, 3 males) were collected from northern Florida
estuaries by the Gulf Specimen Marine Lab (Panacea, FL, USA) in September 2020 and shipped
overnight to Purdue University. Adults were housed in sex specific 75 L aquaria as part of a
recirculation aquaculture system supplied with constant aeration and maintained at optimal
spawning conditions — 25 ppt artificial seawater (prepared with reverse osmosis water and
Instant Ocean Sea Salt (Spectrum Brands, Blacksburg, VA, USA) at 25°C on a 16L:8D
photoperiod. Fish were fed commercially available brine shrimp flakes twice daily to satiation.
Breeding was initiated in the evenings by placing benthic breeding boxes into the female
sheepshead minnow tank and the introduction of a single male sheepshead minnow (5 female: 1
male). Spawning occurred overnight (10 h) before the male sheepshead minnow was moved
back to the male tank and breeding boxes containing embryos were removed. Embryos were
then washed in clean seawater to remove pathogens and/ or parasites, gently rolled on fine mesh
to remove embryonic microvilli (USEPA, 2009), and visually assessed for fertilization under a

Nikon SMZ1500 stereomicroscope (Nikon Instruments Inc., Melville, NY, USA). Only spawns

107



with >80% fertilization rates were used in this study. Fertilized embryos were then pooled and

immediately moved into exposure chambers.

4.3.2 Exposure design

Sheepshead minnow embryos (<12 hpf, corresponding to the formation of the blastoderm and
differentiation of the embryonic shield; Kuntz, 1916) were randomly selected and placed in 1 L
borosilicate glass beakers (n = 20/beaker) supplied with 300 mL exposure solutions (0 pg/L
tPAH, 150 pg/L tPAH, and 300 pg/L tPAH) which were covered to prevent evaporation and
maintained within a temperature controlled environmental chamber at optimal rearing conditions
— 25 ppt artificial seawater (prepared as described above), 30°C, and 16L: 8D photoperiod
(USEPA, 2009). Exposures were replicated 4 times resulting in n = 80 embryos/exposure
condition. Controls (0 pg/L tPAH) consisted only of 300 mL artificial seawater while low oil
conditions (nominal 150 pg/L tPAH) and high oil conditions (nominal 300 pg/L tPAH) were
achieved by manipulating volumes of artificial seawater and 100% HEWAF to achieve desired
PAH concentrations. Mortality and embryo viability were assessed daily. Exposure solutions
were refreshed every 24 h to maintain static exposure to nominal PAH concentrations throughout
exposures. Embryos were transferred to fresh exposure solutions daily by pipetting. Exposures
continued until embryos were sampled for cardiac imaging at 4 dpf. Following imaging, 4 dpf
embryos were flash-frozen, and stored at -80°C until processed for RNA extraction and

subsequent PCR analysis to verify exposure to PAHs.

4.3.3 HEWATF preparation & PAH quatification

Naturally weathered oil from the surface slick (referred to as OFS) of the Deepwater Horizon oil

spill was collected on August 15, 2011 and was subsequently stored at 4°C until initiation of
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exposures. Oil exposure solutions were prepared using standard protocols for the generation of
high energy water accommodated fractions (HEWAF) (Esbaugh et al., 2016; Incardona et al.,
2013) at a loading rate of 1 g OFS per 1 L 25 ppt seawater. Prior to initiation of sheepshead
minnow exposures, four representative replicates of 100% HEWAF were sampled for immediate
in-house fluorescence analysis (using standard techniques described by Greer et al. (2012) and
Serafin et al. (2019) then shipped at 4°C to the commercial analytical lab ALS Environmental for
total PAH analysis. The combination of both techniques allowed for full quantification of the
total PAHs (tPAH) within the HEWAF as well as immediate measurement of tPAH
concentration within each HEWAF. This allowed for the adjustment in volume of 100%
HEWAF needed to create each exposure solution to maintain consistent tPAH dosing throughout
the exposure period. In-house fluorescence analysis was conducted on a Turner Designs AU-10
Fluorometer (Turner Designs, San Jose, CA, USA). Immediately following preparation,
fluorescence of 100% HEWAF was measured to determine volume needed to create exposure
solutions (150 pg/L tPAH and 300 pg/L tPAH respectively). Volumes of 100% HEWAF needed
to achieve each concentration varied with each HEWAF due to differences in the efficiency of
the HEWAF preparation. Initial (0 h) and final (24 h) fluorescence of exposure solutions were

measured from each treatment throughout exposure period.

4.3.4 Water quality

Initial (0 h) and final (24 h) values were recorded for all water quality parameters during
exposure solution renewals throughout the course of the exposure period. Parameters were only
measured from control solutions (0 pg/L tPAH) to avoid PAH contamination of
probes/equipment. Water temperature and dissolved oxygen were measured with a YSI

PRO1020 multi-parameter meter (Y SI Incorporated, Yellow Springs, OH, USA), salinity was
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measured with a Pentair Vital Sine SR6 handheld refractometer (Pentair Aquatic Eco-Systems,
Inc., Cary, NC, USA), and pH and ammonia were measured using an API colorimetric test kit

(API Fishcare, Chalfont, PA, USA).

4.3.5 Image & video collection

At 4 dpf, 10 embryos were randomly selected from each beaker for cardiac imaging (total n =
40/treatment). Imaging was conducted on a Nikon SMZ1500 stereomicroscope affixed with a
Nikon Ds-Ri2 camera and Nikon NIS-Elements D software (Nikon Instruments Inc., Melville,
NY, USA). Embryos were mounted in a 3% methylcellulose solution and still frame images and
videos were captured for each individual. Images were captured at 8x magnification in the left
lateral view. Videos (30 s) were captured at 8x magnification at 10.9 frames per second (fps) in

the frontal view.

4.3.6 Cardiac morphology & function analysis

Cardiotoxic phenotypes were determined from still images in the left lateral view imported into
ImagelJ (Schneider et al., 2012). The freehand tool was used to outline and define the area of the
pericardial cavity for each individual. Individuals were determined to exhibit either a cardiotoxic
or control phenotype with the cardiotoxic phenotype defined as a pericardial area greater than 3
standard deviations from the mean pericardial area of the control (0 png/L tPAH) (Figure 4.1).
Video sequences were used to determine heart rate (HR), stroke volume (SV), and calculate
cardiac output (CO) for each individual. HR was visually determined from the video sequences
for each individual. Video sequences were loaded into ImageJ and the ventricle was measured at
peak systole and diastole from the same heartbeat for a total of 3 heartbeats per individual. The

ventricle was traced using the freehand tool to define the ventricular area and the length of the
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longitudinal and width axes of the ventricle were measured using the straight-line measurement
tool (Figure 4.2). These measurements were used to calculate the volume of the ventricle at peak
systole and peak diastole following techniques described in Khursigara et al., 2017 using the

following formula (Bagatto and Burggren, 2006)

V—4 b?
=3ma

where a is the longitudinal axis and b is the width axis. SV was defined as the difference in
volume between peak systole and peak diastole for each heartbeat. CO was calculated by
multiplying the HR and SV for each individual. Pericardial area, HR, SV, and CO were
compared using one-way ANOV As with Holm-Sidak multiple comparison versus control group

post-hoc tests and a fiducial level of significance of p < 0.05.

4.3.7 qPCR analysis

Following imaging, 4 dpf embryos were washed in clean seawater to remove residual
methylcellulose, flash-frozen, and stored at -80°C until processed for RNA extraction. Whole
embryos were used for RNA extraction and due to low RNA yields from a single embryo, 4
embryos were pooled to constitute a single biological replicate resulting in n = 10 biological
replicates per tPAH concentration. RNA extractions were performed using a Qiagen RNeasy
mini kit according to manufacturer protocols. Quantification and quality of extracted RNA were
measured using a NanoDrop 2000C spectrophotometer (Thermo Scientific, Waltham, MA,
USA). Total RNA was treated for potential DNA contamination through incubation with DNase
1 (Thermo Scientific, Waltham, MA, USA) and subsequent cDNA synthesis was performed with

100 ng total RNA starting material and SuperScript III reverse transcriptase (Invitrogen,
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Carlsbad, CA, USA) according to manufacturer protocols. Resulting cDNA was stored at -20°C
until gPCR analysis.

Real time PCR primers were developed for sheepshead minnow genes f-actin and cypla
and were supplied by Integrated DNA Technologies (IDT, Coralville, IA, USA). Primer
sequences were derived from published NCBI nucleotide data for each gene and designed
through Primer3Plus software (Untergasser et al., 2007). RT qPCR was performed on a Bio-Rad
CFX Connect Real-Time PCR System with iQ SYBR Green Supermix (Bio-Rad, Hercules, CA,
USA) following thermal cycling protocols provided by the manufacturer. Reaction efficiencies
for each primer pair were determined through serially diluted standard curves. For full primer
sequences, NCBI accession numbers, and reaction efficiencies see Table 4.1. Expression of
cyplo relative to the housekeeping gene f-actin was analyzed using the delta delta CT method
(Pfaffl, 2004). Statistical analysis of cypla expression across treatments was done using a one-
way ANOVA and Holm-Sidak multiple comparison versus control group post-hoc test at a

fiducial level of significance of p < 0.05.

