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Polycyclic aromatic hydrocarbons (PAHs) and oxygen-substituted PAHs 

(OPAHs) are environmental contaminants present in urban air, dust, soil and 

water resulting from incomplete combustion of organic materials or fossil fuels; 

found in crude oil and coal; and formed through photoxidation or 

biotransformation of microbial.  It is widely recognized that PAHs pose risks to 

human health, especially for the developing fetus and infant, where 

developmental exposures to PAH have been linked to complex human 

diseases later in life.  To investigate potential developmental toxicity and long-

term effects resulting from early in-life stage exposure to PAHs and OPAHs, 

we utilized the embryonic zebrafish model.  

In our first study, we conducted a comprehensive toxicity screen of 38 

environmentally relevant OPAHs.  Zebrafish embryos were exposed 

throughout development (6 to 120 hours post fertilization, hpf) to a broad 

concentration range and evaluated for dose response, malformation profiles 

and CYP1A protein expression.  We subsequently clustered the OPAHs based 

on the concentration that induced 50% adverse effect (EC50) for each 



 
 

endpoint and found distinct groupings based on structure and AHR activation.  

In addition, further analysis of a selected OPAH from each group revealed 

oxidative stress to be a main driver of OPAH toxicity. 

Once we evaluated the developmental toxicity of this large class of 

OPAHs, we selected three OPAHs: benz(a)anthracene-7,12-dione (7,12-

B[a]AQ), 1,9-benz-10-anthrone (BEZO), 9,10-phenanthrenequinone (9,10-

PHEQ), and PAHs:  benzo[a]pyrene (B[a]P), and dibenzo[a,l]pyrene (DB[a,l]P)  

to evaluate adverse long term effects of exposure.  Using concentrations that 

did not result in any visible malformations at 120hpf, we measured in vivo 

mitochondrial respiration and found at 26hpf, B[a]P, BEZO, and 9,10-PHEQ 

resulted in a significant decrease in oxygen consumption rates and maximum 

oxygen capacity.  Larval behavior was evaluated at 120hpf, and resulted in a 

hyperactive phenotype in B[a]P, BEZO, and 9,10-PHEQ, while 7,12-B[a]AQ 

and DB[a,l]P displayed a hypoactivity in the dark.  To further evaluate the 

effects of developmental exposure, we raised a subset of exposed animals 

(from 6-120 hpf) to adulthood to evaluate physiological fitness and behavior.  

Using the AutoResp oxygen probe and swimtunnel (Loligo Systems) we 

measured differences in oxygen consumption rates, which revealed altered 

oxygen utilization associated with developmental PAH and OPAH exposures.  

By using shuttleboxes to test for cognitive learning, we identified that 9,10-

PHEQ exposed animals were the most adversely affected, and B[a]P, BEZO 

and DB[a,l]P exposed animals showed a moderate learning deficiency, while 



 
 

7,12-B[a]AQ exposure resulted in only minor physiological and behavioral 

changes. 

Finally, we used mRNA-SEQ analysis at 48hpf to begin to tease apart 

early transcriptional changes and misregulated biological processes that 

preceded the onset of these phenotypes and hoped to gain insight into the 

differential response in adults.  B[a]P, BEZO, and 9,10-PHEQ exposed 

animals showed similar effects in 24hpf oxygen consumption, larval behavior, 

and adult OCR which we used to correlate to biological processes at 48hpf.  

Preliminary results illustrated a positive correlation of 5dpf larval behavior and 

the neurophysiological pathway of visual perception.  Further analysis of 

behavior and mitochondrial function phenotypes will help confirm the biological 

pathways involved in larval and adult phenotypes and help create a better 

model for these adverse outcomes.  In the work presented here, we used the 

embryonic and adult zebrafish model to characterize short and long term 

effects resulting from early exposure to environmentally relevant OPAH and 

PAH contaminants.  
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CHAPTER 1 - INTRODUCTION   

Polycyclic Aromatic Hydrocarbons (PAHs) 

Polycyclic aromatic hydrocarbons (PAHs) are common environmental 

pollutants present in ambient air, dust, soil and water of rural and urban areas.  

PAHs are also present at industrial and hazardous waste sites, including most 

industrial coal gasification, coal burning, coke production, and wood 

preservation sites (Howsam and Jones 1998).  PAHs are a diverse group of 

chemicals made up of multiple fused benzene rings and commonly originate 

from several combustion processes such as diesel and petrol exhaust, 

numerous industrial processes, and burning of fossil fuels or organic materials 

(Howsam and Jones 1998; Perera, Whyatt et al. 1998; Dejmek, Selevan et al. 

1999; Perera, Jedrychowski et al. 1999; Dejmek, Solansky et al. 2000; Yang, 

Lai et al. 2002; Chang, Fang et al. 2006; Chen and Liao 2006; Perera, Rauh et 

al. 2006; Andreou and Rapsomanikis 2009; Perera, Li et al. 2009; Wu, Hou et 

al. 2010; Smargiassi, Goldberg et al. 2014).  PAHs are also from petrogenic 

sources, found in crude oil and coal (ATSDR 1995).  It is widely recognized 

that PAHs pose risks to human health, having been associated with increased 

risks of systemic inflammation (Delfino, Staimer et al. 2010), cardiopulmonary 

mortality (Lewtas 2007; Lee, Magari et al. 2011) and lung cancer mortality 

(Hoshuyama, Pan et al. 2006; Grant 2009).  Human exposures to PAHs occur 

primarily through inhalation, dermal contact, or ingestion, and many are known 

to be mutagenic or carcinogenic, impair lung function, and cause inflammation, 
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cardiovascular, and neurological effects in both children and adults (Nielsen, 

Jorgensen et al. 1996).  However, despite the intensive research on exposure 

and toxicity dedicated to parent PAHs, they are only part of the hazard 

spectrum from PAH contamination. 

Oxygen-substituted PAHs (OPAHs) 

Oxygenated-substituted PAHs (OPAHs) are persistent environmental 

contaminants, comprised of two sub-groups: oxygenated PAHs (oxyPAHs) 

and hydroxylated PAHs (Lundstedt, White et al. 2007; Walgraeve, 

Demeestere et al. 2010).  OxyPAHs consist of ketone and quinone substituted 

PAHs and hydroxylated PAHs have one or more hydroxyl groups (Walgraeve, 

Demeestere et al. 2010).  OPAHs are formed as byproducts of photo-oxidation 

of parent PAHs directly from UV exposure, or by atmospheric hydroxyl and 

nitrate radicals, organic and inorganic radicals, and ozone (Howsam and 

Jones 1998; Lundstedt, White et al. 2007; Andreou and Rapsomanikis 2009).  

OPAHs are also generated through biogenic transformation of parent PAHs by 

microbial, such as bacterial and fungi, and OPAH levels have been shown to 

increase after remediation processes involving bioslurry or wood-rotting fungi 

treatment (Lundstedt, White et al. 2007).  OPAHs are also formed by 

incomplete combustion and industrial processes.  OPAH environmental 

exposures occur through inhalation or ingestion, from sources such as diesel 

exhaust, cigarette smoke, oil and wood burning, industrial processes, and 

charred foods.  OPAHs can be more water soluble and mobile in the 
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environment compared to PAHs, and thus more bioavailable (Lundstedt, White 

et al. 2007).  Many health risks are associated with environmental exposures 

and several OPAHs are mutagenic, and produce reactive oxygen species 

(ROS), oxidative damage, and inflammation (Lundstedt, White et al. 2007; 

Walgraeve, Demeestere et al. 2010).  Associations have been found between 

air pollution and disease outcomes such as carcinogenicity, impaired lung 

function and respiratory illness, cardiovascular disease, and neurological 

effects in children and adults (Gunes, Koklu et al. 2007). OPAHs are found on 

diesel soot particles, wood smoke particles and gasoline engine soot (Rogge 

1993; Rogge 1997; Mazurek 2002; Layshock, Wilson et al. 2010; Ding, Zhong 

et al. 2012), and show an overall affinity for fine PM2.5 particle-association, 

which raises their hazard potential because of the proclivity of PM2.5 to travel 

deep into the lung (Shen, Tao et al. 2011). Diesel exhaust particles and 

associated PAH quinones and other oxygenated derivatives are involved in 

the formation of reactive oxygen species (ROS).  ROS can result in 

inflammatory responses and are suspected to be a major driver of pulmonary 

oxidative stress and consequent cardiovascular disease in urban areas 

(Chung, Lazaro et al. 2006; Nemmar, Al-Salam et al. 2011; Channell, Paffett 

et al. 2012).   

Airborne OPAH concentrations have been highly correlated with 

reactive oxygen species (ROS) formation, suggesting that oxidative stress is 

one of the mechanisms for aerosol-induced human health effects (Sklorz, 
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Briede et al. 2007).  OPAHs in ambient particulate matter samples increased 

oxygen free radical formation, as measured by electron spin resonance, and 

some of these OPAHs were directly involved in ROS generation (Sklorz, 

Briede et al. 2007).  Oxidative stress was a component of the developmental 

toxicity induced by the OPAHs α- and β-naphthoflavone in zebrafish (Timme-

Laragy, Van Tiem et al. 2009). 

Some PAHs have carcinogenic potential (Okona-Mensah, Battershill et 

al. 2005), and contributed to the mutagenic activity of ambient aerosols 

(Pedersen, Durant et al. 2004; Pedersen, Durant et al. 2005; Avellaneda, 

Englehardt et al. 2011; Kim, Jahan et al. 2011).  OPAH and nitro-PAH 

fractions of air samples from Beijing, China are twice as mutagenic as the 

parent PAH fraction, though there was no further characterization of the 

fractions (Wang, Jariyasopit et al. 2011).  In vitro and in vivo toxic effects of 

PAH quinones have been described, but little is known about the 

developmental effects of exposure.  Inferences can be drawn from the known 

toxicology of napthoquinones, which bind to biomacromolecules; and 

quinones whose alkylating and redox cycling activities can create a variety of 

hazardous effects in vivo, including generation of ROS, acute cytotoxicity, 

immunotoxicity and carcinogenesis (Bolton, Trush et al. 2000).  

Characterization of these effects and their developmental outcomes in vivo 

would be a critically important step toward addressing questions about OPAH 

hazard to human health, especially in utero and infancy.  
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Developmental Exposure 

Recent research indicates that the potential risks of PAH and OPAH 

exposure during development may be more heightened relative to other life 

stages, making the developing fetus, infants, and young children more 

vulnerable.  PAH metabolites and PAH-adducts are present in the urine of 

pregnant women and children (Perera, Whyatt et al. 1998; Perera, 

Jedrychowski et al. 1999; Kang, Cho et al. 2002) and have been detected in 

placenta, cord blood, maternal blood, and human breast milk (Madhavan and 

Naidu 1995; Perera, Rauh et al. 2006; Tang, Li et al. 2006; Perera and 

Herbstman 2011).  Prenatal PAH exposures have been linked to low birth 

weight and growth retardation, with smaller head circumference and body 

length measurements (Perera, Whyatt et al. 1998; Perera, Jedrychowski et al. 

1999; Tang, Li et al. 2006), long term effects on cardiovascular, lung function, 

and lower intelligence and behavior problems in children and young adults 

(Perera, Rauh et al. 2006; Gunes, Koklu et al. 2007; Geerts, Bots et al. 2008; 

Edwards, Jedrychowski et al. 2010; Perera and Herbstman 2011; Geerts, Bots 

et al. 2012).  

Cardiovascular Effects 

Cardiac dysfunction has been linked to occupational exposure where 

PAHs were associated with risk of fatal ischemic heart disease (Burstyn, 

Kromhout et al. 2005) . Higher PAH adduct levels have been associated with 
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decreased heart rate variability in biomarkers and coke oven workers (Lee, 

Magari et al. 2011). PAH exposures have been linked to cardiac dysfunction 

(higher blood pressure and pulse rates) in infants and young children (Geerts, 

Bots et al. 2012) and evidence suggests PAH exposures increase bronchitis 

rates in toddlers, while ambient air with high PAH levels were associated with 

wheezing in asthmatic children (Hertz-Picciotto, Baker et al. 2007; Gale, Noth 

et al. 2012). PAH exposure from maternal smoking has been associated with 

decreased oxygen saturation levels and increased carotid artery thickness and 

higher systolic blood pressure in both children and young adults (Gunes, Koklu 

et al. 2007; Geerts, Bots et al. 2008; Geerts, Bots et al. 2012). 

Studies in animal models have also linked PAH exposure to 

cardiovascular disease and malformations in heart formation. In adult rats, 

B[a]P alters blood pressure, and prenatal B[a]P exposure results in cardiac 

dysfunction later in life (Jules, Pratap et al. 2012). PAH exposures in the 

developing zebrafish have been shown to cause pericardial edema and heart 

defects — in particular B[a]P results in severe pericardial edema, slower 

heartbeat and arrhythmia, decreased atrial and ventrical diameter, and 

reductions in end-diatolic and end-systolic volumes (Incardona, Day et al. 

2006; Incardona, Collier et al. 2011; Huang, Wang et al. 2012; Huang, Zuo et 

al. 2015). 
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Neurological Effects 

PAH exposures have also been associated with neurological effects, 

resulting in decreased intelligence, learning deficiencies, and behavioral 

disorders in children. Toddlers exposed to B[a]P  in utero  had significantly 

higher incidence of delayed mental developmental at age three (Perera, Rauh 

et al. 2006), and high PAH-adduct levels in cord blood was correlated to 

increased CBCL scores at ages 5 and 7, which are reflective of increased 

anxiety, depression, an attention problems (Perera and Herbstman 2011). 

Additionally,the levels of PAH-adducts in cord blood were positively associated 

with greater delays in mental development and intelligence, (Perera, Rauh et 

al. 2006; Edwards, Jedrychowski et al. 2010) and behavior problems (Perera 

and Herbstman 2011). 

Several rodent studies have demonstrated learning deficiencies in rats 

exposed to B[a]P.  (Cheng, Xia et al. 2013) found B[a]P exposure in rats led to 

a poorer performance in the Morris Water Maze test and further evaluated the 

effects of B[a]P with gene expression analysis on the hippocampus of those 

same rats. They found neurological processes were affected in animals who 

exhibited learning or memory impairment following exposure to B[a]P.  

Exposure to B[a]P through maternal milk resulted in neurological effects in rat 

pups and altered expression of brain receptors, 5HT1a, MOR1, GABAA, and 

ADRA1D in isolated brains (Bouayed, Desor et al. 2009).  Together, these data 
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strongly suggest exposure to environmental PAHs during development leads 

to several adverse health effects in children, which persist into adulthood. 

B[a]P is a PAH that has been extensively studied and is known to 

cause AHR-dependent toxicity.  B[a]P neurotoxicity has been hypothesized to 

be dependent on metabolism by AHR, causing oxidative damage in brain cells 

(Saunders, Das et al. 2006; Chepelev, Moffat et al. 2015). B[a]P is lipophilic 

and known to cross the blood-brain barrier and has been detected, along with 

B[a]P metabolites, in the brain tissue of rodents after exposure (Saunders, 

Das et al. 2006; McCallister, Maguire et al. 2008; Chepelev, Moffat et al. 

2015).  Increased lipid peroxidation in brain tissue following B[a]P exposure 

has also been reported in rats (Saunders, Das et al. 2006).  Further 

investigation is needed to determine if B[a]P’s neurotoxic effects are AHR-

dependent.      

AHR-dependent Toxicity 

Some, but not all PAHs are ligands of the aryl hydrocarbon receptor 

(AHR).  If a PAH binds to AHR, AHR translocates to the nucleus, where it 

binds to its dimerization partner, the AHR nuclear trans locator protein 

(ARNT).  AHR activation leads to altered gene expression of a number of 

downstream targets, including the xenobiotic metabolizing enzyme CYP1A. 

CYP1A is a biomarker for AHR activation and is used to categorize PAHs as 

AHR-dependent or independent.  In zebrafish, many PAHs, such as B[a]P, 
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cause AHR dependent toxicity, while some can be AHR-isoform dependent, or 

AHR-independent (Incardona, Day et al. 2006; Incardona, Collier et al. 2011).   

The Zebrafish Model 

The embryonic zebrafish is an excellent model for studying 

mechanistic-based toxicology during development.  Zebrafish develop rapidly 

(organs are fully formed in five days), and externally from the mother which 

allows for non-invasive observation and imaging over the progression of 

development. In addition, adverse effects of chemical exposure on organs are 

visible in the living animal under low magnification, due to the transparency 

throughout organogenesis. The zebrafish and human genomes are highly 

conserved, and share many cellular and physiological characteristics with 

vertebrates, including humans (Barbazuk 2000).  With the zebrafish genome 

fully sequenced, molecular and genetic targets of interest can be investigated. 

Expression of specific genes can be transiently knocked down during 

development with antisense oligos (morpholinos), and many transgenic 

zebrafish lines are available. The small size of the zebrafish makes them 

adaptable to cell culture techniques, allowing for rapid screening of 

developmental toxicants in a 96-well plate format. 

Research Study Objectives 

In the studies presented here, we used the zebrafish model to evaluate 

the developmental toxicity and neurological and physiological effects of two 
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well-studied PAHs, B[a]P and DB[a,l]P and a library of commercially available 

OPAHs.  Using the embryonic zebrafish, we first used a concentration-

response approach to hierarchically rank the toxicity of 38 environmentally 

relevant OPAHs.  Rank was based on the incidence and severity of 22 

morphological endpoints, and CYP1A protein expression was additionally 

tested to determine if the AHR was activated. We examined the contribution of 

oxidative stress on toxicity for five selected OPAHs by quantifying the 

expression of a battery of known redox affected genes, and by the in vivo 

measurement of the mitochondrial respiration rate.   

To further evaluate PAH developmental toxicity, we used B[a]P to 

demonstrate detectable differences of behavior and learning in larval and adult 

animals.  In chapter 3 we used the Viewpoint Zebrabox (Viewpoint Behavior 

Technology) tracking system to look for behavioral changes in low dose B[a]P 

developmentally exposed larvae and found B[a]P resulted in a significant 

hyperactive phenotype in the dark, following a light-dark transition.  We also 

investigated the role of AHR using the AHR2hu2334 null transgenic zebrafish 

line (Goodale, La Du et al. 2012) where we found AHR may play a role in 

larval hyperactivity. However, exposed AHR2hu2334 null animals did not behave 

similarly to 5D wildtype fish, suggesting AHR2 plays a role in normal larval 

behavior. To determine if developmental B[a]P exposure would lead to life-

long behavioral effects, a subset of exposed animals were grown to adulthood 

and tested for learning and behavior deficits using custom built shuttleboxes. 
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We determined that developmental B[a]P exposure leads to detectable 

differences in adult learning and memory which allowed us to pursue testing of 

neurological effects in a group of OPAHs. 

