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Abstract 

Background: Organophosphate (OP) pesticides are well-known developmental 

neurotoxicants that have been linked to abnormal cognitive and behavioral endpoints 

through both epidemiological studies and animal models of behavioral teratology, and 

are implicated in the dysfunction of multiple neurotransmitters, including dopamine. 

Chemical similarities between OP pesticides and organophosphate flame retardants 

(OPFRs), a class of compounds growing in use and environmental relevance, have 

produced concern regarding whether developmental exposures to OPFRs and OP 

pesticides may share behavioral outcomes, impacts on dopaminergic systems, or both. 

Methods: Using the zebrafish animal model, we exposed developing fish to two OPFRs, 

TDCIPP and TPHP, as well as the OP pesticide chlorpyrifos, during the first 5 days 

following fertilization. From there, the exposed fish were assayed for behavioral 

abnormalities and effects on monoamine neurochemistry as both larvae and adults. An 

experiment conducted in parallel examined how antagonism of the dopamine system 

during an identical window of development could alter later life behavior in the same 

assays. Finally, we investigated the interaction between developmental exposure to an 

OPFR and acute dopamine antagonism in larval behavior. Results: Developmental 

exposure to all three OP compounds altered zebrafish behavior, with effects persisting 

into adulthood. Additionally, exposure to an OPFR decreased the behavioral response to 
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acute D2 receptor antagonism in larvae. However, the pattern of behavioral effects 

diverged substantially from those seen following developmental dopamine antagonism, 

and the investigations into dopamine neurochemistry were too variable to be conclusive.  

Thus, although the results support the hypothesis that OPFRs, as with OP pesticides 

such as chlorpyrifos, may present a risk to normal behavioral development, we were 

unable to directly link these effects to any dopaminergic dysfunction. 
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1. Introduction  

1.1 Organophosphate Pesticides as Neurobehavioral Teratogens 

Organophosphates are some of the most widely-used pesticides in the world. 

The EPA estimates that 35% of all pesticides used in the United States are 

organophosphates, and chlorpyrifos is the most common of those, with 8 to 11 million 

pounds used in the US in 2007 (Grube et al., 2011).  Despite being banned for home use 

since 2001, metabolites have been detected in as high as 97% of general population 

surveys, and residential floor wipes contain traces of chlorpyrifos with nearly 99% 

frequency (Trunnelle et al., 2014). While having the potential for acute neurotoxicity, 

much recent research concerning chlorpyrifos and other organophosphate pesticides has 

focused on their developmental neurotoxicity (reviewed in Flaskos et al, 2012). While 

there are multiple facets and issues concerning organophosphates and their toxicities, 

here we will focus on how developmental exposures can lead to adverse behavioral and 

cognitive outcomes, and how the impact of these compounds on dopamine systems 

represents one possible mechanism of action for these behavioral effects. 

 

1.1.1 Epidemiological evidence 

A growing number of studies have found associations between early-life 

exposures to organophosphate pesticides and abnormal neurobehavioral development 

in human populations. Prenatal exposures have been linked to impairments in the 
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development of normal reflexes (Engel et al., 2007) and social functions (Furlong et al., 

2014), and in lower IQ scores (Rauh et al., 2011; Bouchard et al., 2011). Children exposed 

prenatally also score lower on other indices of normal neurobehavioral development 

(Rauh et al., 2006), including indicators for attention deficit disorders (Marks et al., 

2010). Likewise, a history of one-time acute organophosphate poisoning in infancy has 

been associated with abnormal development of motor functions (Kofman et al., 2006). 

Exposures later in childhood, as measured in child pesticide applicators, similarly 

produce impairments in normal neurodevelopment (Abdel Rasoul et al., 2008). Despite 

the fact that some other studies have found only weak relationships between 

organophosphates and adverse neurodevelopment (Fortenberry et al., 2014) or have 

even found that the effects on neurodevelopment reverse depending on whether the 

exposure was pre- or post-natal (Eskenazi et al., 2007), the accumulated evidence 

appears to point to developmental exposures to these pesticides as being a serious risk 

to normal human neurobehavioral development (Muñoz-Quezada et al., 2013; 

Gonzalez-Alzaga et al., 2014). 

 

1.1.2 Behavioral studies in animal models 

In parallel to the increasing interest in examining the effects of early-life 

exposures to organophosphate pesticides on human neurodevelopment, a significant 

amount of research has emerged investigating the behavioral consequences of 
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developmental organophosphate exposures in animal models. Chlorpyrifos, 

unsurprisingly, has been one of the most heavily researched organophosphates in this 

regard. Rat pups exposed during gestation display abnormal exploratory behavior and 

neuromuscular development (Chanda and Pope, 1996), behavioral effects generally 

replicated if the exposure is moved to the early postnatal period (Dam et al., 2000). 

Effects arising from exposures during multiple exposure periods, including exposures 

spanning gestation and early postnatal periods, have been shown to persist into 

adulthood in rodents, and expand into multiple behavioral domains including measures 

of cognitive performance and memory (Levin et al., 2001; Levin et al., 2002; Levin et al., 

2004) and anxiety and reward-seeking (Aldridge et al., 2005a; Ricceri et al., 2006; 

Braquenier et al., 2010; Carr et al., 2015). Social behavior is similarly affected by both pre- 

and postnatal chlorpyrifos exposure (Ricceri et al., 2003; Venerosi et al., 2006; Venerosi et 

al., 2010; De Felice et al., 2014), as is maternal behavior (Venerosi et al., 2008). Many of 

these behavioral outcomes have been shown to be sex-selective (Dam et al., 2000; Levin 

et al., 2001; Levin et al., 2002).  

These broad behavioral effects arising from developmental chlorpyrifos exposure 

have also been seen in multiple other organophosphate pesticides. One of the earliest 

studies examining the neurobehavioral consequences of organophosphate exposure 

during development, in fact, was not done with chlorpyrifos but with the pesticide 

diazinon, finding that pups born to mothers dosed with the organophosphate 
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throughout gestation proceeded to exhibit multiple developmental delays and 

impairments in neuromuscular function (Spyker and Avery, 1977). Further studies on 

diazinon have shown postnatal exposures in rats to generate sex-selective effects on 

multiple behavioral endpoints that resemble those seen with chlorpyrifos (Timofeeva et 

al., 2008a; Roegge et al., 2008).  

Yet another pesticide, parathion, further contributes to the trend of behaviorally 

teratogenic organophosphates. Early-life exposure to parathion impairs spatial memory 

later in life (Stamper et al., 1988; Levin et al., 2010) and can alter exploratory behavior 

and locomotor activity (Timofeeva et al., 2008b). Prenatal exposure to a related 

compound, methylparathion, shows similar effects on behavioral and cognitive 

development (Gupta et al., 1985; Johnson et al., 2009).  

Recently, a growing number of studies investigating the behavioral effects of 

developmental organophosphate exposure have been conducted in the zebrafish model. 

Here, developmental exposure to chlorpyrifos has been shown to alter exploratory 

behavior (Sledge et al., 2011), spatial learning (Levin et al., 2003; Sledge et al., 2011), and 

the response to a startling stimulus (Eddins et al., 2010). Several studies have observed 

decreased locomotor activity in larval fish immediately following an embryonic 

exposure to chlorpyrifos (Levin et al., 2004; Richendrfer et al., 2012; Dishaw et al., 2014). 

As seen in rodents, the magnitude of some behavioral effects is sensitive to the 

developmental window during which the zebrafish are exposed (Sledge et al., 2011).  
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1.1.3 Mechanistic Evidence 

A significant amount of research has gone into attempting to identify the 

mechanisms via which organophosphate pesticides exert their effects on normal 

behavioral development. Through this work, multiple neurotransmitter systems and 

cellular functions have been shown to be impacted by developmental exposures to OP 

pesticides, as will be discussed below. 

Organophosphate compounds work as pesticides via an irreversible inhibition of 

the activity of acetylcholinesterase, the enzyme responsible for metabolizing 

acetylcholine in the synapse, which first requires the biotransformation of the 

organophosphate into its oxon metabolite (reviewed in Flaskos, 2012). This inhibition 

leads to increased synaptic acetylcholine signaling and a hyperstimulation of cholinergic 

synapses. Predictably, then, some of the neurotoxic effects of developmental exposure to 

organophosphates can be linked to effects on cholinergic systems. For example, 

postnatal exposure to chlorpyrifos in rats has been shown to disrupt the development of 

cholinergic systems across life stages (Dam et al., 1999; Qiao et al., 2003; Qiao et al., 

2004), effects that can also be seen with the organophosphate pesticides parathion and 

diazinon (Slotkin et al., 2008a; Slotkin et al., 2008b). Overall, studies comparing the 

effects of organophosphate exposures to those of another known cholinergic teratogen, 

nicotine, show significant overlap (reviewed in Slotkin, 2004), while developmental 
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exposure to chlorpyrifos can produce decreases in nicotinic acetylcholine receptors 

(Slotkin et al., 2004), and postnatal exposure to chlorpyrifos following a previous, 

prenatal exposure to nicotine produces even more widespread alterations to cholinergic 

systems than seen with OP exposure alone (Slotkin and Seidler, 2015).  

However, a large amount of evidence points to cholinergic disruption not being 

the sole mechanism through which developmental OP exposure creates persisting 

neurobehavioral effects. Early studies examining the effects of developmental exposures 

on cholinergic systems also found impacts on norepinephrine and dopamine systems, in 

a way that was not correlated with the effects observed on cholinergic systems (Dam et 

al., 1999). In fact, many studies examining various cellular and neurological impacts of 

developmental organophosphate exposure have shown that the effects can arise at levels 

too low to cause the levels of acetylcholinesterase inhibition necessary to produce 

significant cholinergic hyper stimulation and concurrent neurotoxicity. Some of the 

cellular processes so implicated, via both animal models and cell-based models of 

developmental neurotoxicity, include DNA synthesis (Dam et al., 1998), RNA levels 

(Johnson et al., 1998), the adenylyl cyclase signaling cascade (Song et al., 1997; Meyer et 

al., 2003; Meyer et al., 2004; Slotkin et al., 2007, Adigun et al., 2010), oxidative stress 

pathways (Qiao et al., 2005; Slotkin et al., 2005b; Slotkin et al., 2007, Slotkin et al., 2010a), 

the expression of nuclear transcription factors (Crumpton et al., 2000a; Dam et al., 2003), 

lipid metabolism (Slotkin et al., 2005a, Lassiter et al., 2010), and cell cycle regulation and 
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apoptosis (Slotkin and Seidler, 2012a, Slotkin and Seidler, 2012b). Additionally, 

developmental organophosphate exposures appear to interfere with normal processes of 

neuronal and glial development, differentiation, growth, and maturation (Crumpton et 

al., 2000b; Garcia et al., 2002; Garcia et al., 2003, Roy et al., 2005; Slotkin et al., 2008c, 

Slotkin et al., 2010b). 

Given that such a wide variety of cellular mechanisms seem to be impacted by 

developmental exposure to organophosphate pesticides in a fashion seemingly 

disconnected from their effects on acetylcholinesterase inhibition, it seems probable that 

neurotoxic effects would not be limited to the acetylcholine system, but might likely 

instead affect multiple neurotransmitter systems. Indeed, developmental OP exposures 

produce transcriptional changes in genes associated with the development and function 

of the serotonin, dopamine, and norepinephrine neurotransmitter systems (Slotkin and 

Seidler, 2007a). This warrants further investigations into the impacts of early-life 

organophosphate exposure on non-cholinergic neurotransmitter systems, and the 

possible role of those impacted systems in the behavioral teratogenicity of OP exposures. 
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1.2 Effects of Developmental OP Pesticide Exposures on 
Dopaminergic Systems 

1.2.1 Role of dopamine in behavior 

Dopamine neurotransmission and circuitry has been implicated as being 

important in a number of behaviors, utilizing a combination of imaging, 

pharmacological manipulation, animal models, and observations of abnormal dopamine 

processes. One major area in which dopamine tracts are involved concerns motor 

function and motor learning. This is most apparent in those afflicted with Parkinson’s 

disease, primarily characterized by tremors and abnormal motor function, particularly 

in fine motor movements but also including difficulty walking, slowness, and even an 

inability to move, caused by a gradual death of dopamine neurons in the substantia 

nigra and insufficient dopamine release (Agid and Hartman, 2010). The role of 

dopamine in these motor symptoms is further supported by the fact that increasing 

brain dopamine concentration via administration of l-DOPA or the introduction of 

dopamine receptor agonists can markedly reduce the symptoms of Parkinson’s disease. 