4.4 Results

4.4.1 HEWAF analysis

The measured concentrations of all constituent PAHs measured in each individual 100%
HEWAF sent to ALS Environmental for analysis are presented in Supplemental Table 4.1 and
can be accessed through the Purdue University Research Repository, doi: 10.4231/SN4J-5570.
The average relative PAH composition of these samples can be seen in Figure 4.3.

Overwhelmingly, HEWAFs used in this study were comprised of 3 and 4 ring PAHs
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constituting 68% and 25% of the total PAHs, respectively) with 2 ring PAH comprising 4% and
g g

5 ring or larger PAHs accounting for 3% of the total PAHs present.

4.4.2 Water quality

Nominal oil concentrations (150 pg/L and 300 pg/L) used in this study are consistent with
previous studies involving sheepshead minnows (Bosker et al., 2017; Jones et al., 2020;
Magnuson et al., 2018; Simning et al., 2019). tPAH exposure conditions as well as all measured
water quality parameters can be found in Table 4.2. Low oil exposures (150 pg/L nominally)
had initial tPAH values of 164.40 + 13.63 pg/L which decreased to 117.68 + 18.39 ug/L over the
24 h exposure period between solution renewal. High oil exposures (300 pg/L nominally) had
initial tPAH values of 327.75 + 10.51 pg/L which decreased to 190.56 + 20.55 pug/L over the 24
h exposure period before solutions were renewed. Seawater controls had no measurable tPAH
concentrations at any point during the experiment. For all PAH conditions, water temperatures
and salinities were maintained at 30 & 0.3°C and 25 ppt, respectively. Dissolved oxygen levels
remained at 8.10 + 0.02 mg/L throughout the experiment. pH remained stable at 8.0 and

ammonia remained below detectable limits throughout the course of the experiment.

4.4.3 cypla expression

Expression of cypla significantly increased relative to controls in both the low and high oil doses
(Figure 4.4). While there appeared to be a trend toward a dose dependent increase in expression
of cypla with tPAH concentration, the differences in relative expression were not significant

between the two oil doses.
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4.4.4 Cardiac morphology & function

Cardiotoxic phenotypes, manifested as pericardial edema, were present at both low and high oil
exposures. The mean pericardial area increased significantly from 42.6 mm?10~ under control
conditions to 57.5 mm?10~ when exposed to low oil conditions and to 60.2 mm?10-3 when
exposed to high oil conditions (Figure 4.5). HR was not significantly altered by oil exposure
(Figure 4.6A), however SV significantly decreased from 0.070 nL under control conditions to
0.041 nL when exposed to low oil and to 0.046 nL. when exposed to high oil (Figure 4.6B). This
decrease in SV led to a significant decrease in CO under both oil exposures — decreasing from
9.624 nL/min under control conditions to 5.298 nL/min under low oil conditions and to 6.425
nL/min under high oil conditions (Figure 4.6C). There was no significant difference observed in

any cardiotoxic endpoints between the two oil doses.

4.5 Discussion

Studies on the effects of oil on embryonic and larval fish have been extensive following the
Deepwater Horizon oil spill (see Pasparakis et al., 2019 for full review). While many of these
studies have focused on cardiac endpoints, a disproportionate number have focused on fast
developing pelagic species (Brette et al., 2014; Edmunds et al., 2015; Incardona et al., 2014;
Mager et al., 2014; Pasparakis et al., 2016) leaving the cardiotoxic effects of oil on longer
developing coastal and estuarine species under-represented in the current literature. Of the few
studies that do address oil cardiotoxicity in estuarine species, the primary cardiotoxic endpoint
measured is heart rate (Adeyemo et al., 2015; Bosker et al., 2017; Dubansky et al., 2013;
Khursigara et al., 2017) which may not fully capture changes in cardiac function induced by oil
exposure. This study expands on the current literature and provides a more comprehensive

assessment of embryologic cardiac function in an estuarine teleost.
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Previous studies have shown that weathering processes tend to concentrate 3 and 4 ring
PAHs in oil, making them more cardiotoxic relative to their crude oil progenitors (Esbaugh et al.,
2016; Incardona et al., 2004). As expected, tPAH analysis of OFS HEWAF used in this study
revealed high concentrations of 3 and 4 ring PAHs with phenanthrene analogues being the most
prevalent. This general oil composition is consistent with previous work using OFS from the
Deepwater Horizon (Johansen and Esbaugh, 2019; Khursigara et al., 2017; Magnuson et al.,
2018; Pasparakis et al., 2016) and tPAH concentrations used in this study are consistent with
those used in previous work assessing sheepshead minnow’s response to oil exposure across
multiple life history stages (Bosker et al., 2017; Jones et al., 2020; Magnuson et al., 2018;
Simning et al., 2019) as well as previous work assessing embryonic and larval endpoints in
estuarine species (Adeyemo et al., 2015; Allmon et al., 2021; Serafin et al., 2019; Simning et al.,
2019). Phenanthrene and it’s analogs comprised a total of 37% of the HEWAF tPAH;
phenanthrene exposure has been shown to induce pericardial edema, bradycardia, arrythmias,
and reduce circulatory capacity in early life history fish (Incardona et al., 2004). It is therefore
unsurprising that cardiotoxic endpoints such as pericardial edema and reduced cardiac
performance were observed in this study.

The chorion of fish embryos provides a degree of protection from external environmental
conditions as the embryo develops (Cotelli et al., 1988). However, chorions of aquatic species
must also be permeable enough to facilitate respiratory gas exchange, the removal of metabolic
wastes, and maintain ionic and osmotic balance within the embryo (Groot and Alderdice, 1985).
This is especially true of estuarine species who regularly encounter variability in salinity in their
environment. Work conducted by Carls et al. (2008) in zebrafish showed that oil toxicity in

embryos is due to dissolved PAHs in the water and not direct contact with suspended oil micro-
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droplets within the water column. However, work done by Khursigara et al. (2017) on the
estuarine species red drum, showed a significant decrease in embryonic survival in embryos
exposed to unfiltered versus filtered HEWAF solutions — suggesting that the presence of oil
micro-droplets play an important role in toxicity. This dichotomy in responses may be due to
differences in characteristics of the chorions in freshwater and estuarine species (Philibert et al.,
2019). To verify trans-chorionic exposure to PAHs, expression of cyp/a was measured in 4 dpf
embryos. cypla is used as a biomarker of PAH exposure and is a first line detoxification
mechanism involved in the metabolism of PAHs (Gokseayr, 1995; Kim et al., 2013; Nilson et al.,
1998; Sarasquete and Segner, 2000). Expression of cypla was highly upregulated in both low
oil and high oil exposures relative to control embryos, confirming that individuals in both oil
doses were exposed to PAHs. However, our experimental design cannot determine if the
exposure is solely due to dissolved PAHs in the water or through direct contact between embryos
and oil micro-droplets. While not statistically significant, there appears to be a dose dependent
trend in cyplo upregulation with oil exposure.

As expected, and consistent with findings of previous studies (Incardona et al., 2014,
2011, 2004; Khursigara et al., 2017; Mager et al., 2014) exposure to oil increased the incidence
of embryos expressing a cardiotoxic phenotype. Pericardial edema, the collection of fluid within
the pericardial space, can have damaging effects on the developing cardiac system and is often
regarded as an early sign of cardiac failure (Carls et al., 2008; Dong et al., 2010; Incardona et al.,
2014; Incardona and Scholz, 2016). The buildup of fluid increases pressure on the developing
heart and impacts its function by reducing blood flow through decreased contractility (Incardona
et al., 2005). Additionally, pericardial edema has been linked to delays in or failure to complete

looping of the tubular heart (Carls et al., 2008; Hicken et al., 2011; Incardona et al., 2005).
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These interruptions in cardiac function and morphological development often lead to cardiac
failure and death of the individual. While no direct mortality stemming from cardiac failure was
observed during the embryonic exposures in this study, additional work should be done to trace
the lethal and sublethal effects of the observed pericardial edema on post-hatch and juvenile
individuals.