From our OPAH developmental toxicity screen described above, we 

identified dose-dependent morphological effects, AHR2 dependency, and the 

role of oxidative stress in OPAH toxicity.  From this large dataset, we clustered 

the OPAHs based on their characteristics and chemical structure, and 

proposed three different toxicity pathways.  We selected one OPAH from each 

of these different pathways:  9,10-phenanthrenequinone (9,10-PHEQ), 

benz(a)anthracene-7,12-dione (7,12-B[a]AQ), and 1,9-benz-10-anthrone 

(BEZO) (Knecht, Goodale et al. 2013).  9,10-PHEQ is a 3 ring oxygenated 

structure that does not induce CYP1A protein expression measured by 

immunohistochemistry (IHC). It is extremely toxic in zebrafish, resulting in 

mortality at 2µM and above, and is hypothesized to elicit AHR-independent 

toxicity. The chemicals 7,12-B[a]AQ and BEZO are both oxygenated 4-ring 

structures, that induced similar toxicity profiles, but only 7,12-B[a]AQ induced 

CYP1A expression. BEZO did not induce CYP1A expression, which led us to 

conclude it was also AHR independent toxicity.  However, recently it was 

shown that morpholino knock down of AHR2 protects against BEZO toxicity in 

zebrafish (Goodale, La Du et al. 2015), suggesting BEZO toxicity is also AHR 

dependent.  Based on the results of this OPAH subset, we further investigated 

the developmental toxicity of these 3 OPAHs (BEZO, 7,12-B[a]AQ, and 9,10-
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PHEQ) and 2 previously mentioned parent PAHs (B[a]P and DB[a,l]P) to find 

adverse effects in larval and adult behavior, energetics, and physiology.  In 

chapter 4 we conducted adult grow out studies and measured oxygen 

consumption rates in addition to shuttlebox learning and memory tests.  We 

found differential effects on both oxygen consumption and learning among 

BEZO, 7,120B[a]AQ, 9,10-PHEQ, B[a]P, and DB[a,l]P. 

Finally, in Chapter 5, we conducted whole-transcriptomics analysis 

using RNASEQ to establish transcriptional profiles and biological processes, 

identifying early molecular changes that may underlie the adverse biological 

effects observed here.  We found that B[a]P, BEZO, and 9,10-PHEQ displayed 

a dominant phenotype pattern, with similarly observed larval and adult 

phenotypes. This was analyzed with correlation analysis for the following 

endpoints: embryonic mitochondrial respiration, larval hyper-active behavior, 

and oxygen consumption rates in adults.  This data analysis will help in further 

characterization of different PAHs, by using groupings based on biological 

response and unique transcriptional signatures.  Here in this manuscript, we 

exploit the zebrafish model to investigate the molecular basis for these PAH-

dependent biological effects.  Thus, we demonstrated that the zebrafish model 

is capable of identifying differential changes in behavior, physiology, and 

transcriptomics resulting in early and late-onset health effects.  
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Abstract 

Oxygenated polycyclic aromatic hydrocarbons (OPAHs) are byproducts 

of combustion and photo-oxidation of parent PAHs.  OPAHs are widely 

present in the environment and pose an unknown hazard to human health.  

The developing zebrafish was used to evaluate a structurally diverse set of 38 

OPAHs for malformation induction, gene expression changes and 

mitochondrial function.  Zebrafish embryos were exposed from 6 – 120 hours 

post fertilization (hpf) to a dilution series of 38 different OPAHs and evaluated 

for 22 developmental endpoints.  AHR activation was determined via CYP1A 

immunohistochemistry.  Phenanthrenequinone (9,10-PHEQ), 1,9-benz-10-

anthrone (BEZO), xanthone (XAN), benz(a)anthracene-7,12-dione (7,12-

B[a]AQ), and 9,10-anthraquinone (9,10-ANTQ) were evaluated for 

transcriptional responses at 48hpf, prior to the onset of malformations.  qRT-

PCR was conducted for a number of oxidative stress genes, including the 

glutathione transferase(gst), glutathione peroxidase(gpx), and superoxide 

dismutase(sod) families.  Bioenergetics was assayed to measure in vivo 

oxidative stress and mitochondrial function in 26hpf embryos exposed to 

OPAHs.  Hierarchical clustering of the structure-activity outcomes indicated 

that the most toxic of the OPAHs contained adjacent diones on 6-carbon 

moieties or terminal, para-diones on multi-ring structures.  5-carbon moieties 

with adjacent diones were among the least toxic OPAHs while the toxicity of 

multi-ring structures with more centralized para-diones varied considerably.  
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9,10-PHEQ, BEZO, 7,12-B[a]AQ, and XAN exposures increased expression of 

several oxidative stress related genes and decreased oxygen consumption 

rate (OCR), a measurement of mitochondrial respiration.  Comprehensive in 

vivo characterization of 38 structurally diverse OPAHs indicated differential 

AHR dependency and a prominent role for oxidative stress in the toxicity 

mechanisms. 
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Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous pollutants in 

urban air, dust and in the soil of most industrial coal gassification, coal 

burning, coke production and wood preservation sites (Howsam and Jones, 

1998).  It is widely recognized that PAHs pose risks to human health, having 

been associated with increased risks of systemic inflammation (Delfino et al., 

2010), cardiopulmonary mortality (Lewtas, 2007; Lee et al., 2011) and lung 

cancer mortality (Hoshuyama et al., 2006; Grant, 2009).  The potential risks 

may be especially acute for the developing fetus and infant where PAH 

exposures have been linked to low birth weight, intrauterine growth 

retardation, in-utero mortality and lower intelligence (Mably et al., 2003; Perera 

et al., 2006; Perera et al., 2009; Hsu, 2010; Schwerdtle, 2010; Son, 2012; 

Zhu, 2012).  Despite the more than two decades of intensive study devoted to 

parent PAHs, they are only part of the hazard spectrum from PAH 

contamination. 

Oxygenated PAHs (OPAHs) are transformation products of PAHs, toxic 

to humans and the environment and, until recently, a largely neglected class of 

contaminants at PAH contaminated sites (Lundstedt et al., 2007).  OPAHs are 

ketone and quinone substituted PAHs deriving from the same sources of 

incomplete combustion and showing relatively high environmental mobility and 

persistence (Zielinska et al., 2004; Lundstedt et al., 2007; Simoneit et al., 

2007; Medeiros and Simoneit, 2008; Layshock et al., 2010; Shen et al., 2011a; 
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Shen et al., 2011b).  It has been anticipated, though not yet clearly shown, 

that OPAH contamination may actually increase at sites remediated by 

methods that promote PAH degradation (Lundstedt et al., 2007) making them 

a potentially greater health hazard than the parent contamination.  OPAHs are 

also secondarily produced through photo-oxidation reactions of PAHs with 

atmospheric oxidants, including ozone and nitrogen oxides (Yu, 2002; Vione 

et al., 2004; Lundstedt et al., 2007; Wang, 2007). 

 OPAHs are found on diesel soot particles, wood smoke particles and 

gasoline engine soot (Rogge, 1993; Rogge, 1997; Mazurek, 2002; Layshock 

et al., 2010; Hoage et al., 2012) and show an overall affinity for fine PM2.5 

particle-association, raising their hazard potential because of the proclivity of 

PM2.5 to travel deep into the lung (Shen et al., 2011a).  Diesel exhaust 

particles and associated PAH quinones and other oxygenated derivatives are 

involved in the formation of reactive oxygen species (ROS), which can result in 

inflammatory responses and are suspected to be a major driver of pulmonary 

oxidative stress and consequent cardiovascular disease in urban areas 

(Chung et al., 2006; Nemmar et al., 2011; Jules GE, 2012).   

Airborne OPAH concentrations have been highly correlated with 

reactive oxygen species (ROS) formation, suggesting that oxidative stress is 

one of the toxicity mechanisms for aerosol-induced human health effects 

(Sklorz et al., 2007).  PAHs and OPAHs in ambient particulate matter samples 

increased oxygen free radical formation, as measured by electron spin 
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resonance, and some of these OPAHs were directly involved in ROS 

generation (Sklorz et al., 2007).  Oxidative stress was a component of the 

developmental toxicity induced by the OPAHs α- and β-naphthoflavone in 

zebrafish (Rawashdeh et al., 2007). 

Some PAHs have demonstrated carcinogenic potential (Okona-Mensah 

et al., 2005) and contributed to the mutagenic activity of ambient aerosols 

(Pedersen et al., 2004; Pedersen et al., 2005; Avellaneda et al., 2011; Kim et 

al., 2011).  The OPAH and nitro-PAH fractions of air samples from Beijing, 

China were shown to be twice as mutagenic as the parent PAH fraction, 

though no further specification of the fractions was made (Wang et al., 2011).  

OPAH derivatives have been reported as highly mutagenic compounds in vitro 

in a study of human-cell mutagens in respirable airborne particles from the 

north-eastern United States (Pedersen et al., 2004).  Numerous in vitro and in 

vivo toxic effects of PAH quinones have been described, but little is known 

about the developmental effects of OPAH exposure.  Inference can be drawn 

from the known toxicology of napthoquinones, which bind to 

biomacromolecules; and quinones whose alkylating and redox cycling 

activities can create a variety of hazardous effects in vivo, including generation 

of ROS, acute cytotoxicity, immunotoxicity and carcinogenesis (Bolton et al., 

2000).  Characterization of these effects and their developmental outcomes in 

vivo would be a critically important step toward addressing questions about 

OPAH hazard to human health, especially in utero and infancy. 
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As a developmental model, the zebrafish is especially suited to the 

rapid and relatively inexpensive screening of large numbers of chemicals for 

developmental toxicity.  Because zebrafish embryos develop externally and 

remain transparent throughout much of organogenesis, adverse effects of 

chemical exposure on development of the brain, notochord, heart, jaw, body 

segmentation and shape are easily observed in the living animal under low 

magnification.  With early zebrafish development well-characterized and the 

annotated genome sequence readily available, mechanisms of toxicity and the 

genes involved can be elucidated. 

Using the developing zebrafish platform, we undertook a systematic, 

concentration-response approach to hierarchically rank the toxicity of a library 

of commercially available OPAHs in their pure form.  Rank was based on the 

severity and incidence of a battery of 22 primarily morphological endpoints.  

Some, but not all, PAHs induce toxicity in an AHR-dependent manner, and we 

sought to characterize the activation of AHR by each OPAH with 

immunohistochemical analysis of the downstream target, CYP1A.  Lastly, we 

examined the contribution of oxidative stress to OPAH toxicity by quantifying 

the expression of a battery of known redox affected genes, and by the direct 

measurement of mitochondrial respiration rate in the intact animal.  The body 

of data we present from 38 OPAH structures is the most comprehensive in 

vivo characterization of the developmental toxicity of an important class of 

environmental pollutants. 
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Materials and Methods 

Fish Care 

Adult zebrafish were maintained with a water temperature of 28ο± 1οC 

on a recirculating system with a 14hr light:10hr dark photoperiod at the 

Sinnhuber Aquatic Research Laboratory.  All experiments were conducted 

with wild type 5D strain (ahr2+) or AHR2-null (ahr2hu3335) zebrafish (Goodale et 

al., 2012).  Adult care and reproductive techniques were conducted according 

to Institutional Animal Care and Use Committee protocols at Oregon State 

University.  All embryos used in exposures were collected following group 

spawning of adult zebrafish as described previously (Reimers et al., 2006). 

Chemicals and Developmental Exposures 

Analytical grade standards were obtained from several vendors 

including:  12-hydroxybenzo(a)pyrene, 10-hydroxybenzo(a)pyrene, and 9-

hydroxybenzo(a)pyrene from MRI Chemical Carcinogen Respository; 1,2-

dihydroxyanthraquinone, 1-hydroxyanthraquinone, 2,6-

dihydroxyanthraquinone, and 2-hydroxyanthraquinone from TCI (Tokyo 

Chemical Industry Co. LTD.); 4H-cyclopenta(def)phenanthrene-4-one, 

benzo(c)phenanthrene(1,4)quinone,  phenanthrene-1,4-quinone, and 6H-

benzo(c-d)pyren-6-one from Chiron; 9-fluorenone, 9,10-anthraquinone (9,10-

ANTQ), and 1,9-benz-10-anthrone (BEZO) from Fluka (part of Sigma-Aldrich, 

St. Louis, MO); 2-hydroxy-9-fluorenone and 1-hydroxy-9-fluorenone from 

Acros Organics; 1,4-anthraquinone from Alfa Aesar; xanthone (XAN), 
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aceanthrenequinone, 1,3-dihydroxynaphthalene, chromone, 1,7-

dihydroxynaphthalene, 1,6-dihydroxynaphthalene, 2,6-dihydroxynaphthalene, 

5,12-naphthacenequinone, 2,3-dihydroxynaphthalene, 1,8-

dihydroxyanthraquinone, benz(a)anthracene-7,12-dione (7,12-B[a]AQ), 

perinaphthenone, 1,4-dihydroxyanthraquinone, 9,10-phenanthrenequinone 

(9,10-PHEQ), 1,4-benzoquinone, 1,4-naphthoquinone, 1,5-

dihydroxynaphthalene, benzo(a)fluorenone, 1,2-naphthoquinone, pyrene-4,5-

dione, and acenaphthenequinone from Sigma Aldrich.  In total, thirty eight 

different oxygenated polycyclic aromatic hydrocarbons (OPAHs) were 

obtained (Figure S1) and dissolved in DMSO to make 50, 10, 2, 0.4, and 

0.08mM stock solutions.  For static exposure to zebrafish, solutions were 

made at a 1:100 dilution in E2 embryo medium with a 1% DMSO final 

concentration.  Embryos were enzymatically dechorionated at 4 hours post 

fertilization (hpf) (Mandrell et al., 2012) and exposed to the OPAH from 6 to 

120 hpf in duplicate 96 well plates.  One embryo per well was placed into 100 

µl of each solution.  Serial dilutions of 0.8, 4, 20, 100, and 500µM or 1% 

DMSO vehicle control were used for all 38 OPAHs.  Zebrafish embryos were 

evaluated for developmental progress, somite and notochord malformations, 

and mortality at 24hpf and for total mortality and a suite of morphological 

endpoints at 120 hpf.  Following morphological assessment, embryos were 

fixed overnight at 4οC in 4% paraformaldehyde, rinsed in PBS and stored at 

4οC in PBS-NaAzide for IHC analysis. 
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For RNA samples, dechorionated embryos were exposed from 6–48 

hpf or 6–120 hpf to a single concentration of selected OPAHs:  1 or 2µM 

phenanthrenequinone (9,10-PHEQ), 5 or 10µM 1,9-benz-10-anthrone (BEZO), 

20µM xanthone (XAN), 5µM benz(a)anthracene-7,12-dione (7,12-B[a]AQ) and 

20µM 9,10-anthraquinone (9,10-ANTQ).  Embryos were rinsed in fishwater 

and three samples of 24 embryos each were collected on ice in snap-safe 

Eppendorf tubes with 0.5mm zirconiumoxide beads.  500µl of RNAzol was 

added and samples were homogenized with a Bullet Blender (Next Advance) 

for 3 minutes at speed 2, and then placed at -80οC until RNA isolation. 

For the gene expression studies, total RNA was extracted via 

RNAzol/isopropanol precipitation.  RNA was quantified using a 

SynergyMxmicroplate reader (Biotek) with the Gen5 Take3 module to 

calculate 260/280 O.D. ratios.  Superscript III First-Strand Synthesis 

(Invitrogen) was performed with 5µg of RNA and oligo(dT) primers to reverse 

transcribe cDNA from total RNA.  

Antisense Morpholino Injections 

 A splice-blocking morpholino designed against AHR1A (5’ 

CTTTTGAAGTGACTTTTGGCCCGCA 3’) (Incardona et al., 2006) and a 

standard injection control morpholino (5’ CCTCTTACCTCAGTTACAATTTATA 

3’) were purchased from Gene Tools (Philomath, OR).  Morpholinos were 

dissolved in ultrapure water, and wild type 5D embryos were injected at the 1-

2 cell stage with 2nl of 1.5mM morpholino, with 0.5% phenol red.  Normally 



30 
 
developing embryos with morpholino incorporation were exposed from 6-

120hpf to 20µM XAN and fixed overnight in 4%paraformaldehyde for IHC. 

Immunohistochemistry  

Wild-type or AHR2-null embryos were treated with OPAHs from 6-48hpf 

or 6-120hpf then fixed at the end of exposures in 4% paraformaldehyde 

overnight at 4οC.  The primary mouse α fish CYP1A monoclonal antibody 

(BiosenseLaboratories) and the secondary antibody Alexafluor 546 rabbit α 

mouse IgG (H+L) (Molecular Probes, Eugene, OR) were used to assess 

CYP1A protein localization.  The CYP1A immunohistochemistry method was 

described previously (Mathew et al., 2006).  Briefly, fixed embryos were 

permeabilized with 0.005% trypsin at 4ο for 10min, rinsed with PBS + Tween 

20 (PBST) and post-fixed in 4% paraformaldehyde for 10 min.  Samples were 

blocked for 1hr in 10% normal goat serum and incubated with primary 

antibody (1:500) in 1% normal goat serum-PBS + 0.5% Triton X-100 (PBSTx) 

overnight at 4οC.  Samples were washed four times in PBST and incubated 

with the secondary antibody (1:1000) overnight at 4οC.  Eight embryos per 

treatment group were imaged by epi-fluorescence microscopy using a Zeiss 

Axiovert 200 M microscope with 5x and 10x objectives and assessed for 

CYP1A expression in the vasculature or liver. 

Quantitative RT-PCR 

Gene expression of a collection of AHR-related and oxidative stress 

gene transcripts was assessed in whole-embryo homogenates.  Gene-specific 
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primers (MWG Operon) are listed in Figure S5.  All qRT-PCR experiments 

were performed in 20µl reactions consisting of 10µl Power SYBR Green PCR 

master mix (Applied Biosystems), 0.4µl of each 10µM primer, 9.2µl H2O and 

1µg of cDNA. 

Extracellular Flux Analyzer Assay 

Dechorionated embryos were exposed from 6 - 24 hpf to 5 OPAHs, 

2µM 9,10-PHEQ, 10µM BEZO, 20µM XAN, 5µM 7,12-B[a]AQ and 20µM 9,10-

ANTQ, or 0.1% DMSO vehicle.  At 24 hpf, embryos were rinsed and placed in 

filtered seahorse medium (0.003% sea salt).  A Seahorse XF24 analyzer 

(Seahorse Biosciences) was used to measure oxygen flux at 30οC.  Four 

embryos per well were placed in 450 µl Seahorse medium in a XF24 islet 

capture plate, covered with a mesh ring.  Oxygen consumption and 

extracellular acidification rates were measured before and after the addition of 

50µl of 500µg/ml oligomycin (ATP coupler), 55.6µl 23µM FCCP (uncoupler), 

and 61.6µl NaAzide (Mitochondrial complex IV inhibitor).  The Seahorse 

protocol consisted of calibration, equilibration, 6 measurements of baseline, 4 

measurements after injection of oligomycin and FCCP, and 8 measurements 

after injection of NaAzide. 

Statistics 

For low dose OPAH exposure analysis, incidence and a 95% 

confidence interval was calculated for mortality and each morphological 

endpoint for each exposure concentration and OPAH.  Sample incidence 
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proportions and confidence interval calculations were performed using Matlab 

7.11.0 and confidence intervals for morphological incidence proportions at 24 

and 120 hpf were calculated (Coull and Agresti, 1999).  Meta-analysis of 

mortality incidence was performed using the R library meta in R2.11.1 and the 

Freeman-Tukey (Freeman and Tukey, 1950; Cai, 2012) double arcsine 

transformation of the single proportions was used when calculating the 

confidence intervals. 

For EC50 calculations, the dose response data was fit with a 4 

parameter logistic regression using custom R scripts (Figure S4).  A toxicity 

index was computed for this data set using a formula of TI = 500/EC50 for an 

endpoint.  This allowed the heatmap to be scaled appropriately.  A bi-

hierarchical clustering heatmap was created using the gplot package in R (Cai, 

2012).   

qRT-PCR analysis was performed with StepOne software (Applied 

Biosystems) using the ∆∆Ct method with genes normalized to β-actin (Livak 

and Schmittgen, 2001).  Three biological replicates of 24 embryos each were 

analyzed by comparing OPAH treated to DMSO control with a One-Way 

ANOVA versus control using Sigmaplot software.   