Additionally, there is evidence via molecular imagine studies that dopamine is not only 

released and involved in movements such as handwriting, but also in sequential motor 

learning (Egerton et al., 2009). 

Another primary area of research concerning dopamine function and behavior is 

that of addiction, which in turn has generated a vast literature on dopamine’s role in 

reward, reinforcement, and learning more broadly. The role of dopamine in 
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reinforcement appears to be complex, with research suggesting that it signals the 

positive value of a reward, helping to reinforce the seeking behavior and factoring into 

risk assessment, while also increasing the salience of the goal or outcome to the 

organism, orienting and motivating towards the reward.  Similarly, dopamine likely 

helps to signal the aversiveness of a negative outcome, something that Parkinson’s 

patients have difficulty processing. Abnormal function of these reward, reinforcement, 

and prediction processes can result in addiction and other disorders involving impulsive 

behavior and impaired motivation and goal/risk salience (Schultz, 2010; Bromberg-

Martin et al., 2010; Dagher and Robbins, 2009; Dalley and Everitt 2009; Gilmcher, 2011).  

Building from this, dopamine is implicated in the processes of attention, choice 

behavior, and decision-making. Selective visual attention has been shown to involve 

dopaminergic modulation of the visual cortex via the prefrontal cortex (Noudoost and 

Moore, 2011).  Both striatal and prefrontal dopamine innervation (and the interaction 

between the two as well as with other neurotransmitters such as serotonin) are 

important to value-based decision making, incorporating the salience of the goal, reward 

prediction, and cost assessment (Salamone et al., 2012; Rogers, 2011; Sugam and Carelli, 

2013). Furthermore, the role of dopamine in reinforcement and decision-making implies 

another role for dopamine in adaptive and episodic memory (Shohamy and Adcock, 

2010). Finally, dopamine is likely also involved in so-called “high-level” cortical 
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functions, such as working memory, attention switching, and abstract rule learning 

(Cools, 2011). 

 

1.2.2 Overview of dopamine signaling  

Dopamine, like the neurotransmitters epinephrine and norepinephrine, is a 

catecholamine, and as such originates from the amino acid tyrosine. L-tyrosine is 

converted into L-DOPA by the enzyme tyrosine hydroxylase, which is in turn converted 

to dopamine by the enzyme L-aromatic amino acid decarboxylase. The conversion 

catalyzed by tyrosine hydroxylase is the rate-limiting step, and is subject to a feedback 

loop via a dopamine autoreceptor present on dopamine nerve terminals, discussed more 

below. Dopamine is then packaged into synaptic vesicles via the vesicular monoamine 

transporter 2 (VMAT2), where it is stored until the nerve terminal is stimulated by an 

action potential, leading to an influx of calcium, the binding of the vesicle to the synaptic 

membrane, and release of dopamine into the synaptic cleft (Caron and Gainetdinov, 

2010).  

Postsynaptically, dopamine may interact with five different classes of G-protein-

coupled dopamine receptor, referred to as D1-D5 receptors. These receptors are then 

further classified as either D1-like (D1 and D5) or D2-like (D2, D3, and D4) based on 

which G-proteins they bind to and their effects on downstream signaling (Tritsch and 

Sabatini, 2012; Beaulieu and Gainetdinov, 2011). Briefly, the D1 family of dopamine 
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receptors activates the Gαs/olf family of G-proteins, and stimulates cAMP production by 

adenylyl cyclase, while the D2 family activates the Gαi/o family of G-proteins and 

produces the opposite effect on adenylyl cyclase, inhibiting the production of cAMP 

(Beaulieu and Gainetdinov, 2011). Adenylyl cyclase is the most well-studied 

downstream target of dopamine receptors, and it in turn activates protein kinase A 

(PKA), which itself has multiple downstream targets. There is also a cAMP/PKA-

independent signaling cascade involving phospholipase C being cleaved into 

diacylglycerol (which then activates protein kinase C) and inositol triphosphate (which 

influences intracellular calcium release) (Tritsch and Sabatini, 2012). Dopamine 

autoreceptors can also exist on the presynaptic dopamine nerve terminal itself, helping 

to provide the aforementioned feedback to inhibit dopamine synthesis and release 

(Rankin et al., 2010).  

After binding to a receptor, dopamine rapidly unbinds and is released back into 

the synaptic cleft. It is then taken back up into the presynaptic terminal via the 

dopamine transporter (DAT) (Caron and Gainetdinov, 2010). There, it is metabolized by 

monoamine oxidase (MAO), located on the exterior of the outer membrane of 

mitochondria in the terminal. Though there are two isoforms of MAO (types A and B), 

dopamine appears to be metabolized nearly equally by the two isoforms (Finberg, 2014). 

Additional dopamine degradation is effected by the enzyme catechol-O-

methyltransferase, a primarily membrane-bound enzyme that can be located post-
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synaptically in brain regions where DAT concentrations (and therefore degradation via 

the MAO pathway) are low, such as in the frontal cortex (Schott et al., 2010).  

It is important to recognize the multitude of points at which dopamine transmission can 

be interrupted or modified by exogenous chemicals. Tyrosine hydroxylase can be 

blocked, inhibiting the synthesis of dopamine and other catecholamines. VMAT can be 

blocked or reversed, depleting dopamine vesicles and inhibiting neurotransmission. 

Dopamine release can be modulated via numerous possible mechanism. Receptors can 

be blocked or stimulated by a variety of agonists or antagonists, specific or broad. 

Blockage of DAT prevents dopamine reuptake and increases both the concentration and 

duration of the dopamine signal in the synapse. Finally, dopamine metabolism can be 

slowed via MAO or COMT inhibitors. For example, there has been some research 

showing that developmental antagonism of dopamine receptors can produce lasting 

behavioral and neurochemical effects in animal models. Prenatal dosing with the 

dopamine D2 receptor antagonist can reduce normal activity in young rats (Scalzo et al., 

1989a; Wolansky et al., 2004) concurrent with a decrease in both D1 and D2 receptor 

binding (Scalzo et al., 1989b; Wolanksy et al., 2004) and dopamine autoreceptor function 

(Scalzo et al., 1985), while leaving levels of dopamine and its metabolites unaltered 

(Scalzo et al., 1989b; Williams et al., 1992). In another mammalian model, the prairie 

vole, developmental haloperidol exposure reduces anxiety-like behavior in adults 

(Hostetler et al., 2010). It is apparent, then, that dopamine transmission is vulnerable to 
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disruption via a wide variety of mechanisms and chemicals, which in turn interferes 

with the role of dopamine in various facets of behavior. 

 

1.2.3 OP pesticide exposures and dopaminergic systems 

Exposure to chlorpyrifos and other organophosphate pesticides have been 

shown to alter the function of dopaminergic systems at multiple points in the dopamine 

signaling pathway (Table 1). Several studies have shown that developmental exposures 

to chlorpyrifos can alter dopamine content in a brain region- and age-specific fashion 

(Slotkin et al., 2002; Aldridge et al., 2005b; Chen et al., 2011). Similarly, several studies 

have identified increased synaptic release of dopamine following developmental 

organophosphate exposure, measured as an increase in the ratio of the dopamine 

metabolite DOPAC to dopamine itself, as dopamine is only metabolized into DOPAC 

following release (Dam et al., 1999; Slotkin et al., 2002; Aldridge et al., 2005b; Slotkin and 

Seidler, 2007b; Eells and Brown, 2009; Slotkin et al., 2009). The adenylyl cyclase signaling 

cascade, which is involved in signaling downstream from dopamine receptors, has also 

shown to be altered following developmental organophosphate exposure (Song et al., 

1997; Aldridge et al., 2003; Meyer et al., 2003; Aldridge et al., 2004; Meyer et al., 2004; 

Adigun et al., 2010), linking developmental exposures to both pre- and postsynaptic 

elements of dopamine neurotransmission. A study of the effects of developmental 

organophosphate exposure on transcriptional changes in rat pups showed numerous 
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changes in expression for genes associated with dopamine signaling, including the gene 

encoding the dopamine D2 receptor and genes encoding several parts of the adenylyl 

cyclase signaling cascade, which is downstream of both D1 and D2 type dopamine 

receptors (Slotkin and Seidler, 2007a). Changes in dopamine content and turnover rates 

have also been identified following early-life chlorpyrifos exposure in the zebrafish 

model (Eddins et al., 2010).  

Adult exposures have revealed additional dopaminergic targets not yet 

identified in studies using developmental exposure paradigms. For example, a single 

dose of either organophosphate monocrotophos or dichlorvos was shown to increase 

levels of dopamine and HVA nearly immediately (Masoud et al., 2011). Similarly, D2 

receptors showed significantly reduced binding following an acute organophosphate 

exposure (Naseem, 1990; Choudhary et al., 2002). A 2-day dose of chlorpyrifos in adult 

rats has been shown to change both dopamine and DOPAC levels (Moreno et al., 2008), 

while a 6-month dosing regimen transiently increased dopamine transporter density 

(Padilla et al., 2005). More drastically, a 12-week chronic exposure to dichlorvos in adult 

rats can cause extensive loss of dopaminergic neurons (Binukumar et al., 2010).  
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Table 1: Examples of Develomental OP Exposure Effects on Multiple 

Components of Dopaminergic Sytems 

Component of 

Dopamine 

System 

OP Model Exposure 

Window 

Measurement 

Time 

Effect Reference 

Dopamine 

content 

Chlorpyrifos Rat GD17-20 PN60 Decreased 

hippocampal 

content 

Aldridge 

et al., 

2005b 

Dopamine 

release 

Chlorpyrifos Rat GD17-20 PN60 Increased 

turnover 

Slotkin 

and 

Seidler, 

2007b 

D2 receptor Chlorpyrifos Rat PND1-4 PN5 Decreased 

mRNA of gene 

Slotkin 

and 

Seidler, 

2007a 

DAT Chlorpyrifos Rat 6 months 

chronic 

adult 

exposure 

plus 

bolus 

Adult Increased 

density 

Padilla et 

al., 2005 

HVA Dichlorvos Rat Acute 

adult 

Adult Increased 

levels 

Masoud 

et al., 2011 

MAO Chlorpyrifos PC12 

cells 

- - Down-

regulates 

MAO 

expresion, 

decreases 

activity 

Xu et al., 

2012 

Differentiation Chlorpyrifos PC12 

cells 

- - Promotes 

differentiation 

into 

dopaminergic 

phenotype 

Slotkin 

and 

Seidler, 

2009 

 

Additionally, cell culture models, including PC12 cells, have been instrumental 

in identifying several of the effects organophosphates can exert on dopaminergic 

systems, including decreasing MAO activity (Xu et al., 2012) and increasing 
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differentiation into a dopaminergic phenotype (Slotkin and Siedler, 2009; Dishaw et al., 

2011). 