Cardiac performance has been measured in response to oil exposure in many species,
both pelagic and estuarine. In juvenile and adult individuals, assessment of swimming
performance and aerobic scope are often used as proxies for cardiac performance. Pelagic
species, such as cobia (Rachycentron canadum) (Nelson et al., 2017) and mahi-mahi (Mager et
al., 2018, 2014; Stieglitz et al., 2016), as well as estuarine species, including red drum (Ackerly
and Esbaugh, 2020; Johansen and Esbaugh, 2019, 2017) and Atlantic croaker (Micropogoias
undulatus) (Pan et al., 2018), have been used in respirometry studies after oil exposure on
developed cardiac systems and have shown a consistent respiratory impairment following acute
oil exposure. Direct measurements of cardiac performance in early life stages, however, are
sparse and often rely heavily on heart rate measurements. Bradycardia is a common cardiac
response to oil exposure and has been reported in embryonic and larval estuarine species
including red drum, sheepshead minnow, and Gulf killifish following oil exposure (Bosker et al.,
2017; Dubansky et al., 2013; Khursigara et al., 2017). Data from this study however do not
show a reduction in heart rate following exposure to weathered oil from the Deepwater Horizon.
This data more closely aligns with observations of inland silverside embryos in which exposure
to oil alone did not alter heart rate, but exposure to dispersants and combined exposure to oil and
dispersants resulted in significant bradycardia (Adeyemo et al., 2015). As suggested by

Khursigara et al. (2017), heart rate may not be the most reliable endpoint for assessing cardiac
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performance. Instead, cardiac output — which takes into account both heart rate and stroke
volume — may be a more complete and physiologically relevant indicator of cardiac function.
Indeed, this study highlights the need for comprehensive cardiac assessment rather than single
endpoint analysis as interrogation into heart rate alone would have overlooked reductions in
cardiac output driven by reduction in stroke volume in sheepshead minnow embryos exposed to
oil. The assessment of stroke volume as conducted in this study allows for a non-intrusive
measure of cardiac output that can be conducted earlier in development and is sensitive to subtle
changes in cardiac performance.

Data presented in this study are some of the first to comprehensively address embryonic
cardiac performance in response to oil exposure in an estuarine fish. Here, the cardiotoxic
phenotype — pericardial edema — is measured in conjunction with cardiac output to assess
impairments to the developing cardiovascular system in embryonic sheepshead minnows. The
extent of pericardial edema and reductions in cardiac output did not differ between oil
concentrations, suggesting that toxicologically relevant ECso concentrations fall below the low
oil dose (nominal 150 pg/L tPAH) used in this study. Conversely, no embryologic mortality was
recorded during the exposures, suggesting that LCso values for sheepshead minnows in the
embryo stage fall above the high oil dose, 300 ng/L tPAH. The presence of both pericardial
edema and reduced stroke volume are evidence of impaired cardiac performance. However,
whether pericardial edema arises from impaired cardiac function, or increased pressure within
the pericardial cavity causes reduced stroke volume is unknown. Additional studies are needed
to address the causality between these two metrics of cardiotoxicity. Further, there is a need for
follow-up studies on the long-term physiologic impacts of embryonic exposure to oil. Work

with zebrafish have shown that PAH induced pericardial edema can be attenuated or reversed
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after transfer of embryos to PAH free water (Incardona et al., 2004). The persistent effects on
cardiac performance stemming from embryologic impairment in sheepshead minnows remains to

be seen.
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Table 4.1. List of sheepshead minnow primers used for real time PCR. All sequences are 5’ to
3’ and reverse primers are reverse compliments of the genetic sequence.

Gene NCBI Accession # | Orientation Sequence Efficiency | Length
B-actin FJ754999.1 F AACACTGTGCTGTCTGGAGGTA | g7 g0, 133 bp
R AGACGGAGTATTTACGCTCTGG
opla EFS35032.1 F GAGTCTTTCATCCTGGAGCTGT 98.0% 180 bp
R GATGAACGAAGATGGGTCTTTC
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Table 4.2. (A) Nominal and measured tPAH concentrations for each treatment at onset of

exposure (0 h) and immediately preceding refreshment of exposure solutions (24 h). (B)

Measured water quality parameters at onset of exposure (0 h) and immediately preceding
refreshment of exposure solutions (24 h). Values represented as mean + SD. Water quality
parameters (B) measured only for control solutions. (A) n = 20 per time point, (B) n = 20.

A

Condition Nominal Value Initial Value (0 h) Final Value (24 h)
Control 0 pg/L tPAH 0 pg/L 0 pg/L

Low oil 150 pg/L tPAH 164.40 + 13.63 pg/L 117.68 £ 18.39 pg/L
High oil 300 pg/L tPAH 327.75+£10.51 pg/L 190.56 +20.55 pg/L
B

Parameter Initial Value (0 h) Final Value (24 h)
Temperature 30+0.3°C 30+£0.3°C

Dissolved Oxygen 8.11 £ 0.02 mg/L 8.08 £0.02 mg/L

Salinity 25 ppt 25 ppt

pH 8.0 8.0

Ammonia 0 ppm 0 ppm
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Figure 4.1. Representative images of (A) control and (B) oil exposed (300 pg/L tPAH) 4 dpf
sheepshead minnow embryos. Arrows point to pericardial area (outlined in yellow), note the
pericardial edema and tubular heart present in embryos exposed to oil (B). Scale bars = 500 um.
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Figure 4.2. Representative images of (A) peak diastole and (B) peak systole in control 4 dpf
sheepshead minnow embryos. Ventricular outlines (yellow), ventricular longitudinal axis (red),
and ventricular width axis (blue) are shown at (C) peak diastole and (D) peak systole. Scale bars
=500 um.
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Figure 4.4. cypla expression in 4dpf sheepshead minnow embryos exposed to low (150 pg/L
tPAH) and high (150 pg/L tPAH) concentrations of naturally weathered OFS. Values set
relative to controls denoted by solid line at 1.0. Bars represent mean £+ SEM. Asterisks denote
significant differences from controls (p < 0.05). n = 8-10 per treatment.
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Figure 4.5. Mean pericardial area of 4 dpf sheepshead minnow embryos exposed to low (150
ng/L tPAH) and high (150 ug/L tPAH) concentrations of naturally weathered OFS. Bars
represent mean £ SEM. Asterisks denote significant differences from controls (p <0.05). n =40
per treatment.
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Figure 4.6. Cardiac function in 4 dpf sheepshead minnow embryos as assessed by (A) heart rate,
(B) stroke volume, and (C) cardiac output following exposure to control, low (150 ug/L tPAH),
or high (300 ng/L tPAH) oil concentrations. Bars represent mean = SEM. Asterisks denote
significant differences from controls (p < 0.05). n = 38-40 per treatment.
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CHAPTERSS. HEMODYNAMIC DEPENDENCE OF MECHANO-
GENETIC EVOLUTION OF THE CARDIOVASCULAR SYSTEM IN
JAPANESE MEDAKA

A version of this chapter has been submitted for publication; reproduced from:
Chakraborty, S., Allmon, E., Septlveda, M.S., Vlachos, P. (2021) Hemodynamic dependence of
mechano-genetic evolution of the cardiovascular system in Japanese medaka. Manuscript
submitted for publication.

5.1 Abstract

The progression of the cardiac gene expression-wall shear stress (WSS) interplay is
critical to identify developmental defects during cardiovascular morphogenesis. However,
mechano-genetics from the embryonic to larval stages are poorly understood in vertebrates. We
quantify peak WSS in the heart and tail vessels of Japanese medaka from 3 days post fertilization
(dpf) to 14 dpf using in-vivo micro particle image velocimetry (uPIV) flow measurements, and
in parallel analyzed the expression of five cardiac genes (fgf8, hoxb6b, bmp4, nkx2.5, smyd1).
Here, for the first time, we report that WSS in the atrioventricular canal (AVC), ventricle outflow
tract (OFT), and the caudal vessels in medaka peak with inflection points at 6 dpfand 10-11 dpf
instead of a monotonic trend. In addition, all genes were upregulated at 3 dpfand 7 dpf
indicating a possible correlation between the two, with the cardiac gene upregulation preceding

WSS increase in order to facilitate cardiac wall remodeling.

5.2 Introduction

Wall shear stress (WSS) fluctuations experienced by vascular endothelial cells and
endocardial cells are linked with changes in cardiac specific gene expression and changes in
cellular phenotypes (1-4) that modulate cardiovascular morphogenesis (5-8). The flow

mechanics of the embryonic heart strongly influences the pulsatility and the topology of the
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peripheral vascular network (9-11). Small teleost models such as zebrafish (Danio rerio) and the
Japanese medaka (Oryzias latipes) have been extensively imaged to capture non-intrusive,
accurate flow velocity and WSS measurements at varying stages of cardiovascular development
(12-19). The modulation of key genes responsible for cardiac anomalies in these species have
previously been investigated by mutating genes or introducing perturbation in the blood
circulation (20-26). However, baseline longitudinal studies tracking the evolution of
cardiovascular flow metrics and cardiovascular specific gene expressions at discrete 24 h
intervals are scarce in the vertebrate embryogenesis literature (27, 28).