The extracellular flux analyzer assay data was collected using the XF 

Reader software (Seahorse Biosciences) and exported into Microsoft Excel 

2007 for data analysis and graphing.  The baseline oxygen consumption 

(OCR) and extracellular acidification rates (ECAR) were calculated, in addition 
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to the ATP-linked OCR, basal OCR versus oligomycin (injection A), and the 

maximum OCR, FCCP (injection B) versus NaAzide (injection C).  Four wells, 

with 4 embryos each, were analyzed by comparing OPAH treated to DMSO 

control with a One-Way ANOVA versus control using Sigmaplot software 

(Tilton, 2012). 

Results 

OPAH Developmental Toxicity 

Concentration-dependent morphological responses were determined 

following exposure of zebrafish embryos from 6 -120 hpf to a dilution series of 

38 different OPAHs.  The type and frequency of malformations induced by 

each concentration of each OPAH compared to 1% DMSO vehicle control 

were objectively evaluated and, due to the large size of the data set, 

presented as a heatmap in Figure S2.  In order to more readily extract 

structure-activity relationships from the data in Figure S2, we bi-hierarchically 

clustered the EC50 values of the 38 OPAH structures according to the 

morphological endpoints most affected, and presented that data in Figure 1. 

The heatmap in Figure 1 depicts toxicity index, TI = 500/EC50 values from 

lightest pink to darkest red (least to most toxic).  Areas of white in the Figure 1 

heatmap indicate either that the EC50 for the endpoint was incalculable and 

thus not considered to significantly affect the endpoint, or, in the case of high 

mortality at 24 or 120 hpf, percent incidences were not available.  The 

following toxicological endpoints were assessed:  24 hpf and 120 hpf total 
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mortality (MO24, MORT), developmental progress (DP24), somites (SM24, 

SOMI), notochord (NC24, NC), yolk sac edema (YSE), pericardial edema 

(PE), body axis (AXIS), snout (SNOU), jaw, eye, otic, brain (BRAI), trunk 

(TRUN), fin malformations (PFIN, CFIN), circulation (CIRC), pigment (PIG), 

swim bladder (SWIM), and touch response (TR). 

 The acutely toxic OPAHs clustered in an obvious group at the bottom of 

the Figure 1 heatmap, where 1,4-naphthoquinone was the most toxic OPAH, 

causing 100% mortality at 24hpf for all concentrations.  Grey indicates 

morphological endpoints that could not be assessed due to mortality.  

Phenanthrene-1,4-dione, pyrene-4,5-dione, phenanthrene-quinone, and 1,2-

naphthoquinone had very low EC50 values for 24hpf mortality.  1,4-

benzoquinone and 1,4-anthraquinone clustered with this group, having very 

low EC50 values for 24hpf developmental progress in addition to mortality at 

24hpf and 120hpf.  We note that 9-hydroxybenzo(a)pyrene also clustered 

strongly with this group; though it was not especially toxic at 24 hpf, it elicited 

100% mortality by 120 hpf at concentrations of 20µM and higher, and caused 

significant incidences of 120 hpf endpoints such as body axis, trunk, yolk sac 

edema, pericardial edema, touch response, otic, brain, jaw, and snout 

malformations, in addition to high mortality at 4µM.  When retested at lower 

concentrations, 9-hydroxybenzo(a)pyrene exposure resulted in statistically 

significant incidences of eye, pericardial edema, brain, pectoral fin, and 
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pigment malformations at 0.8µM, and all malformation endpoints at 1.6µM 

except otic and somites (Figure S3).   

 Just above the acutely toxic cluster at the bottom of Figure 1 is an 

obvious clustering of low EC50 values, indicating strong perturbation of caudal 

and pectoral fin development, pigment, somites, body axis (curvature), trunk, 

yolk sac and heart (edemas), and cranial facial development including eye, 

otic, brain, jaw, and snout malformations by 1,9-benz-10-anthrone and 2-

hydroxyanthraquinone.  This pattern generally held for benzo(a)fluorenone 

and perinaphthenone with the exception of a few malformations.  A similar 

profile was observed with 6H-benzo[c,d]pyren-6-one, which had higher EC50 

values for most malformations, but induced pericardial edema at similar 

concentrations as the other OPAHs in this group.  

Benzo(c)phenanthrene(1,4)quinone and benz(a)anthracene-7,12-dione were a 

clustered pair associated with this group, with 100% mortality at 20µM and 

above, as well as body axis and yolksac edema for 

benzo(c)phenanthrene(1,4)quinone.  These two OPAHs were retested at 

lower concentrations which resulted in significant malformation incidences of 

all endpoints, except notochord, for 8µM benz(a)anthracene-7,12-dione and 

the addition of pericardial edema, snout, jaw, and cfin malformations for 8µM 

benzo(c)phenanthrene(1,4)quinone (Figure S3). 

We note that 1,4-dihydroxyanthraquinone, 2,6-dihydroxyanthraquinone, 

and 1,8-dihydroxyanthraquinone separately clustered around this low EC50 
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malformation group, though they clearly perturb only a few non-lethal 

endpoints, suggesting a point of future refinement of the clustering algorithm. 

At the top of the Figure 1 heatmap is a group of three OPAHs, 12-

hydroxybenzo(a)pyrene, xanthone, and aceanthrenequinone, which induced a 

broader range of malformations including swim bladder, caudal and pectoral 

fin, somite, body axis, yolksac and pericardial edema, eye, otic, brain, jaw, 

snout, touch response and 120hpf mortality, but had higher EC50 values than 

the clusters at the bottom of the heatmap. These compounds all activated the 

AHR (Figure S1).  In addition, 1-2-dihydroxyanthraquinone, 4-H-

cyclopenta(def)phenanthren-4-one, and 1-3-dihydroxynaphthalene cluster with 

similar malformation profiles, and caused 100% mortality at the very high dose 

of 500µM. 

A pattern similar to the acute toxicity group was observed for 2,6-

dihydroxynaphthalene, 2-hydroxy-9-fluorenone, and 5,12-naphthacequinone, 

where high mortality at 24 and 120 hpf was observed, although at 

considerably higher EC50 values, but no other endpoints were evident.  These 

OPAHs caused 100% mortality at 100µM.  1-6-dihydroxynaphthalene, 

acenaphthenequinone, 2,3-dihydroxynaphthalene, 1-5-dihydroxynaphthalene, 

and 1-hydroxy-9-fluorenone clustered with this group, also causing 100% 

mortality at 100µM in addition to lower incidences of 24hpf delayed 

developmental progress and somite malformations, and yolksac and 
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pericardial edemas.  The majority of these OPAHs activated the AHR (Figure 

S1). 

The top middle portion of the Figure 1 heatmap suggested that six 

OPAHs, 9-fluorenone, chromone, 2,7-dihydroxynaphthalene, 1-

hydroxyanthraquinone, 10-hydroxybenzo(a)pyrene, and 9,10-anthraquinone 

were essentially inactive in our developmental screen, having EC50 values 

above 100µM for all endpoints. 

Low Dose OPAH Developmental Toxicity 

The most toxic OPAHs were retested at lower concentrations, ranging 

from 0 to 20µM and again caused 100% mortality at 4µM and above (Figure 

S3).  1.6µM phenanthrene-1,4-dione caused statistically significant incidences 

of delayed developmental progress and somite formation at 24hpf and 84% 

mortality, snout and pigment malformations at 120hpf.  Phenanthrene-quinone 

caused 50% mortality at 1.6µM and statistically significant incidences of 24hpf 

delayed developmental progress and all 120hpf endpoints in addition to 

mortality.  1,4-benzoquinone also caused 50% mortality at 1.6µM and resulted 

in statistically significant incidences of 24hpf developmental progress and eye, 

otic, brain, somite, pfin, cfin, pigment, circulation, swim bladder, notochord, 

and touch response malformations at 120hpf.  Pyrene-4,5-dione caused 

statistically significant incidences of 24hpf delayed developmental progress, 

and 120hpf somite, axis, eye, snout, jaw, and pfin malformations at 0.8µM, 

and 30% mortality and the majority of malformations at 1.6µM.  1,4-
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anthraquinone also caused statistically significant incidences of jaw, 

pericardial edema, and pfin malformations at 0.8µM and the majority of 

malformation endpoints at 1.6µM.  1,2-naphthoquinone resulted in 98% 

mortality at 4µM and significant incidences of eye, jaw, and pericardial edema 

at 0.8µM in addition to 24hpf developmental progress, yolksac edema, axis, 

snout, brain, pfin, pigment, trunk, and touch response malformations at 1.6µM. 

CYP1A Expression and OPAH Differential Dependence on the AHR 

To evaluate AHR pathway activation by each OPAH, 

immunohistochemistry (IHC) was used to detect spatial CYP1A protein 

expression.  IHC was performed at OPAH concentrations that induced overt 

developmental toxicity by 120hpf.  The majority of OPAHs did not induce 

CYP1A expression, suggesting an AHR-independent toxicity pathway was 

operational.  Some of the OPAHs showed differential CYP1A protein 

expression patterns (Figure S1).  Xanthone (XAN, Figure 2C), 1-

hydroxyanthraquinone, 1,3-dihydroxynaphthalene and 1,8-

dihydroxyanthraquinone exposures induced strong expression in the liver.  

Exposures to 1,5-dihydroxynaphthalene, phenanathrene-1,4-dione, 

benzo[a]fluorenone, aceanthraquinone, 5,12-naphthacenequinone, 

benz(a)anthracene-7,12-dione (7,12-B[a]AQ, Figure 2D), 10-

hydroxybenzo[a]pyrene, 12-hydroxybenzo[a]pyrene and 2,3-

dihydroxynaphthalene induced CYP1A protein expression in the vasculature.   
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 Further analysis of the dependence of CYP1A induction on AHR 

isoforms was conducted with two OPAHs that induced differential CYP1A 

expression patterns (Figure 2).  CYP1A expression was evaluated in XAN-

exposed embryos following injection with a control or morpholino targeting 

AHR1A, which was previously shown to mediate CYP1A expression in the 

liver (Incardona et al., 2006; Goodale et al., 2012).  Because vascular CYP1A 

expression is primarily AHR2-dependent, 7,12-B[a]AQ-induced CYP1A 

expression was compared in AHR2-null (ahr2hu3335) and wild-type (ahr2+) 

embryos (Incardona et al., 2006; Goodale et al., 2012). Knocking down 

AHR1A (Figure 2 C vs. E) or AHR2 (Figure 2 D vs. F) severely decreased liver 

and vascular CYP1A protein expression, respectively, and attenuated 

malformations from these OPAH exposures.    

Early Gene Expression Changes and Biomarkers of Oxidative Stress 

Five structurally diverse OPAHs with differential CYP1A expression 

profiles were chosen for further analysis, 1,9-benz-10-anthrone (BEZO), 9,10-

phenanthrenequinone (9,10-PHEQ), 7,12-B[a]AQ, XAN and 9,10-

Anthraquinone (9,10-ANTQ).  Quantitative RT-PCR was used to analyze early 

gene expression changes after developmental OPAH exposures at 

concentrations which maximized malformations but minimized mortality at 120 

hpf.  cyp1a, cyp1b1, cyp1c1 and cyp1c2 were evaluated by qRT-PCR to 

confirm the CYP1A IHC protein expression.  At 48hpf, 20µM XAN induced 

cyp1a1 and cyp1b1 expression, while 5 µM 7,12-B[a]AQ elicited statistically 
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significant induction of all four of the cyp1 mRNA transcripts after a 6-48hpf 

exposure (Figure 2G), consistent with 7,12-B[a]AQ CYP1A protein expression 

in the vasculature at 48hpf (data not shown).  5 µM BEZO induced small, but 

significant fold changes of all four cyp mRNA transcripts and 1µM 9,10-PHEQ, 

20µM 9,10-ANTQ and 20µM XAN exposures showed a very small induction of 

cyp1a1, though CYP1A1 protein expression was not detectable in BEZO, 

9,10-PHEQ or 9,10-ANTQ exposed animals.  At 120hpf (Figure 2H), 7,12-

B[a]AQ and XAN significantly induced cyp1a1 and cyp1c2 mRNA transcripts, 

consistent with the IHC results which showed CYP1A expression in the liver of 

XAN exposed and in the vasculature of 7,12-B[a]AQ exposed animals.  

Several genes important in cellular detoxification and protection from oxidative 

stress, glutathione transferase (gst), glutathione peroxidase (gpx) and 

superoxide dismutase (sod) families were differentially expressed after 

developmental exposures to these 5 OPAHs, where 7,12-B[a]AQ elicited the 

strongest induction (14 of 16 genes) analyzed by qRT-PCR (Figure 3A).  gst 

pi1 and gst pi2 were the most highly induced (12.67 and 10.31 fold change, 

p<0.001), and glutamate-cysteine ligase, catalytic subunit (gclc), glutamate-

cysteine ligase, modifier subunit (gclm), hmox, nqo1, and gpx 1a were 

increased 1.98, 2.30, 2.03, 2.16, and 2.84 fold, respectively (p< 0.05).  In 

addition, induction of gpx 1b, gpx 8, gst α, SOD1, SOD2, SOD-like (SOD-l), 

and nrf2 expression was significant (p< 0.05) compared to the 0.1% DMSO 

controls.  BEZO exposure induced expression of gst p1, gst p2, gst a, gst 
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κ, and hmox with fold changes of 3.16, 2.70, 1.52, 2.81, and 2.13, respectively 

(p<0.05).  9,10-PHEQ and 9,10-ANTQ exposures both increased nrf2, and 

hmox expression, and 9,10-PHEQ also reduced expression of gpx8, SOD2 

and SOD-l.  XAN induced gpx 7 and decreased SOD1 expression.   

Mitochondrial Respiration and Function 

To evaluate, at least in part, the mechanism of toxicity of these five 

OPAH exposures, we examined their effect on mitochondrial function in 

zebrafish embryos by measuring mitochondrial respiration and hydrogen 

production, an output of glycolysis.  The Seahorse extracellular analyzer 

(Seahorse Bioscience) was used to measure oxygen consumption and 

extracellular acidification rates at 26 hpf before (baseline) and after injections 

of two mitochondrial inhibitors, oligomycin (complex V) and NaAzide (complex 

IV) and the uncoupler FCCP (Figure 3B).  There were significant differences in 

baseline extracellular acidification rates (ECAR) for 9,10-PHEQ, 7,12-B[a]AQ, 

9,10-ANTQ, and BEZO exposed animals (data not shown) and significantly 

decreased oxygen consumption rates (OCR) for 9,10-PHEQ, BEZO, XAN, and 

7,12-B[a]AQ (Figure 3B).  9,10-PHEQ and 7,12- B[a]AQ caused a significant 

decrease in ATP-linked OCR, and BEZO, XAN, and 9,10-ANTQ reduced ATP-

linked OCR compared to the 0.1% DMSO controls.  BEZO and XAN also 

caused a significant decrease in maximum oxygen capacity.  7,12-B[a]AQ 

exposure showed an apparent trend toward lower mitochondrial oxygen 

capacity, but the difference was not significant. 
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Discussion 

A developmental zebrafish screen allowed us to rapidly and 

comprehensively evaluate a library of 38 environmentally relevant OPAHs, 

assessing dose-dependent toxicity and malformation profiles based on 

endpoint frequency.  Twenty two morphological endpoints were assessed in 

the OPAH dose-response study and the EC50 for each endpoint was plotted 

in a bi-hierarchically clustered heatmap (Figure 1).  The heatmap clearly 

indicated structure-activity clustering among the OPAHs where malformation 

profiles grouped together and, within these groups, toxicity associated with 

AHR activation clustered together.  From these clusters we concluded that the 

most toxic of the OPAHs contained adjacent diones on 6-carbon moieties or 

terminal, para-diones on multi-ring structures.  Five-carbon moieties with 

adjacent diones were among the least toxic OPAHs while the toxicity of multi-

ring structures with more centralized para-diones varied considerably.   

Beyond structure-toxicity ranking we noted that, excluding mortality, yolksac 

edema and body axis curvature were the most common morphological 

responses, resulting from half of the OPAH exposures.  Pericardial edema, 

swim bladder, caudal and pectoral fin, otic, brain, eye, jaw, and snout 

malformations were elicited by one third of the OPAHs, and generally by the 

same one third of the compounds.  More specifically, we noted that 1,4-

dihydroxyanthraquinone, 1,8-dihydroxyanthraquinone and 2,6-

dihydroxyanthraquinone were each extremely effective at perturbing a single 
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or pair of different morphological endpoints in the developing zebrafish.  

However, at the level of individual endpoint, obvious structural relationships to 

morphological endpoints were most often not so obvious.  A factor that likely 

influenced our not seeing structural relationships to individual endpoints, other 

than lethality, is that our study was a single pass screen of the 38 OPAHs 

ranging from 0.8 µM to 500 µM in 5 fold increments.  Large steps over a very 

large concentration range, while maximizing the probability of activity 

detection, bear the caveat that a single increment can skip over the dose 

range at which non-lethal malformations would be elicited.  Thus, the coarser 

nature of a screen can fail to identify non-lethal malformations from some of its 

compounds.  OPAHs that caused 100% mortality at 4 or 20µM were 

particularly sensitive to this.  Specifically, benzo(c)phenanthrene-1,4-quinone 

and benz(a)anthracene-7,12-dione exposures caused 100% mortality at 20µM 

and above, but low incidence of malformations at 0.8 and 4µM.  Repeating 

dose responses at lower concentrations for these more toxic OPAHs led to 

significant malformation incidences that were not reflected in the 

EC50heatmap (Figure S3). 

We also note that EC50, while a convenient metric for condensing the 

raw data set from Figure S2 down to the more interpretable Figure 1, is only 

one approach.  Other approaches might enhance the detection of structure-

endpoint relationships.  On a larger scale, the overall structure-toxicity picture 
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from this study is an important step toward ultimately determining the hazard 

potential of environmental OPAH contamination. 

 To further evaluate mechanisms of toxicity, we investigated AHR 

pathway activation by evaluating induction of the downstream target CYP1A 

for all 38 OPAHs.  The majority of OPAHs tested did not induce CYP1A1 

expression.  It has been shown previously that developmental effects of PAH 

exposure are differentially dependent on tissue-specific activation of AHR 

isoforms or metabolism by CYP1A (Incardona et al., 2006).  In adult zebrafish 

exposed to TCDD, AHR1A mRNA was expressed primarily in the liver and 

marginally in the heart and kidney, while AHR2 was expressed strongly in the 

skeletal muscle, liver, and gills and more weakly in the brain, heart, 

swimbladder, skin, eye, kidney and fins (Andreasen et al., 2002).  Pyrene 

exposure of embryonic zebrafish induced CYP1A expression in the vascular 

endothelium and the liver, and AHR2 knockdown lessened pyrene toxicity and 

CYP1A expression.  The absence of AHR1A in pyrene-exposed embryos 

resulted in normal liver morphology and no CYP1A liver expression (Incardona 

et al., 2006).  In our study, XAN exposure induced liver CYP1A protein 

expression, and AHR1A isoform activation by XAN was confirmed by 

morpholino knockdown of AHR1A and the concomitant loss of CYP1A protein 

expression when assayed by immunohistochemistry.  AHR2 knockdown can 

decrease PAH toxicity.  For instance, AHR2 knockdown in zebrafish 

coexposed to benzo(k)fluoranthene (BkF) and fluoranthene (Fl) reduced 
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toxicity and decreased pericardial effusion (Van Tiem and Di Giulio, 2011).  