As can be seen in a survey of these studies in Table 1, nearly every step in 

dopamine neurotransmission has been shown to be impacted by some type of 

organophosphate exposure. Few studies, though, have linked organophosphate-induced 

dopaminergic dysfunction with behavioral abnormalities. One way in which researchers 

have gone about this is to pair an organophosphate exposure with the administration of 

a behaviorally-relevant drug that works via a dopaminergic mechanism. Using this 

combinatorial approach, others have discovered that a single acute organophosphate 

exposure in adult animals can reduce behavioral responses to the dopamine D2/3 receptor 

agonist quinpirole (Montes de Oca et al., 2013), or to amphetamine, which interferes 

with both DAT and VMAT2 (Gralewicz et al., 2002; Sánchez-Santed et al., 2004; Lutz et 

al., 2006; Lopez-Crespon et al., 2007; Gralewicz et al., 2011). Organophosphate exposure 

therefore can be linked to a behavioral toxicity likely arising directly from a disruption 

in dopamine function. Unfortunately, to our knowledge no previous study has utilized 

this approach to examine the developmental effects of organophosphate exposure. 

While this overview has focused on organophosphate pesticides and their 

developmental neurotoxicity, a growing number of organophosphates are being used 

for other purposes, including as plasticizers and flame retardants. Though they are not 

formulated to be inherently neurotoxic as OP pesticides are, the divergence between the 
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intended neurotoxic mechanisms and the mechanisms being implicated in the 

developmental neurotoxicity of OP pesticides generates some concern that these other 

organophosphate compounds might affect similar neurotoxic pathways. 

 

1.3 OP Flame Retardants as Emerging Environmental Chemicals 
of Concern 

1.3.1 Exposure prevalence 

Recently, growing concern regarding the safety of common flame retardants has 

led to phase outs of the older polybrominated flame retardants and replacement with 

several new categories of compounds. Among these replacements are organophosphate 

flame retardants, or OPFRs. It has become apparent, since then, that exposure to OPFRs 

is widespread. Two common OPFRs, tris(1,3-dichloroisopropyl) phosphate (TDCIPP) 

and triphenylphosphate (TPHP), have been found in over 96% of samples of dust and 

furniture foam, with levels as high as 1.8 mg/g (Stapleton et al., 2009; Meeker and 

Stapleton, 2010; Canbaz et al., 2016), in elementary schools at levels as high as 0.27 mg/g 

(Mizouchi et al., 2015), and in daycare centers at levels up to 0.33 mg/g (Wu et al., 2016). 

TDCIPP has similarly been found in foam inside of infant products (Stapleton et al., 

2011) and in handwipe samples of children (Hoffman et al., 2015; Stapleton et al., 2014). 

Correspondingly, metabolites of TPHP, TDCIPP, and other OPFRs can be found in the 

urine of adults (Carignan et al., 2013; Meeker et al., 2013) and pregnant women and 
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paired mothers and children (Butt et al., 2014; Hoffman et al., 2014; Hoffman et al., 2015), 

as well as in human hair and nails (Liu et al., 2016) and placentas (Ding et al., 2016).  

 

1.3.2 Evidence for developmental neurotoxicity 

It is clear from these studies that pregnant mothers, infants, and children all 

likely receive significant exposure to this relatively new group of organophosphate 

compounds. What is unknown, though, is whether they are developmental neurotoxins 

that the organophosphate pesticides have emerged to be. Very little research has been 

done examining their potential neurotoxicity. What research has been done has almost 

exclusively utilized the zebrafish model for neurobehavioral teratology. These studies 

have found that developmental exposures to various organophosphate flame retardants 

produce morphological abnormalities and behavioral abnormalities in a similar range of 

concentrations in which chlorpyrifos has effects on the same endpoints (Dishaw et al., 

2014; Noyes et al., 2015; Sun et al., 2016). Additionally, exposing adult fish to an OPFR 

produces behavioral abnormalities in the larval offspring, implicating OPFRs in trans-

generations developmental neurotoxicity (Wang et al., 2015a). Regarding possible 

dopaminergic effects, one study found no changes in dopamine levels in larval fish 

following a short developmental exposure, but following a chronic exposure paradigm 

from the embryonic stage through adulthood did lead to reduced dopamine levels in 

female adult fish (Wang et al., 2015b). It is worth noting that several studies in zebrafish 
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have shown that multiple OPFRs have no acetylcholinesterase inhibitory activity (Wang 

et al., 2015b; Sun et al., 2016), suggesting that if these compounds do share that 

neurotoxic mechanism with organophosphate pesticides, it is likely other mechanisms 

are involved. The lone study having examined a developmental OPFR exposure paired 

with later life behavior is also the only study to use a rodent model, finding that 

gestational exposure to OPFRs produced only moderate behavioral abnormalities later 

in life, and replicating the finding in zebrafish that these compounds fail to inhibit 

acetylcholinesterase (Moser et al., 2015). Finally, a study in the PC12 cell model found 

OPFRs to be at least as potent as chlorpyrifos in promoting neurodifferentiation, 

preferentially into a dopaminergic phenotype (Dishaw et al., 2011).  

Given that, in zebrafish and PC12 cells at least, these organophosphate flame 

retardants appear to have some similar neurotoxicity compared to chlorpyrifos, and that 

infants and children in critical stage of neurodevelopment likely have significant 

exposures to various OPFRs, further studies examining the behavioral impacts of 

developmental OPFR exposures across the life span are warranted, as are 

characterizations of their possible impacts on dopaminergic and other neurological 

systems through which  chlorpyrifos and other organophosphate pesticides might be 

exerting their neurobehavioral effects. 
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1.4 The Zebrafish Model1.4.1 Use in Neurobehavioral Teratology 

As discussed above, multiple studies examining the longitudinal behavioral 

impacts of developmental exposures to both organophosphate pesticides and 

organophosphate flame retardants have utilized the zebrafish model in their 

investigations. The utilization of zebrafish for these types of studies is rapidly 

expanding, and zebrafish are being used to examine the later-life behavioral 

consequences for many environmental toxicants, drugs of abuse, and pharmaceutical 

compounds (see Bailey et al., 2013 for a review). The zebrafish model has a variety of 

advantages compared to mammalian models in a variety of ways, including lower cost 

and a reduced economy of scale, high fecundity, and embryos that are relatively easy to 

handle and remain transparent across the embryonic stage, allowing for multiple 

opportunities for real-time imaging throughout development, as well as simple genetic 

manipulations. Compared to in vitro cell-based systems, on the other hand, zebrafish 

offer the investigation of intact brain development with interacting cell types, 

neurotransmitter systems, and circuits, and a coupling of these with behavioral 

responses. 

Regarding their use for neurobehavioral teratology, one specific advantage is the 

easy of dosing or exposure via immersion. This, coupled with their small size as 

embryos and larvae, and their ability to be participate in a behavioral assay within just a 

few days of fertilization make zebrafish ideal for high-throughput screening (see Noyes 
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et al., 2015 for a relevant example). In fact, larval behavioral screens have been used to 

simultaneously vet the larval behavioral model via the observation of conserved 

behavioral responses to known psychoactive chemicals in parallel to the elucidation of 

molecular mechanisms through behavioral profiling for more poorly-understood 

chemicals (Rihel et al., 2010).  This in turn has led to a large proliferation of studies 

utilizing the larval life stage exclusively for their behavioral screens of chemicals of 

suspected neurotoxicity (Ali et al., 2011; Roberts et al., 2013; He et al., 2014; Legradi et al., 

2015). They are equally useful, though, for studying later-life behavior, and the number 

of behavioral assays described in the literature is rapidly expanding, with assays 

available to test a wide variety of behavioral domains and mechanisms (Bailey et al., 

2013; Kalueff et al., 2013; Bailey et al., 2015a).  

There do exist some limitations of the usage of the zebrafish model for studies 

examining developmental neurotoxicity. Notably, some zebrafish neuroanatomy does 

not exactly parallel that of mammalian brains, including that of the telencephalon and 

the absence of the development of a layered cerebral cortex, striatum, basal ganglia, and 

hippocampus, although homologs of each of these have been identified in the zebrafish 

brain (de Esch et al., 2012a). Thus, zebrafish are best situated as a complementary model 

alongside both cell-based and mammalian models, with higher-throughput whole-

animal behavioral testing in zebrafish blending some of the strengths of other models, 
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while having its own drawbacks that can in turn be minimized via combination with 

studies in various other paradigms. 

 

1.4.3 Investigations of OP Developmental Neurotoxicity in Zebrafish 

As noted above, zebrafish have begun being used for a number of studies 

investigating the neurobehavioral outcomes following developmental exposures to both 

OP pesticides and flame retardants. Using a variety of assays, developmental exposure 

to chlorpyrifos during the first 5 days post-fertilization in zebrafish has been shown to 

alter behavior across several domains in adults, including creating impairment in a 

spatial discrimination task (Levin et al., 2003; Sledge et al., 2011), altered startle 

responses (Eddins et al., 2010; Sledge et al., 2011), and abnormal activity in a novel 

environment dive test (Sledge et al., 2011). Multiple studies have shown developmental 

chlorpyrifos exposures to decrease larval activity, although the threshold concentrations 

and exact behavioral effects vary based on assay paradigm and exposure periods (Levin 

et al., 2004; Yen et al., 2011; Richendrfer et al., 2012; Dishaw et al., 2014; Richendrfer and 

Creton, 2015). Likewise, some of the behavioral effects seen in adults have been shown 

to depend on the duration of the developmental exposure, with the longest exposures 

(up through 5 days post fertilization) showing the most pronounced effects (Sledge et 

al., 2011). Inhibition of acetylcholinesterase shows a similar pattern in regards to 

exposure duration with chlorpyrifos in zebrafish larvae, with prominent inhibition 
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present after 5 days of exposure (Yen et al., 2011), although interestingly another study 

failed to find significant conversion of chlorpyrifos into its oxon metabolite in zebrafish 

larvae following a similar exposure (Dishaw et al., 2014). These developmental 

exposures also seem to impact a number of neurotransmitter systems in zebrafish, with 

reductions in dopamine and serotonin levels and an increase in the DOPAC to 

dopamine ratio seen in larvae following early-life exposure to chlorpyrifos, with the 

reduction in dopamine levels persisting through to adulthood (Eddins et al, 2010), 

reflecting some of the effects on monoaminergic systems seen following developmental 

exposures in mammals.  

Similar studies examining a number of organophosphate flame retardants have 

shown changes in larval locomotor activity, although again the concentration ranges 

eliciting behavioral effects varied based on the specific OPFR compound, testing age and 

behavioral paradigm (Dishaw et al., 2014; Noyes et al., 2015, Wang et al., 2015; Sun et al., 

2016). At least one of these studies, though, has shown larval zebrafish behavior to be 

impacted by several OPFRs at concentrations mirroring those of chlorpyrifos producing 

behavioral effects (Dishaw et al., 2014). Initial investigations into the effects of 

developmental OPFR exposure on dopamine and serotonin systems found that, in 

larvae, exposure to the OPFR TDCIPP failed to produce any significant effects on 

dopamine or serotonin levels (Wang et al., 2015), although levels of their metabolites 
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were unmeasured, and the exposures were performed at lower concentrations than 

those of chlorpyrifos shown to alter levels of both neurotransmitters (Eddins et al., 2010).  

 

1.4.3 Zebrafish Dopamine Systems 

As the use of zebrafish behavioral assays to investigate the neurobehavioral 

teratology of environmental contaminants has proliferated, so have the neuro- and 

psychopharmacological characterizations of the neurotransmitter systems of the 

zebrafish central nervous system, which are in turn integral when attempting to 

translate findings in the zebrafish to knowledge regarding mammalian neurotoxicity. 