Cardiac valves located in the atrioventricular canal (AVC) and the outflow tract (OFT) of
the ventricle experience the highest flow velocity and WSS (12, 29-31). The dynamic WSS
variation in these regions control developmental landmarks like valve cushion formation as well
as valve leaflet formation and direction during age progression (7, 32-35). However, in two
separate studies with zebrafish, peak WSS was shown to increase from 72 hours post fertilization
(hpf) to 6 days post fertilization (dpf) at the AVC (31, 36) while the reverse trend is seen at the
OFT (29, 37). Since both regions morphologically expand during chamber formation and
subsequently undergo an area reduction after valve cushions form (38), opposite peak WSS
trends in the AVC and OFT seem counterintuitive. Imaging intervals of 12 h or 24 h are too large
for zebrafish which undergo rapid development with ventricle lengths increasing at a rate of 125
um/day during the first 60 dpf (39). Consequently, possible inflection points in peak WSS
progression with age may have been missed in previous studies. Previous studies investigating
aortic arch and cardiac outflow tract morphogenesis in chicken embryos have shown an

inflection point in peak WSS progression (40, 41) with age that correlated with the expression of
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some developmental genes (41). Hence, in order to capture the cardiac developmental landmarks
in more detail, we chose the Japanese medaka as the vertebrate model in the current study.

Japanese medaka grows faster compared to higher mammalian vertebrate models (like
mice, rabbits, pigs, humans) but is two times slower compared to zebrafish (39, 42).
Additionally, the larger size and lack of pigmentation in medaka embryos until 14 dpf (42) when
compared to zebrafish allows for better optical imaging. Multiple comparisons of the cardiac
ontogeny in zebrafish and Japanese medaka can be found in the literature (39, 42, 43); a relevant
illustration outlining the onset of analogous cardiac events in the two species is presented by
Taneda et al. (43). Significant ontogenetic events of cardiac development central to this study
include those such as the formation of the tubular heart (1 dpfin zebrafish (44) and 1.5 dpfin
Japanese medaka (42)), the onset of blood circulation (1.25 dpf in zebrafish (44) and 3 dpfin
Japanese medaka (42)), and endocardial cushion formation (1.75 dpf in zebrafish (45) and 5 dpf
in Japanese medaka (42, 46)) as well as post-hatch cardiac remodeling such as valvulogenesis
(15). For a more detailed comparison between the two species, see Table 5.1.

Multiple measurements of vascular WSS along caudal and dorsal vessels of larval
teleosts have shown that arteries have higher pulsatility and flow velocities than veins. Owing to
low velocity (~0.3-2 mm/s) of the cardiovascular flow in teleosts (11, 13, 47), the vascular WSS
reported is low (5-30 dyne/cm?) compared to humans and other vertebrates (18, 48-50).
However, little attention has been given to the cross-sectional variation of these vessels from
embryonic to larval stages that eventually separates them into arteries and veins (11, 51). The
vessel cross-section is critical in regulating flow velocities (11) which can subsequently lower
the WSS below the critical value required for cell proliferation in vessels (52-55). Calculation of

WSS is non-trivial due to the difficulty in measuring spatially resolved velocity gradients near
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the cardiac wall. Velocity fields in the fish heart can be measured non-invasively through 2-
dimensional imaging by using micro—Particle Image Velocimetry (uPIV) which cross-correlates
red blood cell (RBC) patterns in successive time-lapse images separated by a known time
interval (36, 56, 57). Velocity gradients of higher accuracy are then calculated from the spatially
and temporally resolved velocity field instead of assuming a linear/parabolic velocity profile near
the cardiac wall as done in previous studies (6, 8, 58). Variations in blood viscosity with
increasing shear rate and varying hematocrit in developing teleost embryos have rarely been
accounted for (36, 59). Previous studies have assumed blood dynamic viscosity to be constant at
all fish ages and used values ranging from 3cP to 8 cP to calculate WSS in zebrafish heart (29,
31, 36, 60). A recent experimental investigation has shown the blood viscosity in embryonic
zebrafish changes with time and therefore should not be assumed to be fixed (59).

WSS induced mechano-transduction is known to influence embryonic cardiovascular
development through the induction of late-onset genes (61-63). Molecular genetic approaches,
such as qPCR, have been used with teleost embryos to identify molecular pathways and to study
the functions of specific genes related to cardiovascular abnormalities/development. One well
established genetic pathway in the growing zebrafish heart is activated in the AVC to control the
atrio-ventricular (AV) valve morphogenesis. The Kruppel-like factor 2a (klf2a) gene responsible
for this phenomenon is known to be expressed strongly in regions of high shear that impacts
endocardial cushion differentiation leading to AV valve formation (5, 7, 10, 32). Fibroblast
growth factor 8 (fgf8) and bone morphogenetic factor-4 (bmp4) are cardiac genes required for
development of teleost heart precursors (64, 65) and contribute to anterior heart field
development in mouse (66). The gene homeobox B6b (hoxb6b) is responsible for

anterior/posterior patterning in the medaka was reported to disrupt morphogenesis in a toxic
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environment exposed to silver nanocolloids (67). NK2 homeobox 5 (nkx2.5) is a cardiac
transcription factor that modulates the formation of the secondary heart field (68, 69) and was
reported to peak between 48 hpf and 96 hpf in zebrafish embryos followed by a decrease at 120
hpf (26). SET and MYND Domain-1 (smyd!) is a protein coding gene that aids in cardiac muscle
differentiation (65) and its knockdown in zebrafish results in disrupted myofibril growth and loss
of a heartbeat (70). These genes, in addition to many others, play important roles in the early
development of the teleost heart and therefore position themselves as potential target genes to
trace the ontogenetic processes involved in early life history cardiac development.

This overview of the literature highlights the need for a baseline framework for vertebrate
embryonic models that investigates variation of cardiovascular WSS with cardiac gene
expressions along developmental stages. In this work, we conducted a series of live experiments
to image the Japanese medaka heart and peripheral vessels under a microscope followed by
subsequent uPIV analysis for flow quantification along with gene expression profiling across
development in embryo/larva in absence of any perturbation. We report peak WSS
measurements in two cardiac valve regions at the AVC and OFT. Concomitantly, we calculated
peak WSS values in four vessel locations: dorsal artery (DA), dorsal vein (DV), caudal artery
(CA) and caudal vein (CV) along the tail. We also performed qPCR analysis to compare gene
expressions of five cardiac genes fgf8, hoxb6b, nkx2.5, smydl, and bmp4 in relation to peak WSS
variation from 3 dpfto 12 dpf. To our knowledge, this is the first study with fish early life-stages
that attempts to identify a correlation between the peak cardiac WSS variation and cardiac

specific gene expression during development.
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5.3 Materials and Methods

All methods were carried in accordance with relevant guidelines and regulations and method

protocols have been approved by the Purdue Animal Care and Use Committee (PACUC).

5.3.1 Japanese medaka husbandry and embryo/ larvae collection

Wild type adult Japanese medaka obtained from US EPA (Duluth, MN, USA) were mated in 2 L
transparent tanks with continuous oxygen supply under artificial reproductive conditions
(14L:10D photoperiod; 28°C). Spawning was initiated daily at 9am and fertilized embryos were
collected, immersed in embryo medium (diluted saline solution containing 2 ppm methylene
blue), and housed in an environmental chamber at 28°C with continuous oxygen supply by 5pm.
A total of 150 embryos were collected from 9 clutches originating from 5 different spawning
pairs. Hatching from all clutches occurred between 8 and 9 dpf, sampling continued until 14 dpf
to account for hemodynamic and/or gene expression changes that may occur after hatching.
Embryos/ larvae were randomly collected for gene expression every 12 h from 0.5 dpf until 3 dpf
and every 24 h from 4 dpf until 12 dpf (n=10/ time point) and were immediately frozen at -80°C
until RNA extraction. The more frequent sampling interval during early embryonic development
was chosen to capture the possible rapid changes in the cardiac development induced gene
expression. Additional embryos/ larvae were randomly sampled for imaging analysis every 24 h

after the onset of blood circulation from 3 dpf until 14 dpf (n=5/ time point).

5.3.2 Flow velocity analysis in heart

2-dimensional images of medaka fish heart and caudal vessels were visualized through a Nikon-
Ti microscope with a 60x objective lens and acquired by a high-speed CMOS camera (Phantom

Miro-310, 2500x1600 pixels) which resulted in an effective pixel size of 0.16 um. Brightfield
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time-resolved images were captured for 4s at a rate of 400 frames per second. These correspond
to 8-10 cycles and approximately 199 image pairs per cycle. The raw images were preprocessed
by applying a proper orthogonal decomposition (71-74) across time series of images and
retaining the non-dominant modes that represent the fluctuations of RBC patterns across time
while substantially removing background artifacts. The RBC movement patterns across time
lapse images were cross-correlated and a phase average of the cross-correlations were used to
obtain velocities in the heart and vessels as shown in Figure 5.1. The heart rate (HR) was

measured from the Fourier transform of the instantaneous velocity waveforms. The Reynolds
number (Re = p”Ld) and Womersley number (Wo = d /pjw) were calculated for each sample and

each age based on the atrial inlet diameter (d), blood density (p) as 1025 kg/m?, blood dynamic
viscosities (¢) that change with age and w = 2mrHR/60. The EF is a function of ventricle
volumes at diastole and systole and is defined in Eqn 5.1.