Loss of AHR2 has also been shown to reduce CYP1A protein expression in 

the vascular endothelium and protect against dioxin induced pericardial 

edemas and craniofacial malformations, as well as decreased cardiovascular 

toxicity in zebrafish coexposed to benz[a]anthracene, β-naphthoflavone (BNF) 

and α-naphthoflavone (ANF) (Billiard et al., 2006; Incardona et al., 2006; 

Goodale et al., 2012).  We found that 7,12-B[a]AQ exposed embryos 

expressed CYP1A protein in the vasculature.  In AHR2-null embryos, 

however, no CYP1A protein expression was observed and the developmental 

toxicity of 7,12-B[a]AQ was reduced. 

 Oxidative stress was an important feature of OPAH toxicity.  Increased 

expression of numerous redox-responsive genes downstream of Nrf2 

preceded the appearance of malformations, and mitochondrial dysfunction 

was observed in vivo.  Glutathione transferases, glutathione peroxidases, 

superoxide dismutases, and DNA repair enzymes are known to protect against 

ROS and harmful breakdown products, such as lipid peroxides and oxidized 

DNA, through conjugation or reduction reactions (Hayes and Pulford, 1995).  

Several PAHs and OPAHs have been shown to induce the expression of 

antioxidant genes in zebrafish; coexposure to BNF + ANF and BNF + Fl 

increased gclc, gst p, gpx1, sod1 and sod2 mRNA expression at 48hpf 

(Rawashdeh et al., 2007; Van Tiem and Di Giulio, 2011).  Higher 

concentrations of BNF upregulates several redox-responsive genes and BkF, 
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BaP, PCB-126 and coexposure of BkF+Fl and BaP+Fl significantly induced 

gst p2 expression (Rawashdeh et al., 2007; Van Tiem and Di Giulio, 2011; 

Garner and Di Giulio, 2012).  We found that the expression of 14 different 

redox-responsive genes, including members from all the families investigated 

(gst, gpx, gclc, and sod), were elevated at 48hpf in embryos exposed to 7,12-

B[a]AQ, and that BEZO exposures induced the expression of a subset of 

these genes.  The pi class of GSTs is particularly efficient in conjugating PAH 

metabolites to glutathione, and gclc catalyzes the rate-limiting step of 

glutathione synthesis (Hayes and Pulford, 1995).  Gst pi has also been shown 

to protect against cardiac deformities in zebrafish exposed to PAHs.  For 

example, knockdown of gst p2 increased the severity of pericardial edemas in 

zebrafish coexposed to BaP + Fl and BkF + Fl (Garner and Di Giulio, 2012).  

Gpx is a family of enzymes that are able to reduce hydrogen peroxide and 

detoxify lipid peroxides.  The sod family destroys free radicals by catalyzing 

the dismutation of two superoxide radicals into hydrogen peroxide and 

diatomic oxygen (Van Tiem and Di Giulio, 2011).  Knockdown of Nrf2 

attenuated gpx and sod induction in zebrafish exposed to BNF and ANF.  This 

was accompanied by increased pericardial effusion suggesting a protective 

role for these enzymes from PAH and OPAH toxicity (Van Tiem and Di Giulio, 

2011).  In 9,10-PHEQ, BEZO, XAN, and 7,12-B[a]AQ exposed embryos we 

observed decreased baseline, ATP-linked, and maximum oxygen consumption 

rates, a mitochondrial response to oxidative stress.  This decrease implies 
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mitochondria damage and a loss of bioenergetic control (Tilton, 2012).  The 

upregulation of redox-responsive genes and the mitochondrial dysfunction 

correlated to OPAH toxicity together strongly indicate that oxidative stress was 

an important mechanism of the OPAH toxicities. 

Evaluation of some possible mechanisms of OPAH developmental 

toxicity allowed us to begin predicting toxicity mechanisms based on structure 

and the affected endpoints.  The EC50 values of each endpoint clustered 

OPAHs into distinct groups based on malformation profiles.  Representative 

OPAHs from each of these main clusters were evaluated for further insight into 

the mechanisms of OPAH developmental toxicity.  There are known pathways 

for PAH and OPAH toxicities via the AHR and downstream targets affecting 

cell differentiation, organ morphology, and embryo development; or through 

metabolism by phase I enzymes, such as Cyp1a, into more reactive species 

leading to oxidative stress and cell damage (Nebert et al., 2004; Incardona et 

al., 2006; Nebert and Karp, 2008; Tian, 2009; Yeager et al., 2009).  Some 

PAHs cause toxicity in an AHR-independent manner such as inflammation or 

disruption of redox signaling, leading to oxidative damage.  PAHs can also 

cause mitochondrial damage or affect mitochondrial function (Senft et al., 

2002; Shertzer et al., 2006).  Potential mechanisms of OPAH developmental 

toxicity and hypothesized toxicity pathways are presented in Figure 4 for the 

five OPAHs which we focused our in-depth analysis.  9,10-PHEQ was one of 

the most toxic OPAHs, resulting in 100% mortality at 24hpf above a 
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concentration of 2µM, and clustered with the highly toxic group of OPAHs in 

the EC50 heatmap.  This cluster of OPAHs resulted in mortality or 

developmental delay at 24hpf and high toxicity at 120hpf, but did not induce 

CYP1A, which implies an AHR-independent mechanism of toxicity.  Because 

9,10-PHEQ caused high mortality and severe developmental delay at 24hpf, 

extreme malformations or mortality at 120hpf, and a significant decrease in 

mitochondrial respiration at 26hpf, we hypothesize that 9,10-PHEQ may have 

targeted the mitochondria, resulting in mitochondrial damage and dysfunction.  

BEZO was grouped with OPAHs that caused high malformation incidences for 

the majority of endpoints, but did not induce CYP1A1 expression detectable by 

IHC.  However, oxidative stress was found to be a substantial component of 

BEZO toxicity and decreased mitochondrial respiration and oxygen capacity 

was observed at 26hpf.  Induced expression of DNA repair enzymes suggests 

BEZO exposure results in oxidative DNA damage (data not shown).  Based on 

the detoxification and phase II metabolism enzymes downstream of Nrf2 that 

were induced in response to BEZO exposure, this toxicity was likely a result of 

oxidative damage.  7,12-B[a]AQ caused 100% mortality at 20µM and above, 

and yolk sac and pericardial edemas, eye, snout, jaw, and pectoral fin 

malformations at lower concentrations.  7,12-B[a]AQ exposure induced 

several antioxidant genes as well as activated the AHR.  This developmental 

toxicity was shown to be AHR2-dependent, determined by the disappearance 

of CYP1A1 expression and lack of malformations in the AHR2-null fish.  Taken 
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together, 7,12-B[a]AQ developmental toxicity is mediated through AHR2 

downstream genes playing a role in development, and possibly due in part to 

cyp1a metabolism.  XAN is an OPAH with moderate developmental toxicity, 

which induced AHR1A-mediated CYP1A1 expression in the liver at 120hpf.  

Because increased cyp1 mRNA expression did not appear until 120hpf, XAN 

may not have directly activated AHR1A but rather induced CYP1A1 

expression via a metabolite.  9,10-ANTQ did not cause developmental toxicity 

and did not upregulate most antioxidant genes or impair basal mitochondrial 

respiration. 

Conclusions 

In conclusion, we presented a toxicity characterization of 38 

environmentally relevant OPAHs indicating differential AHR isoform 

dependencies and a prominent role for oxidative stress in the toxicity 

mechanisms.  This study offers strong incentive for both regulatory and 

research efforts to pay closer attention to the oxygenated PAHs relative to 

PAH contamination and hazard.  Indeed, the relative hazard from PAH 

transformation products in general requires further attention.  Our approach of 

conducting an in vivo toxicity screen of structurally related libraries of 

compounds, having little or no previous biological characterization, is both 

highly informative and efficient within the embryonic zebrafish model.  Future 

challenges to address in this model will include characterizing the 
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developmental toxicology of environmentally represented oxy- and nitro-PAH 

mixtures. 
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Figure 2- 1. EC50 OPAH Toxicity. 
Heatmap shows the toxicity index, TI=500/EC50, for each malformation 
endpoint for all the OPAHs.  The color scale increases from light pink, 
representing high EC50 values (low TI values) to dark red, indicating the 
lowest EC50 values (highest TI values).  White indicates EC50 values that 
were incalculable, and grey represents morphological endpoints that could not 
be assessed due to mortality. 
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Figure 2- 2. CYP1A protein and mRNA expression in OPAH exposed 
zebrafish embryos. 
Panels A - F shows CYP1A expression at 120 hpf in wildtype and AHR2-null 
embryos exposed from 6 – 120 hpf.  CYP1A immunohistochemistry of wildtype 
embryos exposed to 1% DMSO (A), 20µM BEZO (B), 20µM XAN exposed to 
wildtype (C) or AHR1A morphant embryos (E), and 5µM 7,12-B[a]AQ exposed 
to wildtype (D) or ahr2-null (ahr2hu3335) mutant embryos (F).  qRT-PCR of 
cyp1a, cyp1b, cyp1c1, and cyp1c2 mRNA at 48 hpf (G) and 120 hpf (H). 
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Figure 2- 3. Oxidative Stress response in OPAH treated embryos.  
qRT-PCR analysis of antioxidant response genes after OPAH exposure from 6 
– 48 hpf (A), mRNA expression fold change and standard deviation, 3 
biological replicates were analyzed using a one-way anova, * p < 0.05.  (B)  
The Seahorse extracellular flux analyzer assay, showing the oxygen 
consumption rate (OCR), before and after the addition of 50µl of 500µg/ml 
oligomycin, 55.6µl of 23µM FCCP, and 61.6µl NaAzide.   
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Figure 2- 4. OPAH Toxicity Pathways. 
Figure depicts target pathways of OPAH toxicity, showing 9,10-PHEQ, BEZO, 
7,12-B[a]AQ, and XAN hypothesized toxicity mechanism, including target 
transcription factors and direct downstream genes.  
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Figure 2-S1. OPAH structures and CYP1A expression.  
Table displays OPAH name, structure, and presence or absence of vascular 
and liver CYP1A protein expression. 
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Figure 2-S2. Developmental OPAH Toxicity.  
Heatmap displays the percent incidences of each malformation for the dose 
response, 0 – 100µM for each OPAH. The color scale increases from white to 
red in 1% increments, where grey represents morphological endpoints not 
evaluated because of 100% mortality at that concentration. 
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Figure 2-S3. Low Dose Developmental OPAH Toxicity.  
Heatmap displays the percent incidences of each malformation for the dose 
response, 0 – 20µM for the most toxic OPAHs, causing 100% mortality at 4µM 
or 20µM. The color scale increases from white to red in 1% increments, where 
grey represents morphological endpoints not evaluated because of 100% 
mortality at that concentration.. 
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Figure 2-S4. EC50 values.  
 
Table lists the calculated EC50 values for each morphological endpoint, for all 
OPAHs. These EC50 values are visualized in the Figure 1 heatmap. 
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Figure 2-S5. qRT-PCR primers.  
Table lists the gene names and primer sequences used for the qRT-PCR 
analysis.  
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Abstract 

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental 

contaminants present in urban air, dust, soil, and water resulting from 

incomplete combustion of organic materials or fossil fuels and present in crude 

oil and coal.  It is widely recognized that PAHs pose risks to human health, 

especially for the developing fetus and infant where PAH exposures have 

been linked to in-utero mortality and lower intelligence.   Using the zebrafish 

model, we evaluated the developmental toxicity of benzo[a]pyrene (B[a]P)  

exposure.  Zebrafish embryos were exposed from 6-120 hours post 

fertilization (hpf) to concentrations ranging from 0.1 to 3ppm B[a]P.  The 

Viewpoint Zebrabox (Viewpoint Behavior Technology) was used to evaluate 

photo-induced larval locomotor activity and we identified that exposure to 

B[a]P resulted in a hyperactive phenotype.  To evaluate the role of AHR in this 

larval phenotype, we exposed AHR2hu2334 null fish to B[a]P and again used the 

viewpoint system to evaluate changes in behavior.  Developmentally exposed 

AHR2hu2334null fish did not display hyperactive swimming, however these 

larvae did not show the typical behaviorial response following a light dark 

transition, and we concluded further investigation is needed to determine what 

role AHR plays in larval hyperactive swimming.  To determine if these 

behavior effects persisted throughout development, a subset of exposed 

animals were raised to adulthood and tested using shuttleboxes.  Our results 
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show developmental B[a]P exposure results in decreased learning and 

memory. 
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Introduction 

Benzo[a]pyrene (B[a]P) is a common polycyclic aromatic hydrocarbon 

(PAH), formed by incomplete combustion of organic materials or burning of 

fossil fuels and found in crude oil and coal (ATSDR 1995; Howsam and Jones 

1998).  Human exposure is primarily through ingestion and inhalation.  B[a]P is 

commonly found in “cigarette smoke, coal tar, diesel exhaust, grilled and 

broiled foods, and a byproduct of several industrial processes, such as oil and 

wood burning stoves, coal tar and asphalt processes, incinerators, and coke 

ovens in metal processing plants” (ATSDR 1995).  B[a]P has been extensively 

studied and is classified as a group 1 human carcinogen and additionally is 

known to cause cardiovascular and neurological effects.  B[a]P is lipophilic 

and known to cross the blood-brain barrier.  B[a]P has been detected, along 

with B[a]P metabolites, in brain tissue of rodents after exposure (Saunders, 

Das et al. 2006; McCallister, Maguire et al. 2008; Yan, Xiang et al. 2012; 

Chepelev, Moffat et al. 2015). 

B[a]P toxicity is AHR-dependent and following its activation of AHR, is 

metabolized by the CYP class of enzymes into more toxic metabolites.  It has 

been hypothesized that B[a]P neurotoxicity may be mediated through AHR-

dependent metabolism of B[a]P via oxidative and DNA damage from resulting 

B[a]P metabolites (Saunders, Das et al. 2006; Chepelev, Moffat et al. 2015).  

Increased lipid peroxidation has been measured in brain tissue following B[a]P 

exposure in rats (Saunders, Das et al. 2006).  Rodent studies have shown 
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learning and behavior deficiencies when exposed to B[a]P (Saunders, Das et 

al. 2006; McCallister, Maguire et al. 2008; Chen, Huang et al. 2011; Cheng, 

Xia et al. 2013).     

Studies have suggested that developmental stages are more sensitive 

than adults to environmental PAHs, such as B[a]P, where PAH exposures 

have been linked to in-utero mortality, lower intelligence, and cardiovascular 

effects (Perera, Jedrychowski et al. 1999; Perera, Rauh et al. 2006; Tang, Li et 

al. 2006).  B[a]P and B[a]P metabolites have been detected in urine of 

pregnant women and children (Perera, Whyatt et al. 1998) and have been 

detected in placenta, cord blood, maternal blood, and human breast milk 

(Madhavan and Naidu 1995; Perera, Rauh et al. 2006; Tang, Li et al. 2006; 

Perera and Herbstman 2011).  Prenatal exposure to PAHs, including B[a]P, 

have been shown to result in learning deficiencies and behavioral disorders.  A 

cohort of young children exposed to PAHs, in utero, had a significantly higher 

incidence of delayed mental developmental at age three (Perera, Rauh et al. 

2006) and high PAH-adduct levels in cord blood was correlated to increased 

CBCL scores at ages 5 and 7, reflective of increased anxiety, depression, an 

attention problems (Perera and Herbstman 2011).   

In this study we used the zebrafish model to investigate the behavioral 

effects of developmental B[a]P exposure.  We investigated larval behavior 

changes resulting from developmental B[a]P exposure with the Viewpoint 

Zebrabox tracking system.  B[a]P exposed larvae exhibited a significant 
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hyperactivity in the dark, following a light-dark transition.  We then evaluated 

the role of AHR in the B[a]P induced larval phenotype, using the AHR2hu2334 

null background larval animals (Goodale, La Du et al. 2012).  Finally, to 

evaluate if developmental B[a]P exposure leads to life-long behavioral effects, 

a subset of exposed animals were grown to adulthood and tested for learning 

and behavior deficits using custom built shuttleboxes.  B[a]P exposure 

resulted in impaired learning and memory in adult zebrafish.  Together this 

data demonstrates developmental B[a]P exposure leads to larval behavioral 

changes as well as impaired learning and memory in adult zebrafish. 

Materials and Methods 

Fish Husbandry  

Adult zebrafish were maintained with a water temperature of 28+/- 1oC 

on a recirculating system with a 14h light: 10h dark photoperiod at the 

Sinnhuber Aquatic Research Laboratory.  All experiments were conducted 

with the wild type 5D strain or the AHR2-null (ahr2hu3335) strain (Goodale, La 

Du et al. 2012).  Fish husbandry and reproductive techniques were conducted 

according to Institutional Animal Care and Use Committee protocols at Oregon 

State University.  All embryos used in exposure experiments were collected 

following group spawning of adult zebrafish as described previously (Kimmel, 

Ballard et al. 1995; Reimers, La Du et al. 2006). 

Benzo[a]pyrene Exposure and Developmental Toxicity  
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An analytical grade benzo[a]pyrene (B[a]P) powder standard was 

obtained from Sigma Aldrich and was dissolved in dimethyl sulfoxide (DMSO) 

resulting in a maximum solubility master stock of 3300ppm.  For exposure 

experiments, dilution stock solutions were made in 100% DMSO.  For initial 

dose range experiments, solutions were made at a 1:100 dilution in E2 embryo 

medium, (1% DMSO final concentration) and zebrafish embryos were 

statically exposed to 1, 2, 3, 4, and 5ppm B[a[P from 6 – 120hours post 

fertilization (hpf) in 96well plates, with one embryo per well in 100µl of solution.  

At 24hpf, zebrafish embryos were evaluated for mortality, developmental 

progress, somite, and notochord malformations; and at 120 hpf evaluated for 

total mortality and a suite of morphological endpoints including yolk sac 

edema, pericardial edema, body axis, snout, jaw, eye, otic, brain, trunk, caudal 

and pectoral fin malformations, notochord, somites, circulation, pigment, swim 

bladder, and touch response (Truong, Harper et al. 2011).  All behavior 

studies were conducted with B[a]P concentrations that did not cause any 

significant increase in malformations at 120hpf.   

Adult Studies  

For adult studies, embryos were exposed to 1, 2, and 3ppm B[a]P or 

1%DMSO control from 6-120hpf in two 96well plates, then rinsed thoroughly in 

fish water before being placed on the recirculating water system and grown to 

adulthood.  Adult survivorship in 1% DMSO was extremely low, ranging from 

12.9% to 30.6%; 1%DMSO ~25.9%, 1ppm BaP fish ~30.6%, 2ppm BaP 
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~16.9%, and 3ppm BaP ~12.9% survival.  For the subsequent larval and adult 

studies, solution stocks were made from an 1180ppm master stock, then 

diluted 1:1000 in E2 embryo medium for a final DMSO concentration of 0.1% 

DMSO.  Zebrafish embryos were exposed to 0.1 and 1ppm B[a]P or 

0.1%DMSO control from 6-120hpf in 96well plates.  Adult survivorship of this 

cohort was ~67% and similar along the treatment and control groups.  

B[a]P Larval Behavior  

The Viewpoint Zebrabox (Viewpoint Behavior Technology) was used to 

evaluate photo-induced larval locomotor activity in 120hpf larvae.  Zebrafish 

embryos were exposed to B[a]P, covered in foil, from 6-120hpf, then 

immediately tested by placing the exposure plate into the Viewpoint Zebrabox.  