Zebrafish dopamine systems, for example, have been thoroughly characterized and 

show great conservation with mammalian dopaminergic systems in genetics, structure, 

and function (Schweitzer and Driever, 2009; Souza and Tropepe, 2011). By 5 days post 

fertilization, dopaminergic populations in the larval zebrafish brain are largely formed 

(Souza and Tropepe, 2011), and at 6 days post fertilization zebrafish show behavioral 

responses to acute administration to dopamine receptor agonists and antagonists that 

produce typical behavioral patterns typical of similar agonism or antagonism in 

mammals (Irons et al., 2013). By this point zebrafish are expressing all 4 of their 

dopamine receptor subtypes, corresponding to D1, D2, D3, and D4 receptors in mammals 

(Souza and Tropepe, 2011). Adult zebrafish have been found to behave in a conserved 

fashion when probed with various drugs and behaviors classically associated with 
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dopamine signaling, notably including cocaine-induced conditioned place preference 

(Darland and Dowling, 2001; Darland et al., 2012). The neuropharmacological and 

behavioral conservation of zebrafish dopamine systems, paired with the aforementioned 

benefits of the zebrafish model for neurobehavioral teratological screening and 

preliminary studies examining the effects of organophosphate compounds on both 

behavioral and dopaminergic endpoints, make zebrafish good models for the further 

characterization of the neurotoxic potential of organophosphate compounds. 

 

1.5 Specific Aims 

Based on these previous studies, we have hypothesized that developmental 

exposure to organophosphate flame retardants may be as damaging to behavioral 

outcomes as organophosphate pesticides such as chlorpyrifos, which has been well-

characterized as a developmental behavioral toxicant. Furthermore, the literature 

suggests that one mechanism through which chlorpyrifos may be producing these 

behavioral effects is via alterations to dopaminergic systems, prompting us to 

hypothesize that disruption of dopamine signaling during the same period of 

development would produce similarly-altered behaviors. Finally, we expect that if 

organophosphate-induced toxicity in dopamine signaling is in fact driving abnormal 

behavior, we could detect direct connections between these behavioral outcomes 

following developmental organophosphate exposure and dopaminergic dysfunction by 
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measuring dopamine neurochemistry in exposed animals following behavioral analysis, 

by examining whether exposed animals behave differently following an acute dopamine 

blockade, or both. From the literature reviewed above, we tested these three hypothesis 

using the zebrafish model, due to its utility in developmental toxicity screening, its 

conserved dopamine psychopharmacology, and its previous use in examining both the 

behavioral and dopaminergic impacts of developmental chlorpyrifos exposure. 

 

1.5.1 Aim 1: How does developmental organophosphate flame 
retardant (OPFR) exposure alter zebrafish behavior across the 
lifespan? 

We tested the hypothesis that early-life exposure to organophosphate flame 

retardants could alter normal behavior by exposing developing zebrafish to the flame 

retardants tris(1,3-dichloroisopropyl) phosphate (TDCIPP) and triphenylphosphate 

(TPHP). These compounds were chosen as representative chlorinated- and 

nonhalogenated OPFRs, respectively. The zebrafish were exposed to concentrations that 

were equimolar to concentrations of chlorpyrifos that have previously been shown to 

produce behavioral effects in zebrafish following developmental exposure (Levin et al., 

2003; Levin et al., 2004; Eddins et al., 2010; Sledge et al., 2011; Yen et al., 2011). Following 

the end of the developmental exposures, the zebrafish were tested in behavioral assays 

both as larvae and across a battery as adults. This experimental design provided for 

examination of behavioral effects across both life stages and behavioral domains, 
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including locomotor activity, exploratory behavior in a novel environment, startle 

response and habituation, social behavior, and predator escape behavior, multiple of 

which had been previously shown to be sensitive to developmental exposure to 

chlorpyrifos (Levin et al., 2004; Eddins et al., 2010; Sledge et al., 2011; Yen et al., 2011) 

and several OPFRs (Dishaw et al., 2014). Parallel exposures and behavioral analyses 

were performed with chlorpyrifos, in order to directly compare its effects to those of 

TDCIPP and TPHP.  

 

1.5.2 Aim 2: Can the behavioral phenotype seen after developmental 
OPFR exposure be replicated via specific dopaminergic antagonism 
during development?     

In order to begin examining whether disruption of dopamine signaling during 

the developmental exposures to organophosphates could be responsible for the 

behavioral effects examined in Aim 1, we used the compounds SCH-23390 and 

haloperidol to antagonize dopamine D1 and D2 receptors, respectively, during the same 

period of development. Acute administration of these drugs have been shown to alter 

behavior in both larval (Giacomini et al., 2006; Bretaud et al., 2007; Thirumali and Cline, 

2008; Irons et al., 2013) and adult (Scerbina et al., 2012; Tran et al., 2015a; Tran et al., 

2015b) zebrafish, although no studies had yet examined the effects of dosing throughout 

early development. As in Aim 1, following exposure the fish were tested in larval and 

adult behavioral assays.   
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1.5.3 Aim 3: Does developmental OPFR exposure produce alterations 
to dopamine systems in zebrafish? 

The goal of Aim 3 was to correlate abnormal behavior in zebrafish exposed 

developmentally to chlorpyrifos, TDCIPP, and TPHP to alterations in dopamine 

signaling. This Aim was composed of two parts. The first part involved using high-

performance liquid chromatography (HPLC) to measure the levels of dopamine in 

pooled whole larvae and in individual adult brains in zebrafish exposed to the 

compounds as in Aim 1. The levels of the dopamine metabolite 3,4-

dihydroxyphenylacetic acid (DOPAC) were also measured, and used to calculate a 

DOPAC:dopamine ratio as an indicator of dopamine release and turnover. These 

methods had been used previously to interrogate the effects of developmental exposures 

to chlorpyrifos on dopaminergic systems in zebrafish (Eddins et al., 2010). In order to 

further compare the neurotoxic effects of the OPFRs to those seen with chlorpyrifos in 

this previous research, we also measured the levels of serotonin and its metabolite 5-

hydroxyindoleacetic acid (5-HIAA) in the exposed fish. 

The second part of Aim 3 attempted to examine the same question regarding the 

role of dopaminergic dysfunction in abnormal behavior following developmental 

organophosphate exposure via a behavioral and pharmacological route. Here, we 

combined the developmental exposure paradigm from Aim 1 with an acute 

administration of the dopamine receptor antagonists used in Aim 2 to determine 
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whether antagonist-induced behavioral effects differ between exposed and unexposed 

fish. We limited this experiment to the larval sensorimotor assay and focused on one 

OPFR, TDCIPP, due to the increased experimental complexity arising from the 

combinatorial design and concerns regarding the unknown effects of repeated acute 

antagonist exposures across the behavioral battery.  
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2. A Comparison of the Behavioral Effects Caused by 
Developmental Exposure to Chlorpyrifos and 
Organophosphate Flame Retardants in Zebrafish 

2.1 Introduction 

In order to begin examining the possible neurotoxic effects arising from 

developmental exposure to organophosphate flame retardants, we first set out to 

characterize the behavioral effects of such an exposure in zebrafish. Previous research 

that developmental OPFR exposures in zebrafish could produce abnormal locomotion in 

larvae at concentrations similar to the organophosphate pesticide chlorpyrifos (Dishaw 

et al., 2014), but it was still unclear whether any behavioral effects might persist into 

adulthood or span other behavioral domains. We utilized a developmental exposure 

paradigm to determine the neurobehavioral teratology of two OPFRs, TDCIPP and 

TPHP, alongside exposures to chlorpyrifos at doses that had previously been shown to 

generate lasting behavioral effects in zebrafish (Levin et al., 2003; Levin et al., 2004; 

Eddins et al., 2010; Sledge et al., 2011). Given that OPFRs had been described as having a 

similar capability as chlorpyrifos of generating abnormal behavior in larvae, we 

hypothesized that the developmental exposures tested here would likewise be able to 

alter behavior across other life stages and behavioral domains previously impacted by 

developmental chlorpyrifos exposure. 
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2.2 Methods 

2.2.1 Subject Housing and Husbandry 

Zebrafish (AB* strain) were bred from a colony originating with progenitors 

obtained from the Zebrafish International Resource Center (ZIRC, Eugene, OR, USA). 

Breeding tanks of N=12-15 were maintained with a male to female ratio of 2:1. Eggs were 

collected via in-tank inserts approximately 1-2 hours after the lights-on phase of a 14:10 

hour light:dark cycle. Eggs from approximately 6 such tanks were combined and rinsed 

with 10,000x diluted solution of bleach for 1 minute, followed by 3 likewise rinses in 

fresh aquarium water. Eggs were inspected under a dissection microscope and 

unfertilized or otherwise abnormal eggs were discarded. Approximately 5-h post 

fertilization, eggs (N=60) were randomly distributed into glass Petri dishes 

corresponding to differing exposures, and placed in an incubator held at 29°C and 

illuminated with an identical 14:10 light cycle until 6 days post fertilization. 

Fish aged 6 days post fertilization and older were housed in 3L tanks on a 

circulating aquarium rack system (Aquatic Habitats/Pentair Aquatic Eco-Systems, 

Apopka, FL, USA). Aquarium water was made from a mixture of sea salt (Instant Ocean, 

0.5 parts per thousand) and buffer (Seachem Neutral Regulator, 2.5-g/19 L H2O) 

dissolved in de-ionized water, and was maintained at 26°C. Water chemistry, salinity, 

and temperature were monitored biweekly. Fish were fed twice per day: a suspension of 

24-hour-old brine shrimp raised in-house (origin Brine Shrimp Direct, Ogden, UT, USA) 
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in the morning, and solid food (TetraMin Tropical Flakes, Blacksburg, VA, USA) in the 

evening. Younger fish (until 3-4 weeks post fertilization) were supplemented with 

smaller-particle solid food (Brine Shrimp Direct Golden Pearl). All adult behavioral 

testing was conducted between 11:00 AM (2-h post lights-on) and 6:00 PM, with testing 

time counterbalanced across experimental groups. On days of behavioral testing the 

evening feeding was withheld until testing was complete. All larval testing was run 

between 3:00PM and 5:00PM.  

 

2.2.2 Chemical Exposures 

At 5 hours post fertilization, zebrafish eggs (N=60) were placed in separate glass 

Petri dishes in 40-ml of solutions of chlorpyrifos, tris(1,3-dichloroisopropyl) phosphate 

(TDCIPP), or triphenyl phosphate (TPHP) (Sigma-Aldrich, St. Louis, MO, USA) (Figure 

1), at either 0.03 or 0.3µM. DMSO 0.03% in aquarium water served as a vehicle control. 

These solutions were renewed every 24 hours, through 5 days post fertilization. Hatched 

larvae were then placed into fresh aquarium water for 24 h, at which point they were 

examined under a dissecting microscope. Larvae exhibiting arrested development or 

malformations were discarded. All other larvae were transferred to the aquarium rack 

system or prepared for the larval motility assay. 
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Figure 1: Chemical Structure of Organophosphate Compounds Used  

 

2.2.3 Larval Motility Assay 

After 6-day-old larvae were inspected, they were placed into 96-well plates with 

glass well inserts each with 0.5-ml of aquarium water (n=23-28 per exposure condition, 

over two exposure replicates). Exposure conditions were all represented within each 

plate and across multiple plates. Plates were then returned to the incubator for an hour 

before being placed into a DanioVision™ lightbox running EthoVision XT® tracking 

software (Noldus, Wageningen, The Netherlands). Locomotor activity was tracked 

during a paradigm in which an initial 10-min acclimation period in the dark (0% 

illumination) was followed by 2 cycles of 10-min at 100% illumination (5,000 lux) and 10-
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min at 0% illumination. An infrared camera tracked larval locomotion throughout the 

trial. EthoVision XT® was used to calculate the average distance moved in cm per minute 

for each subject. We have previously found larval locomotion and typical sensorimotor 

responses to changing illumination conditions to be sensitive to developmental 

exposures to a wide variety of chemicals, including the pharmaceutical valproic acid 

(Bailey et al., 2016), the neonicotinoid pesticide imidacloprid (Crosby et al., 2015) and 

ethanol (Bailey et al., 2015b). Others have shown that similar assays are sensitive to 

acute dopaminergic pharmacological modulation (Irons et al., 2013), and have used a 

variation of the test to detect larval hypoactivity following previous exposure to 

chlorpyrifos and multiple OPFRs (Dishaw et al., 2014). 