A=7zLD:. Vol :%LDIDz .Di_ D>

_ _ ) Eqn 5.1
End _diastolic Vol —End _systolic Vol

End _diastolic Vol

EF=

5.3.3 uPIV analysis

The instantaneous velocity field at a time point in the heart cycle was obtained from the standard
cross correlation (SCC) of two successive image pairs as mentioned previously (75). Each image
region was subdivided into windows before cross-correlating. Cross-correlation vectors were
obtained using an initial window size of 96x96 pixels (window resolution : 48x48 pixels) with a
50% overlap between windows, followed by another pass of window size of 64x64 pixels

(window resolution : 32x32 pixels) with 50% overlap and finally followed by another pass of
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window size of 64x64 pixels (window resolution : 32x32 pixels) with 75% overlap (76). In the
first, second, and third pass, each window of each image contained approximately 10-15 RBC
patterns, 6-8 RBC patterns, and 5-7 RBC patterns respectively. In each pass there were
minimum 3 and maximum 6 iterations of window deformation weighted by a Blackman filter
that minimized the loss of information due to in-plane motion of the particles (77, 78). The
correlation planes at each phase of the cycle were averaged across all cycles to get an ensemble
correlation plane (79). The peak location of the correlation plane denotes the displacement
between images at that time point. An accurate velocity estimate at each cycle phase was
obtained by fitting sub-pixel resolution curves to the correlation peak using a three point
Gaussian estimator (75, 80). Universal outlier detection was done between passes to eliminate
erroneous velocity vectors (81). An additional median filtering with a window size of 3x3 pixels
spatially was done to the vectors in the final pass (1, 82). All calculation steps were done using

the in-house PIV software, PRANA (83).

5.3.4 Hematocrit (Ht) calculation

Ventricle images were cropped to retain a small area around the ventricle center. RBC pattern
count (Nrbc) was calculated from the average auto-correlation plane of all the time-lapse
ventricle images for each medaka heart as discussed in (84). The ventricle volume (Vvol) was
calculated by multiplying the area of the images with the depth of focus. Then the Ht in
percentage was calculated using Eqn 5.2.

Nrbc
Vvol

Ht =100*Volume of a RBC* Eqn 5.2
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5.3.5 WSS analysis in AVC and OFT

Endocardial wall boundaries were detected from the velocity contour maps by identification of
edges where the velocity gradient is maximum. WSS is a product of the fluid dynamic viscosity

(1) and the flow shear rate (y) at the wall location as shown in Eqn 5.3.
WSS =[ wy Jwalllocation Eqn 5.3

Blood dynamic viscosity in teleosts is ill-defined. We modelled the medaka heart blood viscosity
as a function of both hematocrit (Ht) and wall shear rate (y) according to the Walburn-Schneck
equation (85). Velocity gradients were calculated using a high accuracy gradient calculation
technique namely the Compact-Richardson method (86) in accordance to second order

polynomial fitting done in previous studies (30, 36). Shear rate (y) at the AVC and OFT were

derived from the velocity gradient field using Eqn 5.4 where V is the flow velocity vector, 71 is

. . av . . . .
the unit vector normal to the cardiac wall surface and o5 s the directional derivative of the

velocity in the direction normal to the cardiac wall surface.

Y= = Eqn 5.4

i

5.3.6 Flow and WSS analysis in vessels

Vessel diameters were calculated from the images using a combination of thresholding and edge
detection techniques. The RBC dimension (w) is of the same order as the vessel diameter (d)
through which it flows. So, the flow velocity (V) was calculated assuming time-dependent plug
flow. This assumption has been used in previous studies with zebrafish (18, 50). Due to a column

of RBC at the center of the vessel, there exists a thin plasma layer devoid of cells near the
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vascular wall that exerts the WSS. Hence the plasma viscosity (u) of 1.2 cP has been used for

vascular WSS calculations as shown in Eqn 5.5.

WSS = ,u%, where h = d;zw Eqn 2.5

5.3.7 qPCR analysis

Real time PCR primers were developed for the genes fgf8, hoxb6b, nkx2.5, smydl, and bmp4,
and control gene /8S mRNA (Table 5.2). The identified sequences were verified against the
NCBI database using a standard Blast search. To ensure sufficient quantities of quality RNA,
total RNA isolation was performed on whole embryos using Qiagen RNeasy mini kit according
to manufacturer protocols and quantified using a NanoDrop 2000C spectrophotometer (Thermo
Scientific). Due to low RNA yield from single embryos at the earliest sampling points, samples
between 0.5 dpf and 3 dpf consisted of pooled RNA from 2 embryos collected from the same
clutch; all samples for all remaining time points consisted of total RNA from single embryos/
larvae. Total RNA was treated for potential DNA contamination by incubating with DNase 1
(Thermo Scientific) according to manufacturer protocols. cDNA synthesis was performed on 50
ng of total RNA using SuperScript III reverse transcriptase (Invitrogen), according to
manufacturer protocols. Samples were stored at -20°C until qPCR analysis. qPCR analysis was
performed using the iQ SYBR Green Supermix (Bio-Rad) and reactions were prepared according
to the manufacturer’s protocols. All reactions were processed using a CFX Connect qPCR
machine (Bio-Rad) with accompanying software. For all genes, cDNA free reactions and no
reverse-transcriptase control reactions were performed to check for self-annealing sites and non-
target DNA contamination. A serial dilution was used for standard curves to determine the

reaction efficiency of each primer pair. The Ct values for each sample were used to assess
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relative abundance of each gene in relation to the control gene using the delta-delta Ct method

(87).

5.3.8 Statistical analysis

Statistical significance was tested for all the cardiac function and geometry parameters by using
Tukey-Kramer Honest Significant Difference (HSD) tests. The p-values for cardiac function and
geometry parameters (HR, Re, Wo, A, EF and tgias/T) between a pair of dpf are listed in
Supplementary Table 5.1 and can be accessed through the Purdue University Research
Repository, doi:10.4231/GGB2-WGS59. The p-values that denote difference of mean values of
the shear dependent parameters (hematocrit, viscosity, peak shear rate at AVC, peak WSS at
AVC and OFT) between a pair of dpf are listed in Supplementary Table 5.2, doi:10.4231/3RX2-
WRO09. Statistical tests of the relative gene expression across developmental stages were
performed using commercial software JMP. Tukey-Kramer HSD test examined statistical
differences with p value <0.05 considered significant. The number of samples for each gene in
each dpf was 8-10 except for one sample expressing smyd! at 0.5 dpf. The p-values that denote
difference of mean values of the relative cardiac gene expressions (fgf8, hoxb6b, nkx2.5, bmp4
and smyd1) between a pair of time points are listed in Supplementary Table 5.3,

doi:10.4231/ADDK-QB60.

5.4 Results and Discussion

5.4.1 Cardiac function and geometry

The variation of cardiac function parameters and end-diastole ventricle area (A) with age
progression of medaka is shown in Figure 5.2. The HR increases from a mean value of 78.5 beats

per minute (bpm) to 173.6 bpm with age progression and plateaus at 12-14 dpf in the larval stage
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(Figure 5.2A). The trend is similar to other vertebrates in utero (88, 89) but the range is different
for each type of adult vertebrate (e.g., zebrafish: 120-180 bpm; human: 60-90 bpm; mouse: 300-
600 bpm) (90). Reynolds number (Re) is defined as the ratio of inertial forces and viscous forces
(91, 92). Wormersley number (Wo) is defined as the ratio of transient inertial forces and viscous
forces (92). Both the Re and Wo are dimensionless, much less than 1 and increase with age
within a small range [Re ~ 0.01-0.02; Wo ~ 0.02-0.04] (Figure 5.2B and Figure 5.2C). For higher
vertebrates like humans, pigs and frogs the peak Re and peak Wo are much greater than 1 (91,
93, 94), however embryonic stages of chicks and mice fall within the same range as teleosts (91,
95). The end-diastolic area (A) in Figure 5.2D increases from a mean value of 1143 um? at 3 dpf
to 4884 pm? at 14 dpf with age progression. The same trend is seen in all vertebrates but to a
higher degree in higher vertebrates (91). The ejection fraction (EF) does not show any monotonic
trend across age progression (Figure 5.2F) but resembles the ventricle ejection fraction of
humans (96). The EF undergoes a transient non-significant spike at 5 dpf but decreases again

before increasing after hatching at 9 dpf after which it plateaus from 10-14 dpf. T is defined as

the time period of a single heart cycle while tgiast is the time taken for the ventricle to fill. The

fractional time of ventricle diastole (tgiast/T) seen in Figure 5.2F initially increases from a mean
value of 0.33 at 3 dpf'to 0.41 at 6 dpf then declines to 0.34 until 8 dpf. It remains constant (~ 0.3)
until hatching and later declines again to 0.21 at 13-14 dpf. In human fetuses the same trend of
decreasing ventricle filling time with age is observed as heart rate increases from 90 bpm at 20
weeks to above 120 bpm at 40 weeks with isovolumic contraction time decreasing from 20% to ~