The video tracking protocol on the Viewpoint Zebrabox software was used to 

track total larval movement over a light-dark cycle.  This assay, based on 

(Noyes, Haggard et al. 2015), consisted of one light-dark transition of 10min. 

period each, followed by a final 5min. light period.  Zebrafish larvae 

consistently exhibit low total movement in the light compared to increased 

movement in the dark following light-dark transitions (MacPhail, Brooks et al. 

2009; Truong, Saili et al. 2012; Noyes, Haggard et al. 2015).  During the 10 

minute dark period, the larvae begin to acclimate to the dark, decreasing their 

distance moved.  Therefore, developmental exposure effects were assessed 

by comparing the average total distance moved in 5min intervals in both the 

light and dark periods (Noyes, Haggard et al. 2015).  Viewpoint software 



75 
 
tracked the movement of each individual larva, and summed this movement 

into 1min intervals.  Viewpoint data files were processed using a custom perl 

script (Truong, Saili et al. 2012) and the average distance moved in each 1min 

interval was calculated for the treated and control groups over the entire light-

dark cycle. Twenty-four to thirty six animals per group were used for each test, 

with three total replicates run.  The total movement of each fish was averaged 

per 1min time interval for each exposure group over the entire 25min behavior 

test.  The average value of each minute, for the multiple light and dark periods, 

were used in statistical analysis, a one way ANOVA-Tukey’s post hoc test was 

used to analyze significant differences (P<0.05) in larval behavior following 

B[a]P exposure.   

Adult Learning in B[a]P Exposed Animals  

An active avoidance shuttlebox test was used to assess learning and 

performance differences of B[a]P developmentally exposed zebrafish 

compared to 1%DMSO controls.  Custom built shuttleboxes, previously 

described (Truong, Mandrell et al. 2014), using a modified protocol (Xu, Scott-

Scheiern et al. 2007; Truong, Mandrell et al. 2014) was used to test for 

learning deficiencies.  The first cohort of zebrafish was from a mass spawn 

born April 20, 2012, and tested between 10 and 12 months.  Briefly, zebrafish 

were conditioned to leave a green light, shock pulse “reject side”, and swim to 

the non-shock dark, “accept side” compartment within a 12sec “seek period” in 

order to avoid a mild shock.  The shuttlebox test consisted of a 10 minute 
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acclimation period in the dark, followed by 50 consecutive trials.  Each trial 

consisted of a 12sec. seek period, initiated by a green light.  The zebrafish had 

this seek period to swim to the accept side before the 12sec shocking period 

started.  If the fish did not swim to the accept side within this seek period, or 

crossed back to the reject side after it has occupied the accept side, a mild 

shock (3V, 500ms duration, at a 1sec interval) was administered until the fish 

returned to the accept side.  After this 24sec trial, there was a 12sec inter-trial 

interval with both sides of the shuttlebox dark.  If the zebrafish did not leave 

the reject side for the entire 24sec trial, for 8 trials in a row, the fish would be 

shocked for the entire 12sec shock period and would “fault out” and the test 

would stop.  Similarly, if the fish left the reject side before the end of the seek 

period and did not cross back to the reject side, the fish would have received 

no shock, if this occurred 8 trials in a row, the fish would “success out” and the 

test would stop.  The second adult cohort was tested between 15 and 

18months, using a modified protocol.  The seek period decreased to 4sec. and 

the inter-trial interval increased to 60sec.  Each individual trial remained a total 

of 24sec (4sec seek, and 20sec shock period), and two sets (a train and test 

session) of 50 trials were conducted, separated by a 1hour rest, with both 

compartments of the shuttlebox in the dark.  Statistical analysis was done 

using code developed in R version 3.0.1 (R Development Core Team 2010) as 

previously described (Chen, An et al. 2011; Truong, Saili et al. 2012; Truong, 

Mandrell et al. 2014).  Briefly, data for each exposure group was fit using 
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linear regression models and intercept and slopes were calculated for each 

parameter.  An analysis of variance (AOV) was used to identify differences in 

regression lines, followed by a Tukey’s Honest Significant Differences (HSD) 

test for pairwise comparisons (Truong, Mandrell et al. 2014). 

Results 

Larval Photo-locomotor Response  

5D wt zebrafish embryos exposed to B[a]P from 6-120hpf exhibited a 

statistically significant hyperactivity swimming phenotype (p<0.05) during the 

dark phase following 10 minutes in the light.  Total distance was calculated for 

the entire 10min light and dark period, in which 1 and 3ppm B[a]P exposed 

animals exhibited a higher average of total movement,  66.6 and 62.4mm 

respectively, over the entire 10min dark period compared to 41.7mm in the 1% 

DMSO controls (Fig. 1a,b).  WT embryos exposed to 1ppm but not 0.1ppm 

B[a]P (in 0.1% DMSO), also exhibited hyperactivity during the dark phase (Fig. 

2a,2b).  For larval behavior analysis in 0.1%DMSO exposures, the dark period 

was divided into two-5min phases (light 1 and light2).  1ppm B[a]P exposed 

larvae showed significant hyperactivity, with an average total distance moved 

of 133mm during the dark excitation phase compared to 91.6mm in 

0.1%DMSO controls (p<0.05).  In both exposure paradigms, there was no 

difference in movement during the acclimation light periods.  To determine 

whether this hyperactivity was AHR2 dependent, AHR2hu2334 null embryos 

were exposed to 1ppm B[a]P or 0.1%DMSO controls and evaluated for 
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behavior changes using the viewpoint system.  AHR2hu2334 embryos exposed 

to B[a]P did not show hyper active swimming compared to AHR2hu2334 DMSO 

controls in the dark, however 1ppm B[a]P AHR2hu2334 animals displayed a 

muted photo-locomotor response following the light dark transition, and 

exhibited a statistically significant decrease in total movement in the dark 

phase compared to DMSO AHRhu22334 controls. (Fig 3a, 3b) 

Learning and Memory in Adult Zebrafish 

Developmental B[a]P exposure resulted in learning differences in adults 

animals.  In our first exposure cohort, zebrafish developmentally exposed to 2 

and 3ppm B[a]P exhibited significant impairment in learning and performance 

in an active avoidance shuttlebox test.  Both 2 and 3ppm B[a]P exposure 

groups had a statistically significant increase in the number of animals that 

failed the test (Table 1), with 32% fault outs for each group compared to 9% 

fault outs in the 1%DMSO controls.  Though the 1ppm B[a]P exposure group 

did not have an increase in the number of fault out animals (8%), this group 

showed a significant decrease in the number of fish which improved (% 

learned) over the course of 50 trials of the test period, measured by the 

shocked parameter.  All three B[a]P exposure groups were shocked 

significantly more than the DMSO controls and showed a significant decrease 

in learning over the 50 trials.  1, 2, and 3ppm B[a]P had a learning rate of 44%, 

32%, and 46% respectively, compared to 60% in the 1%DMSO controls.  
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Our second exposure group, 0.1 and 1ppm B[a]P or 0.1%DMSO, were 

tested using an updated shuttlebox protocol which provided a better 

performance overall, resulting in no significant difference in fault outs.  

Developmental exposure to 1ppm, but not 0.1ppm B[a]P was associated with 

a decreased amount of time shocked in both the train phase, 37.5% learned 

compared to 55% in the control group, and the test phase, 46% learned 

versus 60% learning in the control group (Table 2).  In addition, the 1ppm BaP 

exposed group had a lower overall performance in total shocked time as well 

as the total time on the accept side.  For the total time on accept side, 1ppm 

B[a]P had a lower intercept and smaller slope value (Fig 4a, b, c), with a 

significant difference, p= 1e-5, between treatment and control as well as a 

higher intercept and smaller slope value for the total shocked time, p=0.00037.  

1ppm B[a]P was also associated with a small decrease in the number of 

animals that mastered the shuttlebox assay, “successing out” (Table 2), 

however the difference was not significant. 

Discussion 

Developmental B[a]P exposure leads to an altered larval behavior 

phenotype and differences in adult learning and memory.  In this study we 

used the zebrafish model to evaluate larval and adult behavior effects of low 

dose developmental B[a]P exposure.  Exposure to 1 and 3ppm B[a]P did not 

result in significant malformation incidences in our 5day larval toxicity screen.  

While testing for photo-locomotor responses, we demonstrated that 1 and 
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3ppm B[a]P exposure results in significant hyperactivity in larvae.  This 

behavior phenotype can be used as a sensor for neurological effects of 

developmental B[a]P exposure, and agrees with previous studies in rodents 

and human studies of children exposed to PAHs in utero.  Postnatal B[a]P 

exposure in Sprague-dawley rats showed significant differences in the surface 

righting reflex test at postnatal day 12, 14, and 16; and the negative geotaxis 

test at postnatal day 12 and 14 ((Chen, An et al. 2011)).  Developmental B[a]P 

exposures in children lead to an increase in learning deficiencies and 

behavioral disorders.  (Perera, Rauh et al. 2006) found a significant correlation 

between PAH-adduct levels in cord blood and an increased incidence of 

moderate mental developmental delay in three year olds (using the mental 

development index, MDI).  There was also a PAH-adduct level effect, with 

higher PAH adduct levels positively correlated with MDI.  High PAH-adduct 

levels in cord blood also positively correlated with increased anxiety, 

depression, and attention deficits in older children, ages five and seven 

(Perera and Herbstman 2011).  In addition, a cohort study in Poland found 

associations between in utero PAH exposure and lower reasoning ability and 

intelligence (RCPM cognitive test) in five year old children (Edwards, 

Jedrychowski et al. 2010).   

B[a]P exposure has been shown to cause neurotoxicity in adult rodents 

(Cheng, Xia et al. 2013) where 6.25mg/kg benz[a]pyrene exposure resulted in 

impaired learning of adult Sprague Dawley rats in the morris water maze test 
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and decreased motor activity was observed over 48hours after B[a]P 

administration in F-344 rats (Saunders, Das et al. 2006).  Oxidative damage 

and lipid peroxidation has been measured after acute exposure to B[a]P in F-

344 rats (Saunders, Das et al. 2006) and zebrafish (Timme-Laragy, Van Tiem 

et al. 2009; Van Tiem and Di Giulio 2011).  AHR dependent metabolism of 

B[a]P and its metabolites have been hypothesized to play a role in B[a]P 

neurotoxicity (Chepelev, Moffat et al. 2015).  Developmental B[a]P toxicity is 

AHR2 dependent in zebrafish (Incardona, Collier et al. 2011) and previously, 

we have found 10ppm B[a]P exposure results in oxidative stress and 

mitochondrial damage in embryonic and larval zebrafish (data not shown).  In 

order to determine if AHR2 plays a role in low dose B[a]P larval behavior 

effects in zebrafish, AHR2hu2334 null mutants were used.  AHR2hu2334 larvae 

developmentally exposed to B[a]P did not exhibit a hyperactive phenotype, 

however, the AHR2 B[a]P exposed larvae exhibited a muted increase in 

movement following the light-dark transition and a significant hypoactivity in 

the excitation dark phase. This suggested that AHR2 may play a role in normal 

larval behavior responses, but the absence of AHR2 did not restore larval 

movement to control levels. 

Finally, we wanted to investigate if developmental B[a]P exposure was 

associated with long term behavioral effects.  Both of the adult testing 

protocols we used identified learning and memory differences associated with 

B[a]P exposures but not with the DMSO vehicle.  Animals developmentally 
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exposed to 3ppm B[a]P showed a significant incidence of animals faulting out 

or failing to learn the shuttlebox test.  In addition, the 1 and 3ppm B[a]P 

exposure groups had less animals that improved over the 50 trials and were 

shocked significantly longer in total  than the 1% DMSO controls, suggesting 

these animals were less able to associate the green lighted place with 

impending shock administration in that place.  A second cohort was tested 

with a modified protocol, including the shorter decision-making time of 4sec. 

(seek time) which improved the association between the light stimulus and 

administered shock.  Developmental exposure to 1ppm B[a]P also exhibited a 

significant decrease in learning rate using the total shocked time and was 

associated with decreased performance in the shocked time and time on the 

accept side parameter.  This additional accept side parameter revealed that 

the B[a]P exposed animals had a delayed decision and execution time, 

evaluated by the decrease in intercept and slope compared to 0.1%DMSO 

controls, though there was not a significant difference in learning rates from 

control.  The finding of B[a]P-impaired learning agrees with several studies on 

adult B[a]P exposures mentioned early as well as impaired learning and brain 

function in developmentally exposed adult rodents (McCallister, Maguire et al. 

2008; Chen, An et al. 2011).  Adolescent Sprague Dawley rats (postnatal day 

35) were significantly hyperactive in an open-field test, showed increased 

escape latencies in the morris water maze (postnatal day35 and 75), and had 

delayed changes in latency time in an elevated plus maze in adult rats 
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(postnatal day 75) following postnatal B[a]P exposure (Chen, Tang et al. 

2012).  

Using the zebrafish model we were able to investigate the behavioral 

effects resulting from developmental B[a]P exposure.  We showed that 

developmental B[a]P exposure effected larval behavior, but also impaired 

adult learning and memory.  Our results agree with previously published data 

in rodent models and human studies. We have shown that the zebrafish model 

can demonstrate quantitative differences in larval and adult behavior in this 

model with no outward manifestation of toxicity such as mortality or 

developmental malformation and thus function as a potent sensor technology 

for chemical hazard.  We believe that this is a key advantage; the sensitivity of 

the developing zebrafish combined with the ability to measure complex 

neurological phenotypes in resulting adults is quickly reshaping toxicology in 

the 21st century.   
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Figure 3- 1. Developmental exposure to 1 and 3ppm B[a]P results in 
larval hyperactivity. 
 Zebrafish embryos were exposed to 1 and 3 ppm B[a]P or 1%DMSO from 6-
120hpf, and tested using the Viewpoint Zebrabox (Viewpoint Behavior 
Technlogy).  (a)The photo-locomotor assay consisted of one 10minute 
alternating light and dark periods, the average larval movment of each min is 
shown.  (b)1 and 3 B[a]P treated embryos exhibit a statitsticlly significant 
hyperactivity during the dark period.  Error bars signify std. dev and data with * 
denotes statistical significance (p<0.05).  
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Figure 3- 2. Developmental exposure to 1ppm results in hyperactivity in 
larval animals 
Zebrafish embryos were exposed to 0.1 and 1ppm B[a]P or 0.1%DMSO from 
6-120hpf, and tested using the Viewpoint Zebrabox (Viewpoint Behavior 
Technlogy).  (a)The photo-locomotor assay consisted of one 10minute 
alternating light and dark periods, the average larval movment of each min is 
shown.  (b) 1ppm B[a]P treated embryos exhibit a statitsticlly significant 
hyperactivity during the dark period.  Error bars signify std. dev, and data with 
* denotes statistical significance (p<0.05). 
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Figure 3- 3. B[a]P exposure in AHR2 null embryos results in decreased 
larval activity.   
WT or AHR2null zebrafish embryos were exposed to 1ppm B[a]P or 
0.1%DMSO from 6-120hpf, and tested using the Viewpoint Zebrabox 
(Viewpoint Behavior Technlogy).  (a)The photo-locomotor assay consisted of 
one 10minute alternating light and dark periods, the average larval movment 
of each min is shown.  (b) 1ppm B[a]P treated AHR2 null embryos exhibit a 
hypoactive response during the dark period compared to 0.1%DMSO 
AHR2null embryos.  Error bars signify std. dev and data with * denotes 
statistical significance (p<0.05).  
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Table 3- 1. Developmental exposure to B[a]P significantly affects 
learning and memory in Adults 
This table summarizes differences in B[a]P treated vs control animals learning 
performancein the Shuttlebox test, highlighting the number of failed tests (fault 
outs), successful tests (success outs), the number of fish who learned during 
the test (learners), and those displaying impaired learning measured by an 
increased shock time (shocked time intercept and slope).  Data with * denotes 
statistical significance (p<0.05).  Developmental exposure groups 1, 2, and 
3ppm B[a]P had significantly fewer learners than the 1%DMSO control group, 
and 2 and 3ppm B[a]P animals had a significantly higher number of animals 
faulting out and a higher total shocked time during the Shuttlebox test. 
 
 
 

Treatment N, tested Fault outs Learners Success outs 

Shocked 
Time 

interecept, 
slope 

Pvalue 
compared to 

control  

1% DMSO 45 4 (8.89%) 58.53% 5 (11.1%) 6.204, -0.064 
 1ppm B[a]P 50 4 (8%) 43.48%* 4 (8%) 5.853, -0.036 P=0.017 

2ppm B[a]P 28 9 (32.1%)* 31.58%* 1 (3.57%) 6.866, -0.037 P=0* 

3ppm B[a]P 22 7 (31.8%)* 46.67%* 1 (4.55%) 7.26, -0.088 P=0.019* 
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Table 3- 2. B[a]P developmental exposure leads to differences in Adult 
Learning.   
Developmental exposre to 4µM B[a]P (1ppm) leads to impaired learning in 
adult animals during the train and test sessions.  Adult zebrafish were tested 
using the Shuttlebox, with two sets of 50trials with an hour rest in between.  
Adults developmentally exposed to 1ppm BaP had poorer performance 
compared to the 0.1%DMSO controls, showing a significant decrease in the 
number of animals learning in both the train and test session.  Data with * 
denotes statistical significance (p<0.05). 
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Figure 3- 4. Developmental B[a]P exposure impairs learning in Adults. 
Developmental B[a]P exposure results in poor performance in the Shuttlebox 
test.  There were significant differences in interecept and slope of total 
shocked time (a,b,c) between B[a]P treated and control animals, in both the 
train (red) and test (blue) phases of the Shuttlebox.  Differences in the initial 
and overall performance of the Shuttlebox test correlate with slower learning 
and less retention of learned task between the trial and test phases.    
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Abstract 

Polycyclic aromatic hydrocarbons (PAHs) are environmental 

contaminants present in urban air, dust, soil, and water resulting from 

incomplete combustion of organic materials or fossil fuels and present in crude 

oil and coal.  It is widely recognized that PAHs pose risks to human health, 

especially for the developing fetus and infant.  Using the zebrafish model, we 

evaluated the developmental toxicity of PAHs and oxygen substituted PAHs 

(OPAHs).  Zebrafish embryos were exposed from 6-120 hours post fertilization 

(hpf) to B[a]P, DB[a,l]P, Ba[A]Q, BEZO, and 9,10-PHEQ at concentrations that 

caused no observable developmental malformations.  Using the Seahorse 

Extracellular Flux Analyzer, we measured in vivo respiration in PAH exposed 

embryos at 26hpf.  Exposure to B[a]P, BEZO, and 9,10-PHEQ caused 

decreased oxygen consumption rates, indicative of mitochondrial damage.  

Developmental B[a]P, BEZO, and 9,10-PHEQ exposure also resulted in 

hyperactive swimming at 120 hpf, where as DB[a,l]P and 7,12-B[a]AQ resulted 

in hypoactive behavior.    To determine if behavioral and physiological effects 

persisted, a group of exposed animals were raised to adulthood in chemical-

free water.  We saw strong B[a]P and 9,10-PHEQ -dependent deficiencies in 

learning and performace during an active avoidance paradigm.  BEZO, 

DB[al]P, and 7,12-B[a]AQ animals also showed aspects of impaired learning, 

though not as severe.   A swim tunnel respirometer was used to measure total 

oxygen consumption as a measure of adult cardiovascular fitness.  Animals 
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developmentally exposed to B[a]P, DB[a,l]P, Ba[A]Q, BEZO, and 9,10-PHEQ 

demonstrated differential increases in oxygen consumption rates over control 

animals during strenuous exercise.  These data demonstrate that 

developmental PAH exposure results in important, non-cancer endpoints and 

we can begin to identify the mechanisms underlying these complex responses. 
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Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are environmental 

contaminants present in urban air, dust, soil, and water resulting from 

numerous combustion procedures including diesel and petrol exhaust, burning 

of fossil fuels, and industrial processing of organic materials or fossil fuels  as 

well as crude oil and coal (Howsam and Jones 1998; Andreou and 

Rapsomanikis 2009).  Oxygen-substituted PAHs (OPAHs) are also formed by 

incomplete combustion and industrial processes; in addition to being formed 

as byproducts of photo-oxidation of parent PAHs by UV or atmospheric 

hydroxyl and nitrate radicals, organic and inorganic radicals, and ozone 

(Howsam and Jones 1998; Andreou and Rapsomanikis 2009; Lundstedt et al. 