 

2.2.4 Adult Behavioral Test Battery 

6-day-old larvae distinct from those used in the larval motility assay were 

transferred to the aquarium rack systems and allowed to age normally to 12 weeks of 

age (n=24-31 per exposure condition over two exposure replicates). Over approximately 

the following two weeks, the adult fish were run through a series of behavioral tests 

assessing various behavioral and cognitive functions.  Although little is known about 

the possible effects when doing multiple tests in a row, such as in this battery, initial 

findings have suggested that zebrafish behavioral testing on successive days does not 

appear to generate an effect itself (Song et al., 2016). 
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2.2.4.1 Novel Tank Diving 

Adult fish were assessed for novel environment exploration in a test described 

previously (Bencan and Levin 2008; Levin et al., 2008). Briefly, fish were placed into 1.5L 

tanks filled 10-cm high with aquarium water. A video camera feeding into EthoVision 

XT® software was used to track the position of the fish across a 5-minute trial, and to 

calculate both the average distance moved in cm per minute and the average distance 

from the floor of the tank in cm per minute of the test. This test serves as a measure of 

exploratory behavior in a new environment and its tradeoff with security-seeking 

behavior. Specifically, zebrafish are typically observed as beginning the assay by staying 

close to the bottom of the tank, and gradually exploring the upper portions of the novel 

environment as the test progresses. The assay has been shown sensitive to acute 

pharmacological modulation - nicotine and the serotinergic drug busiprone have 

producing anxiolytic responses in the test, with fish showing a decrease in this initial 

diving behavior (Levin et al., 2007; Bencan et al., 2009). It is also useful for measuring the 

adult behavioral consequences of early-life chemical exposures, with developmental 

exposure to either the DAT blocker methylphenidate or the OP pesticide chlorpyrifos 

produce a decrease in the typical diving response in adult fish (Levin et al., 2011; Sledge 

et al., 2011).  
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2.2.4.2 Sensorimotor Startle Response 

Habituation to a startling stimulus was tested in adult fish via a protocol used 

previously (Eddins et al., 2010; Sledge et al., 2011). Adult fish were placed into 40-ml of 

water in one of 8 translucent plastic cups (5.7-cm in diameter) arranged in a 4x2 array. 

Below each cup was a centrally located push solenoid that could be controlled to deliver 

a sudden tap to the bottom of the cup. A video camera positioned above the cups was 

used to record the locomotion of the fish in all 8 cups at once. Following a 5-minute 

acclimation period after the fish were placed in the cups, 10 taps were delivered once 

per minute over 10 minutes. EthoVision XT® software was used to control the solenoids 

and to calculate the average distance moved in cm during the 5 seconds preceding and 

following each of the 10 taps. This assay can be used to detect both overall changes in 

the magnitude of the startle response, as has been seen following developmental 

exposure to either nicotine or the neonicotinoid pesticide imidacloprid (Crosby et al., 

2015), as well as changes in the pattern of habituation across the repeated presentations 

of the startle stimulus, as produced by developmental exposures to chlorpyrifos (Sledge 

et al., 2011). 

 

2.2.4.3 Social Affiliation 

The third test in the behavioral battery, an assessment of social affiliation, 

utilized a type of behavioral response called shoaling, in which a zebrafish will 
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approach a group of conspecifics (a “shoal”) and engage in a dart/pause locomotor 

behavior alongside the conspecific group (“shoaling”). Adult fish were singly isolated in 

1.5-L tanks surrounded by opaque dividers for 30 minutes. After this period, they were 

placed in a large transparent rectangular tank 45-cm long by 13-cm wide by 12.5-cm 

deep. On both ends of the tank was positioned a computer monitor for stimulus display. 

The fish was recorded using a digital video camera placed above the tank. During the 

first minute of the 6-minute test, each monitor screen displayed a background of static 

ovals approximately the size of an adult zebrafish and displaying the pattern and colors 

of a typical zebrafish. At the end of the first minute, one of the two monitors began to 

display a video recording of a zebrafish shoal for the remaining 5 minutes. The side of 

the tank displaying the shoal video was counterbalanced among exposure groups. 

EthoVision XT® was used to control the two displays, to record the locomotion of the 

fish, and to calculate both the average distance traveled in cm per minute and the 

average distance from the tank wall through which the shoal video was visible in cm for 

each subject across the 5 minutes of the stimulus presentation, allowing for 

measurement of both overall magnitude of the shoaling response, as well as any 

habituation or acclimation to the shoaling stimulus that might occur of the course of the 

5-minute presentation. One previous study found that both acute and chronic exposures 

to a flame retardant mixture containing OPFR compounds could significantly reduce 

this social affiliative behavior (Bailey and Levin, 2015). Additionally, this shoaling 
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behavior appears sensitive to pharmacological changes in dopamine neurotransmission, 

with acute administration of dopamine receptor antagonists also decreasing the social 

response (Scerbina et al., 2012).  

 

2.2.4.4 Predator Escape 

The final test involved an assessment of escape behavior following exposure to a 

predator-like stimulus. Adult fish were placed in a 1.5L tank facing a computer monitor. 

The 5-minute test involved an initial minute of acclimation, followed by 2 rounds of a 

cycle including a 1-minute presentation of a small (1.3 cm diameter) circle appearing in 

the center of the screen, growing to 30.5 cm in diameter, disappearing, and repeating, to 

simulate a larger fish swimming towards the tank, followed by 1 minute of a blank 

screen. The test was performed first with a blue dot that grew slowly (over 4 seconds), 

and again on a separate day with a red dot that grew quickly (over 1 second). A 

camcorder positioned above the tank tracked the fish. EthoVision XT® was used to 

control the display, to record the fish’s activity, and to calculate both the average 

distance traveled in cm per minute and the average distance from the tank wall through 

which the screen was visible in cm for each subject over the 2 rounds of predator 

stimulus presentation and removal. This test sought to assay the ability of the zebrafish 

to respond to a predator-like stimulus, and to probe whether such a response might vary 

over stimulus type. Previously, the assay has been used with only one stimulus type, 
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and though adult fish have shown robust escape behavior, no significant effect of acute 

or chronic exposure to a flame retardant mixture containing OPFRs has been shown 

(Bailey and Levin, 2015).  

 

2.2.4.5 Statistical Analysis 

The dependent measures corresponding to each assessment are described above. 

All statistical analyses were performed with SuperANOVA/Statview (SAS, Cary, NC, 

USA). Type 1 error rate (α) was set at 0.05 for all tests. A mixed design repeated 

measures of analysis (RMANOVA) with organophosphate exposure and dose as the 

between-subject factor and tap number, session minute, or time condition as the 

repeated measures was used for all behavioral tests. A pre/post time condition was 

additionally used as a between-subject factor in the tap startle test, and stimulus type 

(blue/slow vs red/fast) as a between-subject factor in the predator escape test. Fisher’s 

least significant difference was used for all post-hoc analyses. A Huynh-Feldt 

adjustment was used to control for possible deviations from sphericity. Log 

transformations of the raw data were performed (as noted) when the distribution of the 

data was positively or negatively skewed. Interactions p<0.10 were followed by tests of 

simple main effects as recommended by Snedecor and Cochran (1967). In final analyses 

p<0.05 (two-tailed) was always set as threshold for statistical significance.  
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2.3 Results 

2.3.1 Survival 

During the developmental exposures, from 5 h post fertilization (hpf) to 5 days 

post fertilization (dpf), the viability and survival of the embryos was tracked and logged 

daily. The majority of dead or nonviable eggs were identified within the first 24-h after 

plating and were likely due to misidentification of fertilized or healthy eggs at the time 

of egg selection plating at 5 hpf. These eggs regularly accounted for approximately 30% 

of the eggs plated and death across the remainder of the exposure was negligible. At 

6dpf, hatched embryos were examined for physical malformations under a dissecting 

scope. Abnormal spinal curvature or edema of the pericardium or yolk sac qualified an 

embryo for exclusion from all further testing. Survival and malformation rates did not 

differ significantly across exposure conditions. 

 

2.3.2 Larval Motility Assay 

A main effect of illumination condition (F(1,230)=819.71, p<0.001) on locomotion 

was observed, indicating the larval fish swam more in the dark than in the light. 

However, there was no significant effect of exposure on locomotion (Figure 2). 



 

41 

 

Figure 2: Effects of Developmental OP Exposure in the Larval Motility Assay. 

Figure is a plot of the total distance traveled (mm) during the two illumination 

conditions of the larval activity assay (light and dark), as a function of exposure group. 

Error bars represent SEM. 

 

2.3.3 Novel Tank Diving 

There was a main effect of minute on distance from the bottom of the novel 

environment tank (F(4,628)=40.30, p<0.001), with fish averaging a progressively farther 

distance from the bottom over successive minutes as is typically seen in this test. There 

was also a significant main effect of minute on the distance moved (F(4,628)=19.741, 

p<0.001), with locomotor activity generally increasing across the 5 minutes. 

Additionally, there was a significant interaction of minute X OP exposure 

(F(24,628)=1.76, p<0.05) on distance from the bottom. Follow-up tests examined the effect 
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of OPFR exposure on the linear trend of the progressive rise from the bottom over time 

that is normal control behavior. There was a significant effect of OP exposure 

(F(6,157)=2.16, p<0.05) on the linear increase in distance from the bottom over the 5 

minutes of the test. Post-hoc comparisons showed that the fish exposed to either dose of 

TPHP had a significantly (p<0.05) lowered linear time course of distance from the 

bottom than the control fish (Figure 3A). There was also a main effect of OP exposure 

(F(6,157)=4.39, p<0.001) on locomotor activity over the course of the assessment, with the 

fish exposed to the 0.3µM dose of chlorpyrifos or either dose of TDCIPP exhibiting 

significant (p<0.05) hyperactivity compared to controls (Figure 3B). 

 

Figure 3: Effects of Developmental Organophospahte Exposure in the Novel 

Tank Diving Test. 

Panel A plots the distance from the tank floor (cm) per minute of the trial for 

each exposure group. Panel B plots the total distance traveled (cm) per minute for each 

exposure group. An “*” denotes significant difference in main effect from control 

(p<0.05). An “ ” denotes significant difference in linear trend from control. Error bars 

represent SEM. 
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2.3.4 Sensorimotor Startle Response 

Data for the startle habituation were log-transformed prior to analysis. Tap 

number exhibited a significant main effect (F(9, 1341)=3.55, p<0.001) on locomotion, with 

fish decreasing in activity as the test progressed. The tap stimulus itself also showed a 

significant main effect (F(1,140)=340.12, p<0.001), with fish showing much greater 

activity in the 5 seconds following the tap stimuli as compared to the 5 seconds 

preceding. The tap stimulus significantly interacted with tap number (F(9,1341)=11.37, 

p<0.05),  showing that the habituation trend was more pronounced across the 

measurements following each tap compared to those preceding. A significant interaction 

of organophosphate exposure and tap number (F(54,1341)=1.50, p<0.05) prompted 

follow-up analyses examining the effects of OP exposure before and after the tap 

stimulus. Here, there was a significant effect of OP exposure (F(6,149)=2.483, p<0.05) on 

the linear trend of locomotor activity in the 5 seconds following each tap across the trial, 

with no significant effect of OP exposure on activity in the 5 seconds preceding each tap. 