0 % respectively (97, 98).
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5.4.2 Hematocrit, viscosity, and shear rate in the ventricle

The viscosity at each dpf'is a function of both hematocrit and the shear rate. Figure 5.3A shows
an initial increase in shear rate from 3 dpf (200 s') to 5 dpf (332 s!) peaking at 6 dpf (1124 s71).
It decreases to 491 s at 7 dpf and then stays almost constant with little variations from 8 dpf
(553 s') to 14 dpf (497 s™). There were no significant differences in hematocrit variation over
time as shown in Figure 5.3B. Hematocrit increased from a mean value of 38.5% at 3 dpf'to
48% at 6 dpf followed by a reduction to 35% at 8 dpf and remained fairly constant around that
value from 9 dpf (34%) to 14 dpf (37%). The resultant mean viscosity shown in Figure 5.3C
shows little variation from 3-7 dpf (4.340.2 cP) and then drops before hatching at 8 dpf where it
plateaus to a value of 3.7+0.2 cP from 9-14 dpf. Although there is a statistically significant
increase in shear rate and a non-significant increase in mean hematocrit at 6 dpf, no substantial
change was observed in the blood viscosity value at 6 dpf due to relatively low sample size (n=5)
and high variability. Additionally, 6 dpf corresponds to stage 36 in medaka development during
which there is considerable heart development including the flexion of the atrioventricular region
(42) and increased concentric cardiac chamber growth (43). This period of rapid growth and
morphological change may account for the increased variation in WSS at the AVC and OFT

measured at 6dpf.

5.4.3 Velocity and WSS measurement in AVC and OFT

Velocity variation within an entire heart beat cycle at each dpf is plotted at the AVC and the OFT
in Figure 5.4. The pink shaded region between the minimum and maximum time variations at
each dpf depicts the bounds within which the profiles fluctuate. The median profile for each dpf
is shown by the black solid line. The median peak velocity after the onset of circulation during 3

dpf at the OFT (Figure 5.4B: 2.5 mm/s) is substantially higher than that at the AVC (Figure
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5.4A: 1.1 mm/s). The AVC peak stays the same at 4 dpf and increases at 5 dpf but the OFT (2.7-
3.0 mm/s) still reports higher peak velocity magnitude than the AVC (1.1-2.3 mm/s). The median
peak velocity values increase substantially at 6 dpf (AVC: 4.2 mm/s; OFT: 3.6 mm/s) and
decrease progressively at 7 dpf (AVC: 3.4 mm/s; OFT: 2.7 mm/s). At 8 dpf peak AVC velocity
decreases while the OFT peak velocity increases (AVC: 2.8 mm/s; OFT: 3.1 mm/s). After
hatching, the median peak velocity values remain fairly constant from 9 dpf (AVC: 4.1 mm/s;
OFT: 3.6 mm/s) to 14 dpf (AVC: 3.8 mm/s; OFT: 3.5 mm/s). At the AVC, high median negative
velocities observed from 6 dpf (-1.3 mm/s) until 14 dpf (-1.4 mm/s) denote presence of
retrograde flow back into atrium at the end of ventricle diastole. After ventricular systole,
initially a small negative velocity is observed at the OFT during 3 dpf (-0.1 mm/s) which reduces
considerably at 4dpf (-0.04 mm/s) and 5 dpf (-0.05 mm/s). It increases gradually at 6 dpf (-0.1
mm/s) and 7dpf (-0.2 mm/s). The negative velocity increases considerably at 8dpf (-0.8 mm/s).
Post-hatch it fluctuates between -0.4 mm/s (13 dpf) to -1.5 mm/s (11 dpf) until 14 dpf (-0.8
mm/s).

WSS variation with an entire heart cycle in each dpf is plotted at the AVC and the OFT in
Figure 5.5. The median peak WSS values (Figure 5.5A and Figure 5.5B) reflect the combined
effects of changing blood viscosity and shear rate at each time point. Similar to the peak velocity
variation with time, the median peak WSS peaks at 6 dpf (AVC: 47 dyne/cm?; OFT: 34.4
dyne/cm?), declines at 7 dpf (AVC: 17 dyne/cm? OFT: 19.8 dyne/cm?) and increases again at 8
dpf (AVC: 23.8 dyne/cm?; OFT: 24.4 dyne/cm?). It continues increasing after hatching and
fluctuates around a small range of values from 9 dpf (AVC: 33.6 dyne/cm?; OFT: 30.4 dyne/cm?)

to 14 dpf (AVC: 26.7 dyne/cm?; OFT: 22 dyne/cm?). Retrograde flow at AVC and OFT is
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evident from high median negative WSS magnitudes from 6dpf (AVC: -17.5 dyne/cm?; OFT: -

1.9 dyne/cm?) through 14 dpf (AVC: -4.3 dyne/cm?; OFT: -2.7 dyne/cm?).

5.4.4 Area, velocity, and WSS measurements in tail vessels

The caudal vessels and dorsal vessels undergo reduction in their cross-sectional areas as fish
develop (Figure 5.6). In the embryonic stage (3-8 dpf), the dorsal vessels could not be imaged
and hence Figure 5.6A shows only the area reduction of the caudal vessels from 3 dpf to 7 dpf.
The veins and arteries are not differentiated at 3 dpf (633.1 pm?) and 4 dpf (459.7 um?) as
evident from the similar mean cross-sectional areas. From 5 dpf (CV: 411.7 um?; CA: 213.7
pum?) to 7 dpf (CV: 373.1 um?; CA: 145.2 um?) the caudal artery reduces faster in area than the
caudal vein. At 8 dpf, as the embryo prepares to hatch by decompressing and the areas increase
slightly (CV: 475.1 pum?; CA: 169.6 um?). The caudal vessels continue to decrease in cross-
section from 9 dpf (CV: 452.2 pum?; CA: 169.6 pm?) to 14 dpf (CV: 248.7 pm?; CA: 80.1 um?)
as seen in Figure 5.6B. The DA and DV, located upstream of the CA and CV respectively,
depict the same trend of area variation with cross-section but interestingly at each time point the
dorsal vessel areas are larger than the caudal vessel areas (Figure 5.6B).

The velocity and WSS variation in the vessels over time reflects the effect of vessel area
variation with time (Figure 5.7). The pulsatility in the veins are dampened faster over time than
the arteries. After hatching, a time-dependent flow continues in the CA while the CV exhibits
steady flow. The peak velocity magnitude remains similar for both CA and CV from 3-5 dpf
(Figure 5.7A). The peak WSS in the CA and CV are similar at 3 dpfand 4 dpf. At 5 dpf the peak
WSS is slightly higher in the CA than the CV (Figure 5.7B). At 6 dpf, both the peak velocity and
peak WSS magnitude of the CA are considerably increased, followed by a decline at 7 dpf and

subsequent slight increase at 8 dpf. This increase in velocity corresponds to the increase in cross-
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sectional area of the CA. Interestingly, the peak velocity and peak WSS of the CV progressively
decreases from 6-8 dpf as it undergoes a less drastic change in cross-section. After hatching the
velocity and WSS of the DA and DV are higher than the CA and CV respectively (the difference
is greater for the arteries at 9 dpfand 12 dpf). There is no trend in the variation of peak values
from 11-14 dpf. It is interesting to note that the arterial flows are subjected to low WSS during
most of the cycle from 3-8 dpf even though peak values are higher. WSS values <10 dynes/cm?
for unsteady flows and WSS values < 1 dynes/cm? for steady flows are known to cause cell
proliferation and vascular remodeling along endothelial layers of the vasculature (51). Post-hatch
the baseline WSS in the CA and DA at each time point are at least 15 dynes/cm?, indicating

stable flow-structure dynamics in the tail vessels.

5.4.5 Gene expression and cardiac morphology

PCR efficiencies for all primers were > 88.6% with an R? > 0.86. The relative expression of five
cardiac specific genes (fgf8, hoxb6b, nkx2.5, bmp4, smydl) across developmental time are
plotted in Figure 5.8. Statistical significance between each pair of time points were compared for
each gene individually. A sequentially varying control was chosen for these tests instead of a
fixed control due to absence of a baseline cardiac event occurring at a fixed dpf. For each gene
plot, days not connected by the same letter are significantly different. Elevated levels of
expression of smyd1, hoxb6b and nkx2.5 at 0.5 dpf may be attributed to the maternal influences
on the embryo (99-102). Relative expression of all genes increased significantly at 3 dpfand 7
dpf.