2007).  PAH and OPAH environmental exposures occur primarily through 

inhalation or ingestion, from sources such as diesel exhaust, cigarette smoke, 

oil and wood burning, industrial processes, and charred foods (Fang et al. 

2004; Yang et al. 2005; Chen and Liao 2006).  Several PAHs and OPAHs are 

mutagenic, produce reactive oxygen species (ROS), oxidative damage, and 

inflammation.  Associations have been found between air pollution and 

disease outcomes such as carcinogenicity, impaired lung function and 

respiratory illness, cardiovascular disease, and neurological effects in children 

and adults (Nielsen et al. 1996; Gunes et al. 2007).  A growing number of 

studies have indicated that development is the most sensitive life stage for 

exposure to PAHs and OPAHs, making the developing fetus, infants, and 
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children more vulnerable.  Prenatal exposures are linked to in-utero mortality, 

lower intelligence, and cardiovascular effects (Perera et al. 1998; Perera et al. 

1999; Tang et al. 2006).     

PAH exposures from maternal smoking have been associated with a 

decrease in oxygen saturation levels, increased carotid artery thickness and 

higher systolic blood preassure and resting pulse rate in both children and 

young adults (Gunes et al. 2007; Smargiassi et al. 2014; Geerts et al. 2008; 

Geerts et al. 2012).  There is also evidence that PAH exposures increased 

bronchitis rates in toddlers, and ambient high PAH air levels were associated 

with wheezing in asthmatic children (Hertz-Picciotto et al. 2007; Gale et al. 

2012).  As reviewed in Ch. 3, prenatal PAH exposures are associated with 

decreased intelligence, learning, and behavioral disorders, where exposure 

was positively associated with childhood delays in mental development, 

intelligence, (Perera et al. 2006; Edwards et al. 2010) and behavior problems 

(Perera and Herbstman 2011).   

The data suggest that exposure to environmental PAHs and OPAHs 

during development leads to adverse health effects in children, and persists 

into adulthood.  In this study, we used larval and adult zebrafish to investigate 

behavioral and energetic effects resulting from developmental exposure to 

PAHs. This study was based on 2 parent PAHs and 3 OPAHs previously 

identified from a large developmental toxicity screen of 38 OPAHs (Knecht et 

al. 2013).  Embryos were exposed until 5 days post fertilization to low doses of 
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OPAHs:  benz(a)anthracene-7,12-dione (7,12-B[a]AQ), 1,9-benz-10-anthrone 

(BEZO), 9,10-phenanthrenequinone (9,10-PHEQ), and PAHs:  benzo[a]pyrene 

(B[a]P), and dibenzo[a,l]pyrene (DB[a,l]P) during development, and raised to 

adulthood to investigate the long-term consequences of a developmental 

exposure.  To characterize acute PAH-exposure, we evaluated mitochondrial 

respiration and behavior in larvae. We then identified outcomes of the 

developmental exposure in the resulting adult zebrafish by measuring oxygen 

consumption rates, learning and memory.  Thus, we demonstrated that the 

zebrafish model is capable of identifying differential changes in behavior and 

physiology resulting in early and late-onset health effects. 

Materials and Methods 

Fish Husbandry   

Adult zebrafish were housed at the Sinnhuber Aquatic Research 

Laboratory (SARL) on a recirculating system with a water temperature of 28 

+/- 1οC and a 14 h light: 10h dark photoperiod.  All experiments were 

conducted with wild type 5D strain zebrafish, and embryos used for 

experiments were collected from group spawns of adults, as previously 

described (Kimmel et al. 1995).  Adult care and reproductive techniques and 

adult behavior and physiology assays were conducted according to the 

Institutional Animal Care and Use Committee protocols at Oregon State 

University. 

Chemicals  
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 Analytical grade standards of PAHs:  benzo[a]pyrene (B[a]P) and 

dibenzo[a,l]pyrene (DB[a,l]P); and OPAHs:  benz(a)anthracene-7,12-dione 

(7,12-B[a]AQ) and 9,10-phenanthrenequinone (9,10-PHEQ) were obtained 

from Sigma Aldrich, :  1,9-benz-10-anthrone (BEZO)  from Fluka.  PAHs were 

dissolved in dimethyl sulfoxide (DMSO) to make a 5 or 10mM master stock 

solution.  Individual stocks were made by diluting the master stock in 100% 

DMSO.  For all exposures, PAH stocks were sonicated in a water bath 

sonicator for 15-20min before each use.   

Developmental exposure  

 Embryos were cleaned and developmentally staged (Kimmel et al. 

1995).  For static exposures, solutions were made at a 1:1000 dilution in E2 

embryo medium (EM) with a final concentration of 0.1% DMSO.  Previously, 

our lab conducted a developmental toxicity screen on a library of commercially 

available oxygenated PAHs (OPAHs), determining the concentration response 

of each (Knecht et al. 2013).  For the OPAH experiments, embryos were group 

exposed in glass vials to 1µM BEZO, 2µM 7,12-B[a]AQ, 0.5µM 9,10-PHEQ or 

0.1% DMSO control. Each group consisted of 40 embryos per vial, in 4mL of 

solution from 6-48 hours post fertilization (hpf) covered with foil, on a rocker at 

28 ̊C.  At 48hpf, embryos were rinsed 4 times with EM and plated in 96well 

plates, one embryo per well, in 100µl of embryo medium until 120hpf.  For 

parent PAH experiments, zebrafish embryos were statically exposed to 0.4 

and 4µM B[a]P and 3.5µM DB[a,l]P from 6-120hpf in 96well plates, one 



101 
 
embryo per well, in 100µl of solution.  At 24hpf, embryos were observed for 

mortality, developmental progression, somites, and notochord malformation 

and total mortality and a suite of malformations at 120hpf (Truong et al. 2011).  

For adult studies, zebrafish embryos were developmentally exposed to PAHs 

from 6-48hpf or 6-120hpf, then rinsed with fishwater several times and grown 

to adulthood. 

Oxygen Consumption at 26hpf   

A XF24 extracellular flux analyzer (Seahorse Bioscience) was used to 

measure the oxygen consumption rate of zebrafish embryos in vivo, as 

described previously (Knecht et al. 2013).  Briefly, zebrafish embryos were 

exposed from 6 to 24hpf to PAHs, then rinsed and placed in 450µl of 

unbuffered fish water (0.003% sea salt) in a XF24 islet plate.  Four embryos 

were placed in each well, and the oxygen consumption and extracellular 

acidification rates were measured before and after the addition of 50µl of 

500µg/ml, 55.6µl of 23µM FCCP, and 61.6µl of 65mM NaAzide.  Four wells 

per treatment were on each seahorse plate, with one to two addition replicates 

tested.  Average OCR values for baseline (before injections) and maximum 

oxygen capacity (following FCCP injection) were calculated using the 

Seahorse XF Reader software and exported as an excel file for statistical 

analysis and graphing.  OPAHs were compared to 0.1%DMSO controls using 

a One way ANOVA, *p<0.05. 

Larval Photomotor Response 
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To evaluate potential behavioral effects of a representative subset of 

parent and OPAHs, Viewpoint Zebraboxes (Viewpoint Life Sciences, Lyon, 

France) were used to evaluate larval photo-motor response following a 10min 

light-10min dark -5min light transition.  Zebrafish embryos were exposed to 

PAHs or OPAHs as described above and tested for behavior differences at 

120hpf using the protocol described in Chapter 3 (Noyes et al. 2015).  Briefly, 

the Viewpoint tracking software was used to track and calculate the distance 

moved in each well of a 96well plate, in one minute intervals over the entire 

25min light-dark assay.  The total movement of each fish was averaged per 

1min time interval for each exposure group over the entire 25min behavior 

test.  The average value of each minute, for the multiple light and dark periods, 

were used in statistical analysis, a one way ANOVA-Tukey’s post hoc test was 

used to analyze significant differences (P<0.05) in larval behavior following 

B[a]P exposure 

Adult Oxygen Consumption Rates 

For adult oxygen consumption measurements, an AutoResp swim 

tunnel and Fibox fiber optic oxygen probe and oxy4 sensor (Loligo Systems, 

Denmark) was used to measure the oxygen consumption rate in groups of 8 

adult zebrafish.  Eight animals per group were weighed prior to the experiment 

and then placed in the large swim tunnel in a 2.5L tank with an oxygen sensor 

connected to the AutoResp software.  Oxygen consumption rate 

measurements (O2mg/kg/hr) were taken every 10 min, consisting of a 240s 
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flush period, in which water was renewed in the swim tunnel with a flush 

pump, then the pump was turned off to create a closed system during a 60s 

wait period, and a 300s measure period, as described in (Masse, Thomas et 

al. 2013).  The zebrafish were given a 30min acclimation period followed by a 

30min free swim at a water flow of 5cm/sec before swimming against a water 

current of 25 and 40cm/sec.  The AutoResp software was used calculate 

oxygen consumption rates from the slope of oxygen depletion.  Three 

measurements were taken at each swimming speed; 5, 25, and 45cm/sec, 

with the mean value used in statistical analysis.  Four to 6 experiments were 

run for each exposure group, with all data points included in analysis had an 

R2 value of 0.8 or higher.  Statistical differences between OPAH exposures 

and 0.1%DMSO was determined by one way anova with a Dunnetts post hoc 

test, *p<0.05 (Thomas and Janz 2011; Marit and Weber 2011, 2012).   

Adult Learning  

Custom built shuttleboxes were used to test differences in learning and 

memory in adult zebrafish, developmentally exposed to OPAHs compared to 

0.1%DMSO controls.  16-18 month old zebrafish were tested using an active 

avoidance conditioning test with a modified shuttlebox setup and protocol 

described in Chapter 3.  The shuttleboxes, previously described (Truong et al. 

2014) were modified in the following ways: the LED lights were relocated to 

the lid, lighting the shuttlebox compartments from above, and new battery cells 

were installed on the shuttlebox board, which increased the shock voltage 
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capability to 24V.  In the Shuttlebox test, zebrafish were conditioned to leave 

an unlit dark side, the “reject side”, and swim to the compartment with blue 

light, the “accept side” during an 8 sec. “seek” period in order to avoid a 

moderate shock.  The test consisted of a 10 minute acclimation period, in 

which both compartments of the shuttlebox were lit with blue light, followed by 

trials consisting of a 8sec. seek period, initiated when the compartment 

occupied by the fish went dark, becoming the reject side.  The zebrafish had a 

8 sec “seek” (decision) period to move across into the blue lighted 

compartment (the accept side), before the 16sec shock period was initiated.  

During the shock period, if the fish occupied the reject side, a moderate pulsed 

electric shock of ~0.7V/cm (9.5V setting) with a duration of 500ms and 1.5sec. 

interval was administered.  Once the zebrafish crossed over to the accept 

side, the shocking would stop, but if the fish crossed back over to the reject 

side the shocking resumed.  After each trial there was a 60sec inter-trial period 

where both compartments were lit with blue lights. Then a new trial would 

begin, repeating for 30trials.  Several parameters were collected at each trial 

for analysis including the “time to accept side”: the time (sec) taken by the fish 

to make the initial crossing from the reject side to the accept side, the “accept 

side”:  the total time (sec) a fish was on the accept side over the entire 24sec 

trial, and the “shocked time”:  the total amount of time (sec) the fish was 

shocked over the 24sec trial.  Statistical analysis methods followed (Truong et 

al. 2014), data were fit using linear regression models and an analysis of 
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variance (AOV) test followed by a Tukeys Significant Differences (HSD) test 

identified statistically significant differences in regression lines between 

exposure groups.  Differences in fault out incidences were analyzed using the 

Fishers exact test, *p<0.05. 

Results 

Seahorse Assay for Oxygen Consumption 

To evaluate in vivo mitochondrial function in low PAH exposure 

concentration embryos, the Seahorse extracellular flux analyzer was used to 

measure the oxygen consumption rate (OCR), a measure of mitochondrial 

respiration, in 26hpf embryos (Fig 1a,b).  A total of 3 exposures (4µM B[a]P, 

0.5µM 9,10-PHEQ, and 1µM BEZO) resulted in significant decreases in the 

OCR baseline, compared to 0.1%DMSO controls.  DB[a,l]P exposed animals 

showed an apparent but insignificant trend toward decreased baseline OCR.  

B[a]P, 9,10-PHEQ, and BEZO also caused a decrease in the maximum 

oxygen capacity, measured after addition of the mitochondrial uncoupler 

FCCP.  DB[a,l]P and 7,12-B[a]AQ exposures did not result in oxygen 

consumption differences. 

Larval Photomotor Response  

OPAHs and PAHs both resulted in differential larval behavior in the 

dark at 120hpf (Fig 2a,b,c,d) following developmental exposure.  Larvae 

exposed to 1µM BEZO and 0.5µM 9,10-PHEQ displayed significant 
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hyperactivity in the dark excitation phase following a light-dark transition, with 

no differences in total movement in the light phase.  Significant hypoactivity 

throughout both the excitation and acclimation phases of the dark period was 

observed in 2µM B[a]AQ and 3.5µM DB[a,l]P exposed animals. 

Adult Oxygen Consumption Rates 

An AutoResp swimtunnel and oxygen probe (Loligo Systems) was used 

to measure in vivo oxygen consumption rates (O2mg/kg/hr) at rest and during 

exercise for groups of 8 adult zebrafish (4males and 4females).  Adult animals 

developmentally exposed to 4µM, but not 0.4µM B[a]P, showed a significant 

increase while swimming against a 45cm/sec current, 2112.5mgO2/kg/hr 

compared to 0.1%DMSO controls, 1340.9mgO2/kg/hr.  There was an increase 

in oxygen consumption at 25cm/sec in 0.4µM B[a]P group and at 5 and 

25cm/sec in 4µM B[a]P, but it was not statistically significant.  To determine if 

this increase in oxygen consumption was sex dependent, groups of males and 

females were tested separately.  Both 0.4 and 4µM B[a]P exposed females 

displayed a significant increase in oxygen consumption rates during exercise, 

with statistically significantly higher OCR at 25 and 45cm/sec (Fig3a,b).  In 

addition, 0.4µM B[a]P exposed animals had increased oxygen consumption at 

5cm/sec swim velocity, before and after exercise.  Oxygen consumption rates 

in male animals were highly variable, and though showing slight increases in 

OCR during exercise, were not statistically significant.  In 3.5µM DB[a,l]P 

exposed animals, females showed significantly decreased OCR at baseline 
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before and after exercise and during 25 and 45cm/sec swimming.  Male 

animals in the 3.5µM DB[a,l]P exposure group also had a decrease in baseline 

OCR, and a small, but significant increase in OCR at 45cm/sec swimming.  

Developmental exposure to select OPAHs also caused differences in oxygen 

consumption rates.  In groups of 8 females, 0.5µM 9,10-PHEQ, 2µM 7,12-

B[a]AQ, and 1µM BEZO exposed animals showed a significant increase in 

their baseline oxygen consumption rate; 1751.8, 1632.4, and 2144.2 

mgO2/kg/hr respectively, compared to 1125.5 mgO2/kg/hr in 0.1%DMSO 

female controls.  In addition, 0.5µM 9,10-PHEQ and 1µM BEZO, but not 2µM 

7,12-B[a]AQ animals had significant increased OCR during exercise at 25 and 

45cm/sec and at rest (5cm/sec) following exercise.  In males, only 1µM BEZO 

showed an increase in baseline OCR, while 0.5µM 9,10-PHEQ and 1µM 

BEZO exhibited increased OCR at 25cm/sec, but not at 45cm/sec (Fig3c,d).   

Learning and Memory in Adult Zebrafish  

Developmental exposure to a subset of OPAHs resulted in differential 

impaired learning, memory, and performance in an active avoidance 

shuttlebox test (Table1).  Animals exposed to 9,10-PHEQ performed the 

poorest of the group, with a delayed time to accept Fig 4a, indicated by a 

higher intercept value and smaller learning slope (+1.11, p=0.0015).  9,10-

PHEQ also showed impaired learning and test performance having a lower 

total time on the accept side (-1.69, p=0) and a higher shocked time over the 

30trials (+1.31, p=0) Fig. 4b.  Significantly impaired learning was observed in 
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adults from developmental exposures to BEZO, 7,12-B[a]AQ and DB[a,l]P.  

DB[a,l]P, 7,12-B[a]AQ, and BEZO animals took more time to swim to the blue 

accept side overall (time to accept values of  the light; +1.16, p=1e-4, +0.91, 

p=0.017, and +0.53, p=0.037, respectively), and had decreased accept side 

time ( -1.16, p=0.0013 in DB[a,l]P animals, -0.75, p=0.023 in 7,12-B[a]AQ 

animals, and -0.64, p=0.014 in BEZO animals).  The DB[a,l]P and 7,12-B[a]AQ 

groups started the test with a higher shock time, however the difference 

between groups over the 30 trial test were not statistically significant.  The 

9,10-PHEQ exposure group was the most adversely affected, having the worst 

performance and learning compared to controls and getting shocked 

significantly more over the 30trials.  DB[a,l]P, 7,12-B[a]AQ, and BEZO 

exposed animals had similarly impaired learning and performance in the 

shuttlebox test.      

Discussion 

The zebrafish model was utilized to investigate PAH-dependent effects 

on behavior and energetics in larval and adult zebrafish where distinct adverse 

responses were found among the 5 PAHs tested.  To understand whether 

behavioral larval responses could predict long lasting effects, exposed animals 

grown to adulthood underwent a series of tests assessing learning and 

memory in adults.  Developmental PAH exposures differentially affected larval 

behavior, and also learning, and memory in adults.  We evaluated the photo-

locomotor response in larvae and found that the 1µM DB[a,l]P and 2 µM 7,12-
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B[a]AQ groups had a significant hypoactivity during the dark phase following a 

transition from light.  Chemicals, such as ethanol, nicotine, nanomaterials, and 

multiple halogenated organophosphate flame retardants have been shown to 

elicit a hypoactive phenotype in zebrafish (Noyes et al. 2015; MacPhail et al. 

2009; Truong et al. 2012; Crosby et al. 2015).  The 1µM BEZO and 0.5µM 

9,10-PHEQ groups responded similarly to B[a]P exposure group (Chapter 3), 

where larval animals exhibited a significant increased total movement in the 

dark.  DB[a,l]P and 7,12-B[a]AQ  were both associated with hypoactivity in 

larval animals, and learning deficits in adult animals, though the adult learning 

deficiency was more variable between these compounds, with 9,10-PHEQ 

exhibiting significantly more pronounced deficiencies in learning and memory.  

This correlation between larval and adult behavior may be similar to B[a]P 

rodent studies, where decreased sensory and mobility performance, using the 

righting reflex test and geotaxis test, in pre-weanling Sprague Dawley rats was 

associated with learning and memory deficiencies in the same animals as 

adults (Chen et al. 2001). 