Post-hoc analyses showed that fish exposed to the 0.3µM dose of TDCIPP or either dose 

of TPHP exhibited a significantly altered trend in stimulus response across the trial 

compared to controls (p<0.05) (Figure 4). 
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Figure 4: Effects of Developmental OP Exposure on Sensorimotor Startle 

Response and Habituation. 

Figure plots the log-transformed total distance traveled (cm) in the 5” preceding 

(“Pre”) and following (“Post”) the delivery of each tap (startle) stimulus for each 

exposure group. An “ ” denotes significant difference in linear trend from control. Error 

bars represent SEM. 
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2.3.5 Social Affiliation 

There was a main effect of minute (F(4,388)=39.44, p<0.001) on distance from the 

tank wall through which the shoaling video is visible, with fish initially closest to the 

wall during the first minute of the video, and then averaging progressively farther 

distances with each subsequent minute. A significant interaction of OP exposure X 

minute (F(24,388)=1.74, p<0.05) was also observed. However, follow-up analysis did not 

detect any significant effects of individual OPFRs on the linear trend of distance from 

the shoal over time. There were no significant effects on locomotor activity (Figure 5). 

 

 

Figure 5: Effects of Developmental Organophosphate Exposure on Social 

Affiliation. 

Panel A plots the mean distance (cm) from the wall displaying the shoaling video 

during each minute of the assay for each exposure group. Panel B plots the total distance 

traveled (cm) per minute for each exposure group. Error bars represent SEM. 
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2.3.6 Predator Escape 

The presence of the predator stimuli had a significant effect on the distance the 

fish swam from the tank wall through which the video was visible (F(1,244)=480.34, 

p<0.001). The stimulus type (blue/slow vs. red/fast) significantly interacted with 

stimulus presentation (F(1,244)=70.25, p<0.001), with the fish generally retreating further 

from the stimulus during the red/fast trials, compared to the blue/slow ones. While OP 

exposure did not significantly interact with stimulus type at all, there was a significant 

interaction of exposure and stimulus presentation (F(6,244)=4.84, p<0.001), which led to 

an examination of the main effects of OP exposure when the stimulus was on and off. 

These analyses revealed that fish exposed to the 0.03µM dose of either chlorpyrifos or 

TPHP kept significantly farther away from the predator stimuli presentations compared 

to control fish (p<0.05) (Figure 6A). 

Both predator stimulus presentation (F(1,244)=18.53, p<0.001) and OP exposure 

(F(6,244)=3.84, p<0.005) exhibited significant main effects on total locomotion, although 

here there was no significant interaction between exposure and stimulus presence. Post-

hoc analyses showed that fish exposed to the 0.03µM dose of chlorpyrifos and those 

exposed to the 0.3µM dose of TPHP exhibited significant hypoactivity compared 

(p<0.05) to controls across all stages of the assay (Figure 6B). 
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Figure 6: Effects of Developmental Organophosphate Exposure on Predator 

Stimulus Escape. 

Panel A plots the mean distance (cm) from the wall displaying a control image 

(stimulus “Off”) or the predator stimulus (stimulus “On”) across the two stimulus types 

(“Red Fast” and “Blue Slow”) for each exposure group. Panel B likewise plots the total 

distance traveled (cm) for each exposure group. Error bars represent SEM. A bar with an 

“*” denotes significant difference from control (p<0.05). 

 

 

2.4 Discussion 

Developmental exposure to OPFR compounds produced widespread effects 

across nearly all of the behavioral assays utilized. Locomotor activity was affected in 

both the novel environment dive test (where it was increased in chlorpyrifos- and 

TDCIPP-exposed fish) and in the predator escape test (where it was decreased, in 

chlorpyrifos- and TPHP-exposed fish). Additionally, OP exposure also impacted a 

number of adaptive endpoints, altering the temporal pattern of exploration in the novel 

environment assay, with TPHP exposure altering the time course of environment 

exploration in adult fish. Similarly, both TDCIPP and TPHP exposure altered the time 
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course of responses across a series of startling tap stimuli. A significant interaction of OP 

and time was observed across the exposure to a shoal of conspecifics, however, as 

further analyses of the linear trends found no significant differences, it is unclear what 

this significant interaction means for cognition and behavior. And in the predator escape 

test, fish exposed to both chlorpyrifos and TPHP retreated further away from the 

predator stimulus while it was present. Finally, these effects were all observed after 

exposure to doses that did not produce significantly different rates of physical 

abnormalities or survival, reproducing previous findings (Dishaw et al, 2014) that 

demonstrated that, while OPFRs can cause overt toxicity at higher doses, the 0.3 and 

0.03-µM doses used here are below the threshold for significant malformations. 

One trend to emerge from these results is that developmental OPFR exposure 

can lead to alterations in locomotor activity later in life that are not prominent larvae. 

Another study using a dosing protocol similar to that used here and a variation of the 

larval activity assay did not find an effect of TDCIPP at doses tested in the current study. 

Instead, it was found that exposures an order of magnitude higher decreased larval 

activity in both the light and dark (Dishaw et al., 2014). Another study also failed to find 

that TPHP exposure during the same time period produced behavioral effects at a dose 

two orders of magnitudes higher, at which point TPHP also depressed locomotion 

(Noyes et al., 2015). The same study, however, found that TDCIPP increased locomotion 

at doses near the higher dose tested here, but attenuated it at higher doses (Noyes et al., 
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2015). Variations between these results may partially be explained by differences in 

testing protocol (e.g., beginning with a light phase as opposed to a dark phase) or 

differences in strain of zebrafish (5D in both Dishaw et al., 2014 and Noyes et al., 2015 

compared to the AB* strain used here). Unfortunately, these other studies did not test 

adult behavior, so we cannot compare them to changes in locomotor activity seen in the 

novel environment and predator escape assays here. It is possible that, since the manner 

and type of locomotion required in each test varied (e.g., exploratory locomotion in the 

novel environment task compared to escape locomotion in the predator escape assay), 

the susceptibility of test-specific locomotion to organophosphate exposure would also 

vary, accounting for the fact that hypo- or hyperactivity was not uniformly observed. 

Nonetheless, in this and previous studies it appears that OPFRs are likely to alter 

locomotion at various life stages, although the exact relationship between testing 

paradigm, dosing, and direction of effect remains to be fully elucidated.  

Organophosphate exposure altered the pattern of behavior across the duration of 

the test in multiple assays. As noted above, exposed fish exhibited a generally 

attenuated exploratory response during the novel environment assay, displaying a 

smaller increase in their distance from the bottom of the tank across the duration of the 

test. And though the initial startle responses of exposed fish tended to be higher in the 

startle habituation assay, they quickly dropped down to control levels or lower. 

Similarly, though OP-exposed fish and control fish initially affiliated with the video of 
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shoaling conspecifics to similar degrees, in subsequent minutes the exposed fish showed 

an accelerated tendency to spend time away from the shoal. The extent of the effects of 

OP exposure on shoaling habituation, though, are unclear, as initial analyses showed 

altered interactions of the measures over time but follow-up investigations of the linear 

trends failed to show significant individual differences from control. Thus, it seems that 

developmental exposure to OP compounds, including OPFRs, might alter habituation to 

repeated or prolonged stimuli. 

Another connection between the behavior of the OP-exposed fish across the 

assays is that developmental exposure to OP compounds appears to alter the saliency of 

both rewarding and aversive stimuli. For example, in the predator escape assay, 

chlorpyrifos- and TPHP-exposed fish exhibited an increased escape response to the 

presentation of the predator stimulus. This potent aversive stimulus serves as a 

behavioral control showing that the exposed fish are able to see visual stimuli quite well. 

Decreased aversive or rewarding saliency might explain the abnormal habituation 

observed in the other assays. Exposed fish might have altered exploratory behavior in 

the novel environment task because the normal initial aversion to exploration might be 

muted, leading to less time spent towards the bottom of the tank. Similarly, the startling 

tap stimulus might initially be more aversive to exposed fish than it is to controls but 

might lose its aversive qualities more rapidly, leading to an increased habituation trend 

(alternatively, the initially elevated startle responses observed in some of the exposed 
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groups might be manifestations of OP-induced hyperactivity). In the same way, the 

shoaling video might not retain its rewarding salience in exposed fish as long as it does 

in controls, leading to a differential response over the course of the social affiliation 

assay. In this way, altered responses to stimuli might explain the majority of the 

behavioral abnormalities observed across the adult testing battery. 

These results and explanations fit overall with what has been previously 

observed with developmental exposure to OP pesticides. Zebrafish exposed to 0.3-µM 

chlorpyrifos as they were in this study have previously been shown to exhibit 

hyperactivity and altered habituation in the startle habituation and novel environment 

assays (Sledge et al., 2011). In the present experiment, chlorpyrifos-exposed fish 

displayed greater locomotion during the novel-tank exploration test, compared to a 

decrease in bottom-dwelling as well as an altered time course of bottom-dwelling in this 

previous research. Though those effects were not seen here, it may be that differences in 

measurements of diving behavior (cm from bottom of tank here, a seconds on bottom of 

tank previously) led to these divergent results, with the increased locomotion seen here 

in the test still suggesting abnormalities in novel-environment diving behavior in 

chlorpyrifos-exposed fish. In the startle-habituation tap test, however, no effects of 

developmental exposure to chlorpyrifos were seen in the present experiment, conflicting 

with the effects following identical exposures seen previously (Sledge et al., 2011). 

Additionally, fish exposed developmentally to both 0.03-µM and 0.3-µM of chlorpyrifos 
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showed significantly inhibited spatial discrimination in previous studies (Levin et al., 

2003), possibly explained by an attenuated salience of the aversive stimuli used to train 

the fish in the task. Some previous studies have shown decreased locomotion in larval 

fish following developmental chlorpyrifos exposure performed at the same doses used 

here (Levin et al., 2004), although other studies have found higher doses to be necessary 

(Dishaw et al., 2014), inconsistencies that may be due to differing larval locomotor assay 

paradigms and which may help explain why no such hypoactivity in larval fish exposed 

developmentally to chlorpyrifos were seen here. 

Furthermore, these findings fit into the literature regarding OP exposure 

behavioral abnormalities in rodents and possible underlying neurochemical 

mechanisms. Developmental OP exposure in rodents has been extensively linked to 

altered locomotion, habituation, and responses to rewarding and aversive stimuli or 

environments. Chlorpyrifos-exposed rats spend more time exploring the open arms of 

an elevated plus maze test (Aldridge et al., 2005a), similar to the results seen in the novel 

environment assay in this study. Early-life exposure to two other OP pesticides, 

parathion and diazinon, produce varied responses that fit the theme of altered reward 

salience, including decreased preference for chocolate milk over water, reduced latencies 

to begin eating in an unfamiliar environment, greater time in the open arms of an 

elevated plus maze, reduced startle response, and decreased reward-motivated spatial 



 

53 

discrimination learning (Roegge et al., 2008; Timofeeva et al., 2008a; Timofeeva et al., 

2008b).  

Here, we have found that developmental exposures to the organophosphate 

flame retardants TDCIPP and TPHP, at levels equimolar to those of known 

neurotoxicant chlorpyrifos, produce behavioral abnormalities across a number of 

locomotor and cognitive endpoints in both larval and adult zebrafish, supporting our 

hypothesis put forward in Aim 1. To begin to examine whether these behavioral effects 

could be linked to organophosphate-induced dopamine dysfunction during 

development, we proceeded to measure the behavioral effects of dopamine receptor 

antagonism during the development on the same behavioral endpoints measured here. 
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3. Testing the Effects of Dopamine D1 and D2 Receptor 
Antagonism During Development on Later Behavior in 
Zebrafish 

3.1 Introduction 

In order to link the behavioral effects seen in zebrafish following developmental 

exposure to organophosphate compounds in Chapter 2 to a possible disruption of 

dopamine signaling drive by the exposures, we sought to establish what the phenotype 

of a transient pharmacological antagonism of dopamine signaling during development 

(mirroring the exposures conducted with organophosphate compounds) would generate 

in the same behavioral assays. To that end, we exposed zebrafish embryos to either the 

D1-receptor antagonist SCH-23390 or the D2-receptor antagonist haloperidol during the 

same developmental window used in Chapter 2, and then tested both larval and adult 

fish on the same behavioral assays. These compounds had previously been shown to 

have behavioral effects in larval zebrafish, with either antagonist able to reduce 

locomotor activity (Giacomini et al., 2006; Thirumali and Cline, 2008;  Irons et al., 2013). 