The embryonic medaka heart dynamically develops from a linear tube to chambered heart with
valve cushions at inflow and outflow of chambers. Different feedback loops between flow

induced forces and gene expressions impact cellular rearrangement throughout cardiac

149



morphogenesis. The timing of these changes in gene expression corresponds well with known
ontogenetic events such as cardiac cushion formation and cardiac remodeling events including
chamber differentiation, trabeculation, and valvulogenesis (15, 42, 45, 103). Particularly, nkx2.5,
fef8, and bmp4 are important molecular signals involved in the endocardial-mesenchymal
transition (EMT) that precedes the formation of cardiac cushions at 5 dpf as well as during
cardiac remodeling processes such as valve leaflet formation and eventual completion of
valvulogenesis post hatch (45, 104-106). Early upregulation of fgf8 was expected as it is
required for signaling the development of cardiac precursors during cardiomyocyte
differentiation that ultimately coalesce to form the outflow tract at the arterial pole of the
ventricle (65, 107). Increases in expression of smyd1 follow predictable trends with increases at
the onset of blood circulation at 3 dpf and cardiac remodeling events as this gene is important in
cardiac muscle differentiation and cardiac muscle contraction (65, 70). Finally, elevated
expression of hoxb6b — a gene important in cardiac morphogenesis and morphological patterning
(67) — intuitively undergoes increases in expression during periods of morphological change in
the cardiac system such as cardiac looping (2.5 dpf), chamber differentiation (3 dpf), and cardiac
remodeling post-hatch (42). The extent of flexion in the atrioventricular region is at maximum
during 6dpf to 7dpf (65) and all gene undergoing a second, transient upregulation at 7dpf may be

a manifestation of this cardiac event.

5.4.6 Correlation between peak WSS and cardiac gene expression during development

Peak WSS was non-invasively quantified in the heart and tail vessels of the embryonic and larval
medaka and compared with the expressions of five cardiac genes (Figure 5.9). Figure 5.9A
shows the expressions of five cardiac genes. Both the WSS-AVC and WSS-OFT increase

significantly at 6 dpf likely representing a functional change in response to the genetic changes
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observed at 3 dpf (Figure 5.9B). As noted previously, possible invagination of endocardial cells
in the AVC region at 6dpf narrows the valvular area leading to an increase in the wall velocity
gradient and the peak WSS. Similar results have been reported in developing zebrafish (108,
109). With concentric chamber growth in subsequent time points, the valve regions expand
resulting in the reduction and plateau of peak WSS. An interesting difference from zebrafish is
that the AVC formation in zebrafish depends on retrograde flows more than on the magnitude of
WSS (7). The opposite is seen in this work where there is a drastic increase in peak WSS in the
medaka AVC and OFT but little to no retrograde flow occurring at 6-7 dpf. Figure 5.9C
compares the peak WSS in tail vessels (CA, DA, CV and DV) varying with time. The CV peak
WSS follows the trend expressed in the CA until 5 dpf, before decreasing and eventually
plateauing between 7 dpf and 14 dpf. The peak WSS is similar in magnitude at both the DV and
the CV after hatching. The peak WSS in the CA displays the same trend as that in the AVC and
OFT from 3-8 dpf. Post-hatch, the peak WSS continues to increase (owing to the progressive
reduction in vessel cross-section with time) in both the DA and CA. The WSS is higher in the
DA than in the CA from 9-12 dpf but is same at 13-14 dpf. Summarizing the trends in Figure 5.9,
we observe that gene expression spikes at 3 dpf and 7 dpf are followed by an increase in peak
WSS in ventricle inflow (AVC), outflow (OFT) and the tail CA at 6 dpfand 10-11 dpf
respectively.

The changes in gene expression at 3dpf, followed by increased WSS at 6 dpf correspond well
with the formation of cardiac cushions within the Japanese medaka. The timing of cushion
formation and valve remodeling have been well described in the zebrafish model (1.75 dpf (44,
106) and 5 dpf (15) respectively). However, descriptions of these cardiac events are sparse for

the Japanese medaka - a literature review uncovered information pertaining only to the timing of
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the cushion formation (5 dpf) (43, 46) but no information regarding the timing of valve
remodeling for the species. Additionally, there have been several studies that have shown the
interplay between increased WSS and the initiation of vascular/ cardiac remodeling - including
processes such as trabeculation and valvulogenesis in zebrafish, mice, and chick embryos (37,
110-112). Based on the relationship between increased gene expression at 7 dpf and increased
WSS data at 10-11 dpf presented in this study as well as analogous timing in post-hatch zebrafish
development, it can be inferred that valve formation in Japanese medaka occurs at or around 10-

11 dpf although additional studies need to be conducted to verify this timing.

5.4.7 Effect of WSS magnitude and retrograde flow on cardiac morphology

Previous research in zebrafish have shown the importance of shear forces in cardiac tissue
remodeling (6) at each stage of its cardiac development (14, 32, 36, 60, 109, 113). Unfortunately
for medaka, there is little in-depth study that clearly demarcates onset of cellular processes like
EMT, trabeculation, and valve formation in absence of perturbation. So, we compared cardiac
events of medaka with zebrafish in Table 5.1 and assumed similar cellular mechanisms regulate
cardiac development in both species. A linear heart tube is seen from 3 dpfto 5 dpf where low
velocity pulsatile flows occur in a single direction and there is no sharp demarcation between
atrium and ventricle. Lower WSS in these stages (95) (Figure 5.5) with concomitant cardiac
looping trigger trabeculation (10, 114-116) although it is not evident from the imaging in this
study. Large WSS values, as observed at 6 dpf, are known to promote expansion of extracellular
matrix and EMT that leads to invagination of cardiac cells (28). Endocardial cushion formation
due to invagination of endocardial cells previously seen in the AVC region of zebrafish (108,
109) narrows the valvular area leading to an increase in the wall velocity gradient and the peak

WSS at 6 dpf. A similar trend of inflection for the peak WSS in the OFT and aortic arch was
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previously reported during cardiac development of chick embryos (40, 41). The AVC formation
in zebrafish depends on retrograde flows more than on the magnitude of WSS (5, 7). A weak
retrograde flow is observed in the medaka AVC and OFT (Figure 5.4) at 3 dpf, 4 dpfand 5 dpf
which maybe within measurement error. The retrograde flow WSS increases considerably at the
AVC during 6 dpf and at the OFT during 7dpf. With concentric chamber growth in the following
time points (7 dpf-8 dpf), the AVC and OFT regions expand further due to which the peak WSS
reduces. After hatching, the pericardium continues to thicken thereby narrowing the AVC and
OFT further. There are no valve leaflets formed as evident from the moderate retrograde flows

from 9 dpf'to 14 dpf (Figures 5.4 & 5.5).

5.4.8 Relation of cardiac flow with vascular flow over time

Viscous forces and changing wall boundaries are the catalysts for the cardiovascular
development in teleost embryos. Unlike cardiac vasculature in higher vertebrates, flow rates are
so small in growing medaka (Re <<1) that there is no inertial contribution to facilitate
morphological changes. The medaka heart starts pulsating at stage 24 (1 day 20 h) and a
primitive vascular network is present (42, 51). At 2 days 2 hr post fertilization, the valveless
heart behaves like an impedance pump (10, 117) and pushes the blood at 78.5+2 beats per minute
into the vasculature. The CA and CV have same diameters in this stage and exhibit the same low
flow velocities (0.58 mm/s) with high pulsatility. The low vascular WSS values (<10 dynes/cm?)
in conjunction with chemical stimuli are known to cause red blood cell agglomeration and
perfusion that leads to self-angiogenesis (118-120). The vascular feedback around 5 dpf causes a
prominent cardiac looping in the heart. Due to this, the chambers are separated by well-defined
narrow valveless regions that alters the pulsatility rate and mechanism (10). The increased

pulsatility drives higher flow velocities into the vasculature from 5 dpf to 8 dpf. The vessel
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diameters reduce to accommodate the altered flow within a compressed embryo (11). The CV,
the primary vessel returning blood to the heart suffers less diameter reduction than the CA
carrying blood from the heart. During hatching from 8 dpfto 9 dpf, the caudal vessels mildly
increase in cross-section owing to decompression. The vessel cross-section reduction from 9 dpf
to 14 dpfis also evident along its axial location on the tail (from DA to CA). At these stages, the
heart has well-defined chambers surrounded by a visibly thick pericardium. The OFT and dorsal
aorta act as capacitors downstream of the cardiac flow that dampen the flow pulsatility in vessels
that are farthest from the heart (9, 10). The topology of the vasculature like vessel curvature,
bifurcations, and network organizations dynamically alter mechanical cues that regulate
perfusion throughout the cardiovascular system. Investigating all types of stimuli (chemical,
electrical, topological, cellular) and their inter-relationships in a developing cardiovascular
system is beyond the scope of this study. Instead, this study highlights for the first time, the
occurrence of peak vascular WSS in the CA concomitant to the cardiac AVC and OFT WSS
peaks at 6 dpf signaling a major cardiac event when cardiac looping, chamber ballooning and

expansion takes place (Figure 5.9).