Exposure to 9,10-PHEQ during development was the most detrimental 

treatment to learning and memory in adult zebrafish. Decision making 

performance in the shuttle box was slowed and hence, shock avoidance 

performance decreased which suggested that the 9,10-PHEQ group did not 

learn as well as control animals. DB[a,l]P,  7,12-B[a]AQ, and BEZO animals 

displayed a similar though less severe learning deficiency.  This is similar to 
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rodent studies where animals developmentally exposed to B[a]P and TCDD 

failed to learn a set of level pressing tasks with increasing complexity 

(Chepelev et al. 2015).  The use of a morris water maze test in adult rats that 

were developmentally exposed to B[a]P revealed slower learning and poorer 

memory retention of the task (Chen et al. 2012; McCallister et al. 2008).         

PAH exposure is known to target the cardiovascular system and 

developmental PAH exposures have previously been associated with cardiac 

toxicity in zebrafish (Incardona et al. 2011).  Many of those observations of 

toxicity were based on the induction of visibly apparent cardiac problems such 

edema and bradycardia. We sought here to determine if low dose OPAH 

exposures; producing no overt indications of cardiovascular malformation or 

irregularity, could still yield detectable cardiovascular phenotypes. The long-

range goal of this initial effort was the feasibility of using relatively simple 

measures of zebrafish cardio-fitness as a biosensor of PAH contamination.  

Thus, we measured physiological fitness as decreased mitochondrial 

respiration and oxygen consumption rates in juvenile and adults animals 

derived from developmental exposures. Even at low dose exposures, B[a]P, 

BEZO, and 9,10-PHEQ animals exhibited a significant decline in the OCR 

baseline, indicating mitochondria dysfunction.  We also observed lowered 

mitochondrial respiration at maximum oxygen capacity, measured after the 

addition of the uncoupler, FCCP.  PAH-induced alterations in mitochondrial 

respiration are indicative of mitochondrial damage and shifts in cell 
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bioenergetics, likely a result of oxidative stress (Dranka et al. 2011).  Some 

environmental exposures can result in mitochondrial damage and loss of 

mitochondria membrane potential (MMP).  Quinones can reduce mitochondria 

potential in liver mitochondria (Xia et al. 2004) and TCDD and B[a]P reduces 

mitochondrial potential resulting in mitochondrial dysfunction and apoptosis 

(Shertzer et al. 2006; Nie et al. 2014).  Oxidative damage is a potential cause 

of mitochondrial dysfunction, and changes in mitochondrial efficiency can be a 

sensitive marker of exposure (Shertzer et al. 2006). 

In the swim tunnel respirometer, total oxygen consumption was 

measured in groups of 8 adult animals during rest and exercise.  We found 

that 4µM B[a]P exposed animals, when adults had increased oxygen 

consumption during exercise (45cm/sec current). However, in preliminary 

studies (4 and 12µM, B[a]P in 1%DMSO exposure group) we noted 

significantly increased oxygen consumption rates at rest and both swimming 

speeds.  When we tested groups of 8 adult males or females separately to 

determine if sex-related differences were present we saw that 0.4 and 4µM 

B[a]P females had a significant increase in oxygen consumption rates (25 and 

45cm/sec, respectively).  Though this was surprising initially, sex-related 

differences in xenobiotic toxicity are seen in some aquatic species.  

Hepatocyte cultures from European flounder measured increased levels of 

G6PDH, phase II biotransformation enzymes, and glutathione in males 

compared to females, after a 24hr exposure to H2O2, NF, or B[a]P (Winzer et 
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al. 2002).  Differences in oxidative stress were observed as well; with H2O2 or 

B[a]P producing higher levels of reactive oxygen species (ROS), and lipid 

peroxidation following B[a]P exposure, in females compared to males (Winzer 

et al. 2002; Winzer et al. 2001).  Another study reported significantly higher 

incidences of lipid accumulation in females and higher frequencies of 

neoplastic lesions, adenomas and malignant carcinomas in female livers 

compared to males of flounder from a polluted estuary site (Koehler 2004).  

Due to these potential sex-related differences in oxygen stress and lipid 

peroxidation, further oxygen consumption measurements were evaluated 

separately for each sex.  9,10-PHEQ and 7,12-B[a]AQ exposed females had a 

significant increase in baseline OCR, while the males did not. BEZO exposed 

animals showed a significant increase in baseline in both males and females.  

BEZO and 9,10-PHEQ also showed a significant increase in oxygen 

consumption in both males and females during exercise, however males were 

only significantly increased at 25cm/sec.  The 7,12-B[a]AQ exposure group did 

not exhibit a difference in oxygen consumption during exercise.  Similar results 

have been seen in zebrafish, where embryos exposed to 75 and 100% 

industrial effluent showed significantly increased oxygen consumption at a 

swimming speed of 30cm/sec (Smolders et al. 2002).  Increased triglycerides 

and glycogen energy stores were detected, and correlated with increased 

oxygen consumption in adult zebrafish exposed to selenomethionite and 2,4-

dinitrophenol.  These fish also showed a decreased Ucrit speed, the maximum 
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speed at which a fish swims to exhaustion.  Taken together, these 

characteristics suggest elevated fat levels and increased oxygen consumption 

may be due to PAH-modified energy metabolism (Thomas and Janz 2011; 

Marit and Weber 2011; Masse et al. 2013).  Contrary to B[a]P and the OPAHs, 

the DB[al]P animals exhibited a decrease in oxygen consumption rates during 

free swimming; and in females, this also occurred against a swim current.  

Decreased oxygen consumption can result from impaired energetics.  Selenite 

exposure in zebrafish was associated with decreased oxygen consumption, 

active metabolic and aerobic scope rates, and accompanied by a significantly 

lower Ucrit speed.  These altered energetic parameters could be due to 

interference of oxygen uptake, oxygen transport to tissues, or oxygen 

utilization (Masse et al. 2013).    

In addition to deficits in bioenergetics, differences in oxygen 

consumption could be due, in part, to cardiovascular changes.  Numerous 

PAHs are linked to cardiovascular disease and malformations in heart 

formation.  B[a]P exposure in the developing zebrafish causes severe 

pericardial edema, slower heartbeat and arrhythmia, decreased atrial and 

ventrical diameter, and reductions in end-diatolic and end-systolic volumes 

(Incardona et al. 2011; Huang et al. 2012; Huang et al. 2015).  Additionally, 

human studies investigating developmental PAH exposures have found links 

to heart and lung function effects.  These studies found associations where 

maternal smoking lead to young children exhibiting decreased oxygen 
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saturation levels, increased blood pressure and pulse rates, increased carotid 

artery thickness and higher systolic blood pressure (Gunes et al. 2007; 

Smargiassi et al. 2014; Geerts et al. 2008; Geerts et al. 2012).  Exposure to 

PAHs (including from PM2.5 pollution) can also increase bronchitis incidences 

in younger children, increase wheezing in asthmatic children and decrease 

respiratory function in school aged children (Rabadan-Diehl et al. 2012). 

Conclusion 

It is becoming increasingly clear that environmental PAH exposures 

during development can lead to childhood effects and disease susceptibility in 

adults and our zebrafish data supports this.  In this study, we used the 

zebrafish model to comprehensively evaluate learning and memory as well as 

physiological characteristics in larval and adults exposed to PAHs during 

development.  Our findings suggest this diverse set of data may be predictive 

of adult disease susceptibility and that the model functions as a sensitive 

biosensor for multiple dimensions of chemical hazard.    
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Figure 4- 1. Developmental exposure to OPAHs result in decreased 
mitochondrial respiration 
OPAH exposures affect mitochondrial function, (a) Zebrafish embryos were 
exposed to OPAHs from 6-24hpf, then measured for oxygen consumption rate 
differences using the Seahorse XF (Seahorse Bioscience) before and after 
perturbing the oxygen transport chain.  (b) Exposure to B[a]P, 9,10-PHEQ, 
and BEZO caused significant decreases in baseline and maximum oxygen 
capacity (following FCCP injection) in 26hpf embryos.  *p < 0.05 
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Figure 4- 2. Developmental OPAHs affect larval behavior. 
Zebrafish embryos were exposed to OPAHs from 6-120hpf, and tested using 
the Viewpoint Zebrabox (Viewpoint Behavior Technlogy).  (a,b)The photo-
locomotor assay consisted of one 10minute alternating light and dark periods, 
the average larval movment of each min is shown.  (c,d) BEZO and 9,10-
PHEQ treated embryos exhibit a statitsticlly significant hyperactivity during the 
dark period, while 7,12-B[a]AQ and DB[a,l]P exposed animals had a 
hypoactivity phenotyp in the dark.  Error bars signify std. dev and data with * 
denotes statistical significance (p<0.05). 
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Figure 4- 3. Developmental exposure to B[a]P and OPAHs lead to 
increases in female oxygen consumption, during free swimming or 
excercising against a current. 
Differences in oxygen consumption rates between groups of males and 
females (a) and females only (b,d) exposed to B[a]P were found, with females 
showing a more robust increase in oxygen consumption rates.  Differences in 
oxygen consumption were also found in OPAH exposed animals, with 9,10-
PHEQ and BEZO exposed animals having increased oxygen consumption 
compared to controls. *p<0.05 
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Table 4- 1. OPAH exposures lead to impaired learning in adults.   
Shuttlebox testing reveals impairment in learning and memory.  Parameters tested reveal differences in the initial decision 
time (time to accept), the total time on the non-shocking compartment (accept side) and the total time shocked during 
each trial (shocked time).  OPAH exposure animals have learning deficiencies, with 9,10-PHEQ having the largest 
difference in performance, compared to 0.1% DMSO controls.   
 

 
 
 
 

Adult Learning Assay 9,10-PHEQ 7,12-BaAQ BEZO
Time to Accept Impaired, pos diff=1.11, p=0.00015 impaired, pos diff=0.91, p=0.17 impaired pos diff=0.53, p=0.037

Accept Side impaired, neg diff=1.69, p=0 impaired, neg diff=0.75, p=0.023 impaired neg diff=0.64, p=0.014
Shocked Time impaired, pos diff=1.31, p=0 NOT SIG, pos diff=0.205 NO CHANGE
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Figure 4- 4.  Developmental exposure to 9,10-PHEQ results in learning 
and memory deficiencies in adult animals.  
Performance of 0.5µM 9,10-PHEQ in the shuttlebox learning test, each data 
point represents an individual fish, representing (a) the initial decision making 
time (time to accept) and the total shocked time (b) for each trial of the 
Shuttlebox test.  9,10-PHEQ animals (red) have a slower decision time and 
are shocked more than 0.1% DMSO controls (blue).  
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Abstract 

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental 

contaminants present in urban air, dust, soil, and water resulting from 

incomplete combustion of organic materials or fossil fuels and present in crude 

oil and coal.  It is widely recognized that PAHs pose risks to human health, 

especially for the developing fetus and infant, and it is becoming increasingly 

clear that environmental PAH exposures during development lead to childhood 

effects and disease susceptibility in adults.  In our studies discussed 

previously, chapters 2 – 4, we used the zebrafish model to evaluate learning 

and memory, as well as physiological characteristics in larval and adults 

exposed to PAHs.  A dominant phenotype pattern was shared between B[a]P, 

BEZO, and 9,10-PHEQ; with similar effects in 24hpf oxygen consumption, 

larval behavior, and adult OCR during swimming and exercise.  In the present 

study, we used mRNASEQ analysis at 48hpf to identify early transcriptional 

changes, and significant biological processes, which was then used in a 

correlation analysis for comparison to later biological endpoints.  Preliminary 

results identified the neurophysiological pathway of visual perception as 

positively correlated with 5dpf larval behavior.  Further analysis of behavior 

and mitochondrial function phenotypes will help confirm the biological 

pathways involved in larval and adult phenotypes and help create a better 

model for these adverse outcomes.  
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Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are environmental 

contaminants formed from incomplete combustion, including industrial 

processes, diesel exhaust, and burning of organic materials (Yang et al. 2002; 

Fang et al. 2004; Chen and Liao 2006).  They are present in ambient air, soil, 

and water of rural and urban areas and industrial and hazardous waste sites.  

There are many classes of PAHs, but one of the most ubiquitous class is 

oxygen substituted PAHs (OPAHs), which are formed by numerous 

combustion processes, in addition to being photo-oxidation byproducts 

(Lundstedt et al. 2007).  Human exposures to PAHs and OPAHs occur 

primarily through inhalation, dermal contact, or ingestion and many are known 

to be mutagenic or carcinogenic, cause inflammation, impaired lung function, 

and cardiovascular and neurological effects in both children and adults 

(Nielsen et al. 1996; Rabadan-Diehl et al. 2012).  Recent research indicates 

these risks are heightened during development, making the developing fetus, 

infants, and small children potentially more vulnerable to PAH and OPAH 

exposures.  As discussed previously in Ch. 2 and 3, prenatal exposure to 

PAHs has been associated with in utero mortality, smaller head circumference 

and body length (Perera et al. 1998; Perera et al. 1999; Tang et al. 2006); and 

long lasting effects on cardiovascular, lung function, lower intelligence, and 

behavior problems in children and young adults (Smargiassi et al. 2014; 
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Gunes et al. 2007; Geerts et al. 2008; Geerts et al. 2012; Perera et al. 2006; 

Perera and Herbstman 2011; Edwards et al. 2010). 

Some, but not all PAHs are ligands of the aryl hydrocarbon receptor 

(AHR).  Once a PAH binds to AHR, the AHR translocates to the nucleus, 

where it binds to its dimerization partner, the AHR nuclear trans locator protein 

(ARNT). AHR activation leads to altered gene expression of a number of 

downstream targets, including the xenobiotic metabolizing enzyme CYP1A. 

CYP1A is a biomarker for AHR activation and is used to categorize PAHs as 

AHR modulators.  In zebrafish, many PAHs, such as B[a]P, have been shown 

to be AHR dependent, while some can be AHR-isoform dependent, or AHR-

independent (Incardona et al. 2006; Incardona et al. 2011).  Previously, our 

laboratory conducted an OPAH developmental toxicity screen in larval 

zebrafish where we identified dose-dependent morphological effects, AHR2 

dependency, and the role of oxidative stress in OPAH toxicity.  From this large 

dataset, we clustered the OPAHs based on their characteristics and chemical 

structure, and proposed three different toxicity pathways.  For each of these 

different pathways we selected one representative OPAH:  9,10-

phenanthrenequinone (9,10-PHEQ), benz(a)anthracene-7,12-dione (7,12-

B[a]AQ), and 1,9-benz-10-anthrone (BEZO) (Knecht et al. 2013).  9,10-PHEQ 

is a 3 ring oxygenated structure that does not induce CYP1A protein 

expression when measured by immunohistochemistry (IHC). It is extremely 

toxic in zebrafish, resulting in mortality at 2µM and above, and is hypothesized 



130 
 
to be AHR-independent.  The chemicals 7,12-B[a]AQ and BEZO are both 

oxygenated 4-ring structures that induced similar profiles of toxicity, but only 

7,12-B[a]AQ induced CYP1A expression. BEZO did not induce CYP1A 

expression, which led us to conclude it was also AHR independent.  However, 

it was recently demonstrated that morpholino knock down of AHR2 protects 

against BEZO toxicity in zebrafish (Goodale et al. 2015), suggesting BEZO 

toxicity is AHR2 dependent.  Based on these results of this representative 

subset, we further investigated the developmental toxicity of the 3 OPAHs 

(BEZO, 7,12-B[a]AQ, 9,10-PHEQ) and 2 parent PAHs (B[a]P and DB[a,l]P) for 

effects on larval and adult behavior, energetics, and physiology (Ch.3). 

In this study, we conducted whole-transcriptomics analysis using RNASEQ to 

identify transcriptional profiles, biological processes, transcription factors and 

other early molecular changes that may underlie these adverse biological 

effects. A similar dominant phenotype pattern was observed between B[a]P, 

BEZO, and 9,10-PHEQ that was further analyzed using correlation analysis for 

the following endpoints: embryonic mitochondrial respiration, larval hyper-

active behavior, and oxygen consumption rates in adults.  This data analysis 

will help in further characterization of different PAHs, grouping based on 

biological response and unique transcriptional signatures.  Here in this 

manuscript, we exploit the zebrafish model to investigate the mechanisms for 

these PAH-dependent biological effects. 
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Materials and Methods 
 
Chemicals  

Analytical grade benz(a)anthracene-7,12-dione (7,12-B[a]AQ), 9,10-

phenanthrenequinone (9,10-PHEQ), benzo[a]pyrene (B[a]P), and 

dibenzo[a,l]pyrene (DB[a,lP) were purchased from Sigma-Aldrich.  Analytical 

grade 1,9-benz-10-anthrone (BEZO) was purchased from Fluka.  Chemicals 

were dissolved in dimethyl sulfoxide (DMSO) to 5 or 10mM stocks.  PAH 

stocks were sonicated for 15min before each use. For chemical exposures, 

dilution stocks in 100% DMSO were diluted to a final concentration of 1% 

DMSO by diluting 1:100 in embryo media. 

Fish Husbandry   

Adult zebrafish were housed on a recirculating system, with a water 

temperature of 28 +/- 1C, and on a 14 h light: 10h dark photoperiod at the 

Sinnhuber Aquatic Research Laboratory (SARL). All experiments were 

conducted with 5D Tropical embryos, collected from group spawning of adult 

zebrafish.  Adult care and reproductive techniques were conducted according 

to Institutional Animal Care and Use committee protocols at Oregon State 

University. 

Developmental Toxicity 

For RNA sequencing experiments, embryos were cleaned and 

developmentally staged (Kimmel et al. 1995), then exposed to single 

concentrations of 1.2µM 9,10-PHEQ, 10µM BEZO and 7,12-B[a]AQ, 35µM 
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DB[a,l]P, and 40µM B[a]P, or 1% DMSO vehicle control from 6 – 48 hours 

post fertilization (hpf). Embryos exposed to OPAHs (9,10-PHEQ, BEZO, and 

7,12-B[a]AQ), were batch exposed in glass vials with 20 embryos in 2ml of 

solution, and 4 replicates per group.  Exposure vials were covered with foil and 

placed on a rocker at 28C, from 6-48 hours post fertilization (hpf).  PAH 

exposures (B[a]P and DB[a,l]P) were performed in foil covered 96 well plates, 

with one embryo per well, in 100µL of solution from 6-48hpf.   

For the phenotypic correlation analysis, the Viewpoint ZebraBox 

(software version 3.0, Viewpoint Life Sciences, Lyon, France) behavior assay 

was repeated with a dose response encompassing both the low exposure 

grow out concentrations (Ch4) and the high exposure RNASEQ 

concentrations above, using the lab’s standard procedure for developmental 

toxicity assessments. Embryos were enzymatically dechorionated (Mandrell et 

al. 2012), and exposed with 100µL of solution in replicate 96 well plates. 

Chemicals were dispersed using a Hewlett-Packard D300 Digital Dispenser, 

for final concentrations ranging from 0.1 to 40µM (in 1%DMSO) to capture the 

appropriate concentration ranges for the individual compounds.  Embryos 

were evaluated for developmental delay and mortality at 24hpf and for a suite 

of malformation endpoints and total mortality at 120hpf (Truong et al. 2011). 