Additionally, administration of SCH-23390 has been shown to inhibit opioid-induced 

conditioned place preferences in larvae (Bretuad et al., 2007).  Given the behavioral 

activity of the antagonists in larvae under acute dosing regimens, we hypothesized that 

the developmental exposure paradigm would show the compounds to behaviorally 

teratogenic.  
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3.2 Methods 

3.2.1 Animal Housing and Husbandry 

Zebrafish of the AB* strain were bred from a colony originating with progenitors 

obtained from the Zebrafish International Resource Center (ZIRC, Eugene, OR, USA). 

Zebrafish of the 5D strain were bred from a colony originating from Oregon State 

University. All animal care and husbandry was conducted as in Chapter 2. 

 

3.2.3 Larval Motility Assay 

3.2.3.1 Chemical Exposures 

At 5 hours post fertilization, zebrafish eggs of both AB* and 5D strains were 

placed into 96-well plates with meshed plastic inserts in 0.5-ml of solutions of SCH-

23390 (Sigma-Aldrich, St. Louis, MO, USA) or haloperidol (Abbott Labs, Abbott Park, Il, 

USA) at either 0.5 or 1.5µM. Aquarium water served as control, and all solutions were 

renewed every 24 hours, through 5 days post fertilization. Hatched larvae were then 

placed into fresh aquarium water for 24 h, at which point they were examined under a 

dissecting microscope. Larvae exhibiting arrested development or malformations were 

discarded. Exposure conditions were all represented within each plate and across 

multiple plates (N=48-78 per exposure condition over 3 replicates).  
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3.2.3.2 Behavioral Assay 

The larval behavior assay was run as in Chapter 2.  

 

3.2.4 Adult Behavioral Test Battery 

3.2.4.1 Chemical Exposures and Rearing 

Zebrafish eggs of the AB* strain were dosed as in the larval motility assay 

described above, with the exception that the eggs were placed into 40ml of solution in 

glass petri dishes instead of 96-well plates. 6-day-old larvae distinct from those used in 

the larval motility assay were transferred to the aquarium rack systems and allowed to 

age normally to 12 weeks of age (N=16-23 per exposure condition over two exposure 

replicates).  

 

3.2.4.2 Behavioral Battery 

Over approximately the following two weeks, the adult fish were run through a 

series of behavioral tests assessing various behavioral and cognitive functions, as in 

Chapter 2. Briefly, the tests consisted of a novel tank diving test, measuring locomotor 

activity and the distance from the floor of a novel tank over the course of 5 minutes; a 

sensorimotor startle response and habituation assay, measuring the distance traveled 

during the 5 seconds preceding and following each of 10 startling tap stimuli presented 

one per minute; a social affiliation assay, measuring locomotor activity and the 
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proximity of the subject to a video displaying a shoal, or social group, of conspecifics; 

and a predator escape assay, measuring both locomotor activity and the distance from a 

tank wall through which a stimulus simulating an approaching predator was 

alternatingly presented by minute, across two different stimulus types (“blue/slow” and 

“red/fast”) conducted on separate testing days. 

 

3.2.5 Statistical Analysis 

The dependent measures corresponding to each assessment are described above. 

All statistical analyses were performed with Supernova/Statview (SAS, Cary, NC, USA). 

Type 1 error rate (α) was set at 0.05 for all tests. A mixed design repeated measures of 

analysis (RMANOVA) with antagonist exposure and dose as the between-subject factor 

and tap number, session minute, or time condition as the repeated measures was used 

for all behavioral tests. A pre/post time condition was additionally used as a between-

subject factor in the tap startle test, and stimulus type (blue/slow vs red/fast) as a 

between-subject factor in the predator escape test. Fisher’s least significant difference 

was used for all post-hoc analyses. A Huynh-Feldt adjustment was used to control for 

possible deviations from sphericity. Log transformations of the raw data were 

performed (as noted) when the distribution of the data was positively or negatively 

skewed. Interactions p<0.10 were followed by tests of simple main effects as 
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recommended by Snedecor and Cochran (1967). In final analyses p<0.05 (two-tailed) was 

always set as threshold for statistical significance. 

 

3.3 Results 

3.3.1 Survival 

Viability and survival of embryos was tracked daily during the dosing period of 

the first 5 days post fertilization. Hatching and survival rates across the dosing period 

were similar to those seen in Chapter 2. At 6 days post fertilization, the hatched larvae 

were examined for physical malformations under a dissecting scope. Abnormal spinal 

curvature or edema of the pericardium or yolk sac qualified an embryo for exclusion 

from all further testing. Preliminary experiments had identified threshold doses of both 

SCH-23390 and haloperidol producing these malformations, and the exposure doses and 

conditions selected for this study did not produce significant increases in physical 

abnormalities or survival.  

 

3.3.2 Larval Motility Assay 

Main effects of light condition (F(1, 266)=995.75 p<0.001), zebrafish strain (F(1, 

266)=4.60, p<0.05), and treatment (F(4, 266)=11.30, p<0.001) on locomotor activity were all 

observed. Additionally, there were significant interactions between light condition and 

strain (F(1, 266)=44.88, p<0.001) and strain and treatment (F(4, 266)=3.70, p<0.01), as well 
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as a nearly significant interaction of light condition and treatment (F(4, 266)=2.36, 

p=0.054). In the light phase, post-hoc analyses on the main effect of treatment revealed 

larvae exposed to both doses of SCH-23390 were significantly hypoactive compared to 

both control larvae (p<0.05). Post-hoc analyses on the main effect of treatment in the 

dark phase showed that larvae exposed to the 1.5 µM dose of haloperidol and to the 0.5 

µM dose of SCH-2390 were significantly hyperactive compared to control larvae 

(p<0.05), and larvae dosed with 0.5-µM haloperidol exhibiting significantly elevated 

activity compared to all four other treatment conditions (p<0.05) (Figure 7C). A 

significant interaction of strain and treatment within the dark phase (F(4, 266)=5.07, 

p<0.001) prompted analyses into the effects of treatment within each strain. Here, while 

fish of the AB* strain exposed to the 1.5-µM dose of SCH-23390 exhibited significantly 

reduced activity in the dark phase, that treatment had no significant effect in fish of the 

5D strain. Instead, fish exposed to the other three treatment conditions (0.5 and 1.5-µM 

haloperidol and 0.5-µM SCH-23390) had significantly increased activity in the dark 

condition (Figure 7A-B). Finally, post-hoc analyses of a significant main effect of strain 

on activity of control fish in the dark phase (F(1, 76)=48.83, p<0.001) revealed that control 

fish of the AB* strain swam significantly more in the dark compared to fish of the 5D 

strain (p<0.05) (Figure 8). 
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Figure 7: Effects of Developmental Dopamine Receptor Antagonism on Fish of 

the AB Strain in the Larval Motility Assay. 

Panels A and B plot the average distance traveled (mm) per minute across the 

light and dark illumination conditions of the larval activity assay for larvae exposed to 

either 0.5 or 1.5 µM of SCH-23390 or haloperidol, compared to controls, for AB* and 5D 

strains, respectively. Panel C plots this data for both strains combined. Error bars 

represent SEM. An “*” denotes a significant difference from control (p<0.05). 
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Figure 8: Effect of Zebrafish Strain in Larval Motility Assay 

Figure plots the total distance traveled (mm) during either the light or dark 

phases of the assay by unexposed fish of either AB* or 5D strains. Error bars represent 

SEM. A bar with an “*” denotes a significant difference (p<0.05). 

 

3.3.3 Novel Tank Diving Test 

There were significant main effects of minute on both the distance from the 

bottom of the tank (F(4, 452)=31.28, p<0.001) and on total locomotor activity (F(4, 

452)=58.43, p<0.001), indicating that the fish swam a greater amount, higher in the tank, 

as the test progressed (Figure 9). There were no significant main effects of treatment, 

although an interaction of treatment and minute on distance from the bottom of the 

testing tank (F(16, 452)=1.537, p=0.08) prompted follow up analyses examining the linear 
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trends of the dive response over time. However, there were no significant effects of 

treatment on the linear trend across the testing time. 

 

Figure 9: Effects of Developmental Dopamine Receptor Antagonism in the 

Novel Tank Diving Test 

Panel A plots the distance from the tank floor (cm) per minute of the trial for 

each exposure group. Panel B plots the total distance traveled (cm) per minute for each 

exposure group. Error bars represent SEM. 

 

3.3.4 Sensorimotor Startle Response 

Data from the startle habituation task were log transformed prior to analysis to 

reduce skewedness. Presentation of the tap stimulus produced a significant main effect 

on locomotor activity (F(1, 113)=165.17, p<0.001), with the fish moving significantly more 

in the 5 s following the tap stimuli compared to the 5 s preceding the stimulus, as did 

tap number (F(4, 452)=4.97, p<0.001), with activity decreasing with time. A significant 

interaction of stimulus presentation by tap number was also observed (F(4, 452)=12.92, 
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p<0.001), with the habituation effect on locomotion across the duration of the assay 

being more pronounced in the 5 seconds following each tap. Treatment produced no 

significant effects (Figure 10).  

 

Figure 10: Effects of Developmental Dopamine Receptor Antagonism on 

Sensorimotor Startle Response  

Figure plots the log-transformed total distance traveled (cm) in the 5” preceding 

(“Pre”) and following (“Post”) the delivery of each tap (startle) stimulus for each 

exposure group. Error bars represent SEM. 
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3.3.5 Social Affiliation 

There was a significant main effect of time on locomotor activity in the social 

affiliation task (F(4, 388)=15.07, p<0.001), with swimming speed increasing as the session 

progressed. No treatment effects were observed (Figure 11). 

 

Figure 11: Effects of Developmental Dopamine Receptor Antagonism on Social 

Affiliation. 

Panel A plots the mean distance (cm) from the wall displaying the shoaling video 

during each minute of the assay for each exposure group. Panel B plots the total distance 

traveled (cm) per minute for each exposure group. Error bars represent SEM. 

 

3.3.6 Predator Escape 

In the predator escape paradigm, the distance of the fish from the tank wall 

through which the computer screen was visible was significantly increased during the 

minutes consisting of the presentation of either stimulus, compared to those during 

which the control image was displayed (F(1, 166)=266.02, p<0.001) (Figure 12A). 
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Stimulus presentation likewise significantly increased locomotor activity (F(1, 

166)=39.44, p<0.001). A significant main effect of treatment on locomotor activity (F(4, 

166)=4.28, p<0.005) revealed that fish exposed to the 1.5-µM dose of SCH-23390 moved 

significantly less over the course of the test compared to controls (p<0.05) (Figure 12B).  

 

 

Figure 12: Effects of Developmental Dopamine Receptor Antagonism on 

Predator Stimulus Escape. 

Panel A plots the mean distance (cm) from the wall displaying a control image 

(stimulus “Off”) or the predator stimulus (stimulus “On”) across the two stimulus types 

(“Red Fast” and “Blue Slow”) for each exposure group. Panel B likewise plots the total 

distance traveled (cm) for each exposure group. Error bars represent SEM. A bar with an 

“*” denotes significant difference from control (p<0.05). 