5.5 Conclusions

To our knowledge, this work is the first to report peak WSS values in the AVC and OFT of a
developing Japanese medaka from 3 dpf (onset of blood circulation) to 14 dpf. The influence of
the cardiac flow on the vascular geometry and WSS downstream were concomitantly explored.
This type of longitudinal study over a significant period of cardiovascular development relating
the WSS to gene-expressions is scarce in all vertebrates. Contrary to intuition, the tail vessels
experienced a reduction in cross-sectional area with age progression. Caudal vessels that are

further away from the heart underwent a greater reduction than the dorsal vessels. The salient
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feature that stood out from the longitudinal analysis of peak-WSS variation with age is the

existence of inflection points instead of a monotonic trend. These inflection points in WSS are

preceded by inflection in the expression of cardiac genes at earlier time points. The temporal

expressions of these genes correspond with important developmental landmarks in the cardiac

morphogenesis like valve area formation, chamber looping, and chamber growth. Thus,

identification of these unique trends in the mechano-genetic tapestry of a developing

cardiovascular teleost model will provide a baseline framework for future studies that can test

causality between gene expression and WSS variations. This baseline framework can be

validated by exposing the medaka to cardiotoxic environments. The validated framework can be

tested by probing the mechano-genetic evolution in higher vertebrate models. Once the

mechano-genetic correlation is established, clinical trials on humans can improve the diagnostic

capability and assess the sensitivity of the cardiac tissue damage.
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Table 5.1. Comparison of cardiac development times in zebrafish and Japanese medaka

Onset of
Bilateral Heart Onset of | Onset of | Cushions | Concentric | Pericardial
Cardiac Heart Tube Chamber | Cardiac Start Chamber Cavity
Event Formation | Beating | Formation | Looping | Forming Growth Formation | References

Zebrafish | 18 hpf 22 hpf 30 hpf 36 hpf 56 hpf 64 hpf 96 hpf 15, 26, 29,
30, 39, 43,
109, 113

Medaka 38 hpf 44 hpf 54 hpf 64 hpf 120 hpf 120 hpf 168 hpf 42,43, 46
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Table 5.2. List of Japanese medaka primers used for real time PCR. All sequences are 5’ to 3’
and reverse primers are reverse compliments of the genetic sequence.

Product Primer
NCBI Accession length Efficiency
Gene Number Orientation Sequence (bp) (%)
F ACTCCGGTTCTATTTITGTGGGTTTT
18s mRNA AB105163.1 92 119.1
R CTAGCGGCACAATACGAATGC
F GTGGAGACTGACACATTTGGAA
faf8 XM_004076908.3 102 96.9
R GTTTTTCTTGCCAATGAGCTTC
F CGACCCGTTAAGACACTACTCC
hoxb6b AB208002.1 182 113.6
R CCTCTGCGTCCTTGTAAAAAGT
F AGCTTTACCTCTGCGTTTTACG
nkx2.5 EF206723.1 91 92.6
R CATCTTTTCCTCGTTCATCCTC
F TTTACAGGGATCAGGTGAAAGG
bmp4 DQ915174.1 108 88.6
R AAGCAGGAAGTCCAAACATCTC
F GGCTTATGCTATCCTCATGGTC
smyd1 XM_004072212.3 194 121.8
R CTTCTTCCACAGACTTGGGTTC
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Figure 5.1. Raw images to velocity vector fields. (A) raw image (B) signal amplified image and
(C) velocity vectors superimposed on raw image of a 13 dpf Japanese medaka heart during
ventricle diastole. AVC = Atrioventricular canal; OFT = ventricle outflow tract. (D) raw image
(E) signal amplified image and (F) velocity vectors superimposed on raw image of caudal vein
and caudal artery. Red vectors denote higher velocity than green vectors.
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Figure 5.2. Variation of mean (A) heart rate (HR), (B) Reynolds number (Re) and (C)
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CHAPTER 6. CONCLUSIONS AND FUTURE RESEARCH

6.1 Cardiac transcriptomics

Data presented in Chapters 2 and 3 of this dissertation highlights the importance of
environmental influences on cardiac transcriptomes in early life stages of estuarine teleosts.
Hypoxia was shown to induce distinct differences in differential gene expression between two
species inhabiting the same ecological niche. Although there were differences in gene
expression, predicted downstream canonical pathways and toxicological functions appear to be
conserved between the species. Overall, exposure to hypoxia in early development resulted in
reduced cardiac hypertrophy, modulation of blood pressure, and cardiac apoptosis. While the
predicted downstream pathways and functions appear to be conserved, the magnitude of impact
appears to be universally greater in sheepshead minnow (Cyprinodon variegatus) than the Gulf
killifish (Fundulus grandis).

Combined exposures to polycyclic aromatic hydrocarbons (PAHs) from Deepwater Horizon oil
and environmental abiotic stressors (hypoxia, increased salinity, and elevated temperature)
during early life stages impacted signaling pathways involved in cardiac function in post-hatch
F. grandis larvae. Cardiac transcriptomic responses following exposure to both PAHs and
suboptimal abiotic conditions appear to be driven by complex interactions and are not the
additive results of responses to two single exposures. Co-exposure to PAHs and adverse
environmental factors appear to reduce development of systemic vasculature and impact
development of cardiac musculature through cardiomyocyte proliferation which results in

cardiac hypertrophy, inhibited cardiac contractility, and modulated blood pressure maintenance.
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6.2 Cardiac development & function

To more fully elucidate the effects of PAHs on the developing cardiac system in estuarine fish,
C. variegatus embryos were exposed to two doses of weathered oil (150 pg/L and 300 pg/L total
PAH) from the surface slick of the Deepwater Horizon oil spill throughout their embryonic
period. Embryos exposed to both doses of oil showed significant increases in the cardiotoxic
phenotype, pericardial edema, and had significantly reduced cardiac output resulting from
reduced ventricular stroke volume. Interestingly, there were no differences in the heart rates of
control embryos and those exposed to either dose of oil. This is an important finding as many
studies rely on heart rate as the primary indicator of impaired cardiac performance. By relying
solely on heart rate without accounting for changes in stroke volume, studies may overlook

important alterations in cardiac output and overall cardiac performance.

6.3 Mechano-genetics

The mechano-genetic framework that defines the morphogenesis of the teleost cardiovascular
system relies on feedback between cardiac gene expression and wall shear stress (WSS) within
the heart and major vessels. The WSS and flow dynamics within the cardiovascular system were
concomitantly traced with developmental cardiac gene expression throughout the embryonic and
post-hatch larval period of Japanese medaka (Oryzias latipes). A bimodal pattern of increased
cardiac gene expression followed by increased WSS was measured throughout the
developmental period. Increases in gene expression at 3 and 7 days post fertilization (dpf) were
followed by increased WSS at 6 and 10-11 dpf, respectively. These inflection points align with
cardiac remodeling events involved in the development of cardiac cushions and later

valvulogenesis within the developing medaka heart.
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6.4 Future research needs

Assessment of transcriptomic changes through differential gene expression can be a powerful
tool in predicting functional responses to environmental and cardiotoxic stressors. However,
transcriptomic alterations do not necessarily result in physiological changes. Therefore, further
phenotypic anchoring studies are needed to verify the downstream responses predicted by the
differential gene expression analysis presented here. Additionally, further studies into the
combined effects of abiotic stressors and PAH exposure are warranted. Estuaries are
biogeochemically dynamic ecosystems that regularly undergo fluctuations in dissolved oxygen
levels, salinity, and temperatures simultaneously. Therefore, assessment beyond the binary
combinations of PAHs and a single environmental stressor as presented in this work are
warranted for a more holistic assessment of environmentally relevant cardiac transcriptomic
changes.

While the presence of pericardial edema and reduced cardiac output are evidence of cardiac
impairment resulting from PAH exposure in C. variegatus embryos, the long-term physiological
effects of exposure to oil during embryonic development remain to be seen. Follow-up studies
are needed to examine the impacts of reduced cardiac performance at the organismal level and
should include relevant endpoints such as measurements of aerobic scope and swimming
performance.

Finally, the mechano-genetic framework underlying cardiovascular development detailed here
corresponds with the initiation of several important morphological transitions within the
vertebrate heart including cushion and valve formation, trabeculation, chamber looping, and
concentric chamber growth. These developmental landmarks should be further validated through
morphological measurements and their responses to environmental perturbations (such as

exposure to cardiotoxic substances) should be evaluated. Once the mechano-genetic correlations
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have been fully established in the face of cardiotoxic challenges, this framework could be
applied to higher vertebrate models and eventually used to improve sensitivity and diagnostic

capabilities of cardiac tissue damage.
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