RNA Isolation  

For RNA sample collection, four replicate groups of 20 embryos were 

rinsed and collected on ice at 48hpf in snap-safe Eppendorf tubes containing 
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0.5mm zirconium oxide beads.  Samples were homogenized in RNAzol 

(Molecular Research Laboratory) using a Bullet Blender and stored at -80 C 

until RNA isolation.  Total RNA was isolated using isopropanol precipitation 

and quantified using a SynergyMx microplate reader (Biotek) with the Gen5 

Take3 module to calculate 260/280 O.D. ratios.  In addition, an Agilent 

Bioanalyzer 2100 was used to confirm integrity (RIN score >9) and the three 

samples with highest yield and greatest purity were used for RNASEQ. 

Paired-end mRNA Sequencing  

Total RNA samples were sent to the University of Oregon Genomics 

Core Facility where 50 base pair paired-end sequencing was conducted using 

an Illumina HiSEQ 2000 sequencer.  Following a previously published protocol 

(Goodale et al. 2015).  To summarize, mRNA was isolated from total RNA 

samples, then fractionated, and libraries for sequencing were prepared from 

custom barcodes.  Sequencing files were analyzed within the Oregon State 

University Center for Genome Research and Biocomputing (CGRB) core.  

Sequences were filtered using Illumina quality scores and analyzed for quality 

using FastQC analytical software (Babraham Bioinformatics). Read ends were 

trimmed to exclude low quality sequences (Goodale et al. 2015).    

Sequence Mapping, Transcriptome Assembly, and Statistical Analysis 

RNAseq analysis was performed at the CGRB using the Tuxedo suite 

pipeline as described in (Goodale, La Du et al. 2015).  Tophat version 2.0.7 

(Trapnell et al. 2009) aligned paired-end sequence reads to the Danio rerio 
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genome assembly Zv9 using parameters:  50bp minimum intron length, 10000 

bp maximum intron length, 200 mate pair inner distance, 150 bp mate pair 

inner distance standard deviation.  Transcripts were assembled using Cufflinks 

and merged using Cuffmerge using Zv9 to guide the assembly (Trapnell et al. 

2013).  Analysis of differential expression was performed with CuffDiff to 

identify the significant transcript expression for each exposure group 

compared to control. 

Bioinformatics Analysis   

The Bioinformatics Research Manager software was utilized to map 

zebrafish identifiers from RNASEQ to human orthologs for downstream 

bioinformatics analysis based on Zv9 transcriptome (Tilton et al. 2012).  

Genes that did not have human orthologs were still included in the 

bioinformatic analysis using their zebrafish identifier. Functional enrichment 

statistics were calculated using Metacore (Thomson Reuters, Philadelphia, 

PA) to identify the most significant biological processes altered for each 

treatment.  The statistical scores were calculated using a hypergeometric 

distribution where the p-value represents the probability of a particular 

mapping arising by chance for experimental data compared to the 

background, which was different for each data type (Nikolsky et al. 2009).  To 

identify enriched transcription factors upstream experimental data, the 

Statistical Interactome tool (MetaCore) was used to measure the 

interconnectedness of genes in the experimental dataset relative to all known 
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interactions in the knowledgebase.  Statistical significance of over-connected 

interactions was calculated using a hypergeometric distribution.  The 

background for all calculations included all transcripts identified by RNAseq.  

Significant genes (q<0.05) and pathways (p<0.05) were clustered by treatment 

with unsupervised bidirectional hierarchical clustering with Euclidean distance 

metric and centroid linkage clustering.  The clustering algorithms, heat map 

visualizations and centroid calculations were performed with Multi-Experiment 

Viewer (Saeed et al. 2003).  Networks were constructed for experimental data 

using an algorithm that identifies the shortest path (Metacore) to directly 

connect nodes in the dataset. 

Phenotype Anchoring 

Correlation analysis between biological endpoints and gene expression 

data was performed using least squares regression and Spearman correlation 

to investigate the correlation between differential gene expression at 48hpf 

and larval and adult phenotypes.  Biological processes were used to identify 

pathways that best correlated with each endpoint, based on p-values for all 

data. 

Results 

Phenotypic Anchoring  

Previously, we evaluated PAH-dependent behavioral and energetic 

changes in developmentally exposed zebrafish.  To begin to evaluate what 

potential role early transcriptional changes could have on larval or adult 
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phenotypes, and to determine if both the low grow out concentration and the 

higher RNASEQ concentration had matching phenotypes, we conducted 

120hpf behavior studies at the higher RNASEQ concentration.  Looking at 

biological endpoints across larval and adult assays (Fig4), a dominant 

phenotype emerges between B[a]P, BEZO, and 9,10-PHEQ.  We investigated 

this relationship using a correlation analysis for each endpoint in the dominant 

phenotype: 24hpf OCR, 5dpf behavior, and Adult Oxygen Consumption during 

exercise.  A variety of process are correlated with all three endpoints, however 

the neurophysiological processes and visual perception pathways positively 

correlate with 5dpf behavior (Fig5). 

Comparative mRNA Expression Using RNASEQ 

We used whole genome RNASEQ analysis to identify global mRNA 

expression changes induced by 3 OPAHs (BEZO, 7,12-B[a]AQ, and 9,10-

PHEQ), and 2 parent PAHs (B[a]P and DB[al]P), in 48hpf embryos 

developmentally exposed from 6-48hpf.  Significant changes in gene 

expression were determined using CuffDiff, with comparisons for each 

treatment vs. control.  Differential transcriptional responses for each treatment 

group are summarized in Fig (1C).  We found the largest transcriptional 

response in DB[a,l]P treated animals, with 3339 transcripts significantly 

differentially expressed, of which 1572 were elevated and 167 were reduced 

relative to the DMSO exposed controls.  9,10-PHEQ exposure had a large 

transcriptional response as well, differentially expressing 1098 transcripts, with 
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598 upregulated and 500 downregulated.  We found 736 differentially 

expressed transcripts in 7,12-B[a]AQ exposed animals, with 393 elevated and 

413 reduced.  BEZO treatment affected 383 genes, with 233 elevated and 150 

reduced.  Low (4µM) and high (40µM) dose B[a]P exposure disrupted the 

fewest number of genes, with 177 transcripts; 147 elevated and 30 reduced, 

and 231 transcripts; 153 elevated and 78 reduced respectively.  DB[a,l]P and 

B[a]P shared 145 common misregulated transcripts, 47 of those were also 

common to low dose B[a]P (FIG).  However DB[a,l]P uniquely differentially 

expressed 3133 transcripts, compared to 73 in high dose B[a]P and 56 in low 

dose B[a]P (Fig 1A).  Among OPAHs, 64 transcripts were shared between 

9,10-PHEQ, BEZO, and 7,12-B[a]AQ, with each OPAH uniquely expressing 

900, 153, and 166 transcripts, respectively (FIG1B).  We performed 

bidirectional-hierarchical clustering on all significant genes in any treatment, 

q<0.05, with a heatmap showing all differentially expressed genes across all 5 

treatments.  There were two treatment clusters that were more similar to each 

other; BEZO and 7,12-B[a]AQ and low and high dose B[a]P clustered together 

(FIG2A).  DB[a,l]P showed a unique set of transcripts expressed compared to 

the other chemicals.  The total intercept for significant genes was 4370 

(Fig2A).  The most significantly increased expression cluster (FIG2B), which 

included transcripts such as cyp 1a, cyp 1b1, gstp2, ctsl.1, and dhrs 131, was 

conserved among all five chemicals. 
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Discussion 

Using RNASEQ, we evaluated the transcriptional differences between 

parent and oxygen-substituted PAH exposed animals at 48hpf.  Bidirectional 

clustering allowed us to group these different PAHs by global gene expression 

changes. DB[a,l]P had a distinct gene expression profile, and differentially 

expressed a substantially higher number of genes, clustering separately from 

B[a]P and the OPAHs.  A recent global gene expression analysis comparing 

mouse skin samples previously treated with B[a]P, DB[a,l]P or coal tar 

mixtures showed a divergent set of gene expression and biological pathways 

affected following DB[a,l]P exposure (Tilton et al. 2015).  BEZO and 7,12-

B[a]AQ exhibited similar malformation profiles in our developmental screen 

(Chapter 2), and clustered together in a distinct pair (Fig 2), though they 

showed differential AHR activation.  Further studies between these two 

OPAHs revealed similar AHR2 dependent toxicity, where AHR2 morpholino 

knockdown rescued the toxicity phenotype at 120hpf (Goodale et al. 2015), 

suggesting AHR2 dependent toxicity for both BEZO and 7,12-B[a]AQ.  In 

agreement with a complementary study, the most significant biological 

processes (cell-matrix interactions, response to hypoxia and oxidative stress, 

iron transport and protein folding in ER and cytoplasm) were similar for both 

BEZO and 7,12-B[a]AQ (Goodale et al. 2015).  However, comparison of gene 

expression data between these 2 OPAHs also revealed unique biological 

processes such as complement systems, IL-6 signaling, and Kallikrein-Kinin 
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systems were enriched for 7,12-B[a]AQ, and visual perception was highly 

perturbed in BEZO animals. Interestingly, 9,10-PHEQ was associated with this 

clustered pair, though many of the most highly induced set of genes among 

the three chemicals were a lower magnitude in 9,10-PHEQ.  High and low 

doses of B[a]P exposure also clustered together, exhibiting similar directional 

expression of genes. 

Exploring the correlative relationship between BEZO, B[a]P, and 9,10-

PHEQ, we identified the neurological process of visual perception biological 

pathway, as being involved in the larval hyperactivity phenotype.  Early 

perturbation of neurological pathways, such as visual perception processes, 

could be a precursor to neurological effects seen in larval animals. Studies in 

rodents have shown effects on neurological processes in animals exhibiting 

learning or memory impairment following exposure to B[a]P.  Exposure to 

B[a]P via maternal milk resulted in altered expression of brain receptors, 

5HT1a, MOR1, GABAA, and ADRA1D in brains of rat pups displaying 

neurological effects (Bouayed et al. 2009).  Nerve impulse, neurological 

system process, and neuronal synaptic processes were among the top up-

regulated biological function clusters in gene expression analysis of B[a]P 

exposed hippocampus tissue in rats (Cheng et al. 2013).  The similarity in 

biological processes between a developmental endpoint and expression in 

brain tissue suggests the opportunity to predict long-term effects from early 

transcriptional changes.  A developmental exposure time point presents a 
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unique opportunity, because of the full collection of genes expressed during 

embryogenesis.  By looking at a “snapshot” of gene expression at 48hpf, we 

may be able to capture the transcription changes useful in prediction of 

biological processes related to future biological phenotypes.  

In conclusion, we evaluated early gene expression changes in PAH and 

OPAH exposed animals and began to link these changes to biological effects 

at later time points.  However, the biological pathway correlation data 

presented here are preliminary findings; developmental exposure studies for 

additional PAHs in which there is also transcriptional data are underway and 

will be included in subsequent evaluations of biological pathway correlations.  

Furthermore, this project is ongoing and the larval data is currently being 

collected for a comprehensive library of parent and methyl-substituted PAHs, 

which will be incorporated into the future correlation analysis.  The expansion 

of the available transcriptional data for PAHs in zebrafish will provide insight 

and help understand the underlying mechanism of action needed to 

protect/inform human health risk assessment. 
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Figure 5- 1. RNASEQ analysis identifies differential gene expression 
among OPAHs and PAHs. 
 
A venn diagram shows the comparison of significantly misreguated transcripts, 
showing the number of similar and uniquely expressed transcripts among (a) 
PAHs and (b) between OPAHs.  The total number, and direction of 
misregulated transcripts for each chemical is summarized in (c). 
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Figure 5- 2. Heatmap of transcripts significantly induced by PAHs and 
OPAHs. 
The Log2FC values of each misregulated transcript were grouped using 
bidirectional hierarchical clustering to compare transcriptional data across 
PAHs (a,b)  7,12-B[a]AQ and BEZO cluster together as well as the high and 
low dose B[a]P exposure groups.  
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Figure 5- 3.Significant biological proccesses among developmental PAH 
and OPAH exposures. 
Metacore predicted significant biological processes in PAH and OPAH 
exposures from misregulated transcripts.  Using the pvalues for each 
predicted biological process, bidirectional hierarchical clustering was applied 
to visualize processes across treatment groups.  BEZO and B[a]P affected 
similar biological processes, and clustered together in the heatmap.   
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Figure 5- 4.Dominant phenotype among larval and adult biological 
endpoints  
Data matrix of the log pvalues for larval and adult phenotypic assays.  
Comparing the results of 24hpf oxygen consumption (Seahorse Assay), 5dpf 
photolocomotor response (Viewpoint) and adult oxygen consumption, we 
compared the patterns of response and significance for each chemical.  9,10-
PHEQ, BEZO, and B[a]P exposed animals displayed similar phenotypes in 
these assays with decreased 24hpf OCR, 5dpf hyperactivity, and increased 
adult oxygen consumption.   
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Figure 5- 5.Visualization of the gene interactions in the visual perception 
network 
Correlation analysis between the shared phenotypes of B[a]P, BEZO and 
9,10-PHEQ revealed a positive correlation wirh the visual perception network.  
Shown above are the transcripts involved in this pathway.   
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CHAPTER 6 – CONCLUSIONS  

To investigate the developmental toxicity of oxygen substituted PAHs 

(OPAHs), we used the embryonic zebrafish to conduct in-depth analysis of 38 

structurally diverse OPAHs.  We exposed the embryos from 6-120hpf, which 

encompasses the initiation of organogenesis and full formation of the organs.  

We first determined the dose response and malformation profiles for each 

OPAH, and calculated EC50 values for every endpoint.  We completed 

CYP1A whole animal immunohistochemistry for all OPAHs to evaluate the role 

of AHR and predict AHR isoform dependence based on spatial protein 

expression.  Combining this information allowed us to begin clustering these 

OPAHs into biological response groups, and further evaluate the role of AHR 

dependence and chemical structure on developmental toxicity.  Using bi-

directional clustering, we were able to identify structure activity relationships 

among the OPAHs, and AHR-dependent OPAHs grouped together within 

these clusters.  We found adjacent diones on six-carbon moieties or terminal 

para-diones on multi-ring structures were the most toxic OPAHs.  Five-carbon 

moieties with adjacent diones were among the least toxic OPAHs, while 

toxicity of multi-ring structures with centralized para-diones varied.  Five 

different OPAHs; XAN, 9,10-ANTQ, 9,10-PHEQ, BEZO, and 7,12-B[a]AQ, 

were chosen for further analysis based on differential AHR dependence and 

toxicity profiles.  We assessed the role of oxidative stress in OPAH toxicity by 

evaluating 48hpf gene expression of a number of redox-responsive genes 
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including the glutathione transferase (gst), glutathione peroxidase (gpx), and 

superoxide dismutase (sod) families of genes.  In addition, using the Seahorse 

Extracellular Flux Analyzer we measured in vivo mitochondrial respiration as 

an indication of mitochondrial function and oxidative damage.  Taken together, 

this toxicological data allowed us to compare different OPAH sets and propose 

the underlying mechanisms for these different OPAHs (Figure 1-4).     

Building off the developmental toxicity screen, we were interested in 

investigating the neurological and physiological effects of low dose exposures 

from selected OPAHs.  Using concentrations that did not result in any visible 

malformations at 120hpf, we tested three of our subset OPAHs (BEZO, 7,12-

B[a]AQ, and 9,10-PHEQ), and two well studied parent PAHs (B[a]P and 

DB[a,l]P).  We again measured in vivo mitochondrial respiration and found at 

26hpf, B[a]P, BEZO, and 9,10-PHEQ resulted in a significant decrease in 

oxygen consumption rates and maximum oxygen capacity.   

We were also interested in potential behavioral effects.  Using the 

Viewpoint system (Viewpoint Behavior Technology), we tested for differences 

in photo-induced larval behavior.  We found that all 5 chemicals adversely 

affected behavior. Following a light-dark transition, B[a]P, BEZO, and 9,10-

PHEQ  exhibited significant hyperactivity in the dark, while in contrast, DB[a,lP 

and 7,12-B[a]AQ animals showed significant hypoactivity in the dark.   

Interested in whether these low dose OPAH exposures would lead to 

longterm effects, we grew out a cohort of developmentally exposed animals to 
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adulthood and evaluated physiological and behavioral changes.  Oxygen 

consumption rates were measured in groups of 8 adult zebrafish using an 

Autoresp swimtunnel and respirometer (Loligo Systems).  Differential oxygen 

consumption rates (OCR) were seen during free swimming (baseline) and 

during exercise, with fish swimming against a 25 and 45cm/sec current.  We 

also observed differences in males and females, where females had higher 

OCR than males compared to DMSO controls.  BEZO and 9,10-PHEQ 

exposed animals showed the most pronounced differences in OCR, with 

males and females showing significantly increased OCR at baseline and 

exercise swimming.  Only B[a]P females showed significant increases in OCR 

in both free swimming and exercise, while 7,12-B[a]AQ females exhibited 

increased OCR only during free swimming.  Interestingly, DB[a,l]P animals 

had decreased OCR in both baseline and exercise, suggesting a different 

perturbation of oxygen usage or metabolism due to early developmental 

exposure.   

We then tested OPAH exposed animals for learning and memory 

deficiencies using the Shuttlebox system.  Similar to larval behavior, all 5 

chemicals adversely affected learning or memory, with differing degrees of 

severity.  Developmental exposure to B[a]P resulted in impaired learning and 

performance in the shuttlebox test, with a significant portion of animals failing 

to complete the test (faulting out) and a decreased learning ability in the 

subset of fish able to complete the test.  9,10-PHEQ animals performed worst 
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overall, showing slower decision making time, reduced retention after each 

trial, and reduced overall learning capacity.  DB[a,l]P, 7,12-B[a]AQ, and BEZO 

animals all showed impaired decision making time and a lower overall 

performance during the shuttlebox test. 

Finally, we used mRNASEQ analysis at 48hpf to begin to tease apart 

early transcriptional changes and misregulated biological processes that 

preceded the onset of these phenotypes.  Taken together, the evaluation of 

both the larval and adult effects for these 5 chemicals revealed a dominant 

phenotype exhibited by B[a]P, BEZO, and 9,10-PHEQ; with similar effects in 

24hpf oxygen consumption, larval behavior, and adult OCR during swimming 

and exercise.  We used a correlation analysis for these three biological 

endpoints to identify biological processes related to each individual phenotype.  

Preliminary results identified the neurophysiological pathway of visual 

perception as positively correlated with 5dpf larval behavior.  Additional larval 

endpoint data collection is in progress with parent PAHs for which gene 

expression data is available. Future studies will use the assays developed 

here to assess behavior and energetics in adult animals developmentally 

exposed to a range of PAHs, substituted PAHs, and environmental mixtures.  

These studies will allow further analysis of behavior and mitochondrial function 

phenotypes and taken together with early gene expression analysis will help 

confirm the biological pathways involved in larval and adult phenotypes and 

help create a better model for these adverse outcomes. 
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In the work presented here, we used the embryonic and adult zebrafish 

model to characterize short and long-term effects resulting from early 

exposure to environmentally relevant OPAH contaminants. We evaluated 

OPAH structure-activity relationships with AHR activation through 

immunohistochemistry, and we investigated the role of oxidative stress from 

OPAH toxicity, and identified proposed mechanisms of toxicity.  We 

demonstrated that the zebrafish model can evaluate larval and adult 

physiological and behavioral effects resulting from developmental exposure, 

and used mRNASEQ analysis to correlate gene expression changes with 

these long-term biological endpoints.  In summary, our findings for 

representative OPAHs integrate physiological and behavioral data streams 

from early life stage and adult endpoints into an adverse outcome pathways 

framework. Insights gained from this research may lead directly to new 

understandings of physiological and biomolecular pathways in humans.
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