 

 

3.4 Discussion 

Here, we show that early developmental antagonism of dopamine receptors can 

alter zebrafish behavior during the larval stage immediately following exposure and 

persisting into adult life stages. In the larval locomotor test, developmental exposure to 
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the antagonists generally produced hyperactivity in the dark phase and hypoactivity in 

the light. Furthermore, the reduction of activity in the light phase appeared more 

sensitive to developmental exposure to the D1 receptor antagonist, SCH-23390, while the 

larvae exposed to the D2 receptor antagonist haloperidol showed more pronounced 

hyperactivity in the dark. The dopamine antagonists drove differential effects across the 

two strains tested, AB* and 5D, partially due to a large difference in activity in the dark 

in the control fish of each strain, with the patterns observed in the dark with both strains 

combined being drive almost entirely by effects seen in the 5D strain alone. In adult fish, 

developmental exposure to the dopamine antagonists decreased locomotor activity in 

the predator escape testing paradigm, with fish exposed to the highest dose of SCH-

23390 showing the most significant reduction. Conversely, developmental exposure to 

either antagonist had no effect on adult behavior in the novel environment exploration, 

startle habituation, and the social affiliation tests.  

In this study, developmental exposure to selective dopamine receptor 

antagonists appeared to drive more marked behavioral changes in larval fish than 

compared to adults. This may reflect a specificity in the behavioral domains impacted 

via developmental dopamine antagonism. The behavior in adult zebrafish most 

significantly affected by the exposures was in the predator escape assay, where treated 

fish displayed reduced locomotion across the duration of the test. Of all the adult 

behavioral assays, the predator escape test also most closely resembles the larval 
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locomotor assay – a measure of locomotor response across intermittent presentation of a 

visual stimulus (changing light conditions with larval fish, and the growing dot 

representing a predator in adults). Notably, it was the AB* larvae exposed to the 1.5µM 

dose of SCH-23390 that exhibited a significant decrease in activity in the dark, while 

larvae of both strains appeared equally susceptible to the effects of either SCH-23390 

dose in the light. Later, in AB* adults, fish exposed to the same higher dose of the D1 

receptor antagonist showed a significant decrease in swimming activity in the predator 

escape assay. The conserved drug- and dose-sensitivity across the larval locomotor and 

adult predator avoidance assays further supports the possibility of the predator escape 

assay being the closest to the larval test in the adult battery. In this way, it may be that 

the other adult behavioral domains were unaffected because the lasting neurobiological 

changes following the administration of the antagonists were specific for this type of 

locomotor response to visual stimuli, leaving exploratory or social behavior intact, for 

example. The startle habituation test, while consisting of locomotor responses to 

repeated stimuli, involves a different modality of stimulus presentation.  

Another possible explanation for the relatively prominent behavioral effects seen 

in larval fish as opposed to adults, one not mutually exclusive with the discussion of 

behavioral domains above, is that the developmental exposure paradigm used in this 

study across the first five days post fertilization, created a state of acute adaptation in 

the dopaminergic systems of the developing larvae. This may be supported by the fact 
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that the trends seen here, of activity increasing in the dark and decreasing in the light, is 

the opposite of what has been observed following acute administration with these 

compounds (Irons et al., 2013), suggesting that the dopaminergic system compensated 

via upregulation for the chronic receptor antagonism across the first five days post-

fertilization which, in turn, resulted in lingering abnormal behavior indicative of 

increased dopaminergic activity 24 hours later when the larvae were tested in the 

locomotor assay. This effect would not be unlike the withdrawal seen after regular use 

of psychoactive drugs. Note that this hypothesis does not preclude lasting 

developmental changes in the zebrafish brain; it is certainly possible that the behavioral 

effects were more pronounced in larvae due to the still-present “withdrawal” from the 

antagonists, and that simultaneously the antagonism (or the adaptive response to the 

antagonism, or both) were creating long-lasting developmental abnormalities that drove 

the subtler and more selective effects seen in adults. 

Evaluating whether developmental antagonism of dopamine receptors creates 

lasting dysfunction in dopaminergic systems may require additional testing on 

behavioral dimensions not tested in the current study. For example, spatial learning and 

discrimination has been shown to be impacted by acute dopamine agonism and 

antagonism (Naderi et al., 2016), and performance on a spatial learning task has been 

shown to correlate with DOPAC levels (Eddins et al., 2009). Alternatively, conditioned 

place preference, a behavioral assay long associated with dopaminergic reward 
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pathways, has been shown to be similarly sensitive to modulation of dopamine 

signaling in zebrafish (Darland et al., 2012). It is possible that other neurotransmitter 

systems may be impacted and driving any lasting behavioral effects, as acute 

dopaminergic antagonism in adult zebrafish decreases the levels of not only dopamine 

and its metabolite DOPAC, but also serotonin and its metabolite 5HIAA (Tran et al., 

2015a). This might help explain why previous research has shown social affiliation in 

adult zebrafish to be sensitive to acute dopamine receptor antagonism (Scerbina et al., 

2012) but no deficits in shoaling behavior were seen in the current study following 

developmental exposure. 

Finally, the findings in this study from the larval locomotor assay contribute to a 

growing literature regarding neurobehavioral differences between zebrafish strains. As 

seen here, baseline behavioral responses were found to vary among zebrafish strains in 

tests of locomotor behavior (de Esch et al., 2012b; Gao et al., 2016; Lange et al., 2013; 

Vignet et al., 2013), inhibitory avoidance behavior (Gorissen et al., 2015), and social 

affiliation (Mahabir et al., 2013). Additionally, strains were found to react differentially 

to acute administration of dopamine receptor antagonists (Scerbina et al., 2012), to have 

different levels of dopamine and DOPAC (Mahabir et al., 2013; Pan et al., 2012), and to 

differentially express the genes for the D1 dopamine receptor (Pan et al., 2012). These 

differences between strains may help explain the differences in control larval behavior 

and the differential responses to dopamine antagonist exposure seen between the AB* 
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and 5D strains observed in this study. Interestingly, the larvae of the AB* strain 

appeared sensitive to the effects of developmental exposure to SCH-23390 alone, with no 

significant effects of developmental dosing with haloperidol observed. In the 5D strain, 

both drugs produced significant effects in the dark phases, with fish exposed to 

haloperidol showing an even greater effect than seen with SCH-23390. Interestingly, in 

these 5D larvae we observed greater effects in the dark phases with larvae exposed to 

the lower dose of SCH-23390, suggesting a differential sensitivity to D1 receptor 

antagonism in the 5D strain compared to the AB strain. It might be that an increased 

sensitivity in the 5D strain manifested as a greater compensatory response than 

produced in the AB* strain in the case of the lower dose of SCH-23390, whereas this 

increased sensitivity then began to induce enough dysfunction that a decrease in 

locomotion (compared to the lower dose) was seen at the higher dose, bringing the 

activity level back down to a level similar to control fish. Future studies seeking to 

elaborate on the differential responses by strain seen here should seek to characterize a 

broader dose-response curve to elaborate on this apparent non-monotonic dose effect. 

Additionally, this suggests that establishing whether developmental antagonism of 

dopamine receptors in the 5D strain could lead to behavioral effects in adult zebrafish 

would be an important follow-up to this study. 

We have found that administration of selective dopamine receptor antagonists 

during embryonic development primarily alters larval behavior in zebrafish, with some 



 

71 

selective effects observable in adulthood. A lack of a behavioral phenotype spanning 

more than one of the assays performed with adult fish makes comparisons to the more 

widespread behavioral effects seen in adult fish following developmental 

organophosphate exposure difficult. Therefore, we moved on to more direct 

measurements of dopaminergic function in organophosphate-exposed fish, using both 

neurochemical and psychopharmacological methods, as will be detailed in the following 

chapters. 
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4. Measurement of Monoamine Content and Turnover in 
Zebrafish Larvae and Adults Following Developmental 
Exposure to Organophosphates 

4.1 Introduction 

Following the examinations of the behavioral phenotypes produced following 

early-life exposure to organophosphates and dopamine receptor antagonists described 

in Chapters 2 and 3, we sought to more directly measure the effects of developmental 

exposure to organophosphate compounds on the levels of dopamine and its metabolite, 

DOPAC, in larval and adult zebrafish. Previous studies in zebrafish had found that 

exposures to chlorpyrifos matching those used here decreased dopamine levels and 

increased dopamine turnover, as measured via the DOPAC:DA ratio, as well as lowered 

serotonin levels, in pooled samples of whole zebrafish larva, with the deficits in 

dopamine content persisting into adulthood (Eddins et al., 2010). Here, we measured the 

levels of dopamine and serotonin, as well their turnover rates (DOPAC:DA and 5-

HIAA:5-HT ratios, respectively) in tissues collected from both larval and adult zebrafish 

following developmental exposures to chlorpyrifos, TDCIPP, and TPHP. We 

hypothesized that, due to growing evidence that OPFRs may be behavioral teratogens 

on a similar level as OP pesticides such as chlorpyrifos (Dishaw et al., 2014), that 

TDCIPP and TPHP would exhibit similar alterations to monoamine neurochemistry. 
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4.2 Methods 

4.2.1 Animal Care and Husbandry 

All animal care and husbandry was performed as described in Chapter 2. 

 

4.2.2 Chemical Exposures 

At 5 hours post fertilization, zebrafish eggs (N=50) were placed in separate glass 

Petri dishes in 40-ml of solutions of chlorpyrifos, tris(1,3-dichloroisopropyl) phosphate, 

or triphenyl phosphate (TPHP) (Sigma-Aldrich, St. Louis, MO, USA), at either 0.03 or 

0.3µM. DMSO 0.03% in aquarium water served as a vehicle control. These solutions 

were renewed every 24 hours, through 5 days post fertilization. Hatched larvae were 

then placed into fresh aquarium water for 24 h, at which point they were examined 

under a dissecting microscope. Larvae exhibiting arrested development or 

malformations were discarded. 

 

4.2.3 Larval Tissue Collection 

At 6 days post fertilization, exposed larvae were euthanized by placing their 

petri dish on ice. Larvae were then selected, placed over a grated baffle briefly to drain 

any water away, collected in groups of 40 larvae, weighed, and frozen at -80˚C (n=3 per 

exposure group). 
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4.2.4 Adult Tissue Collection 

Adult zebrafish from Chapter 2 were anaesthetized approximately 2 months 

following the adult behavioral battery via immersion in ice water and then euthanized 

via decapitation. Brain tissues were removed, weighed, and frozen individually at -80˚C 

(n=10-27 per exposure). 

 

4.2.5 High Performance Liquid Chromatography 

Tissues were later thawed, suspended in standard buffer (0.5 mM sodium 

metabisulfite, 0.2 N perchloric acid and 0.5 mM EDTA) (100µL for adult brain tissues 

and 400µL for whole pooled larvae), homogenized via sonication, and centrifuged at 

16,000×g and 4°C for 10 min. Supernatants were collected and kept on ice until analysis. 

The mobile phase used was composed of 16.2% methanol (v/v), 0.1 M sodium 

phosphate, 0.8 mM octanesulfonic acid (anhydrous), and 0.1 mM EDTA, pH corrected to 

3.1. Flow rate was set at 0.2 mL/min, the detector to 200mV, and sensitivity to 10 nA. 

Samples were run for 10 minutes. Samples were measured for concentrations of 

dopamine (DA) and serotonin (5-HT) (calculated as ng per mg tissue weight), as well as 

their respective metabolites DOPAC and 5-HIAA. The levels of metabolites were used to 

quantify dopamine and serotonin turnover expressed as ratios of DOPAC:DA and 

5HIAA:5HT, respectively, as described previously (Eddins et al., 2010). 
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4.2.6 Data Analysis 

The levels of each analyte were analyzed with an ANOVA performed with 

Supernova/Statview (SAS, Cary, NC, USA). Type 1 error rate (α) was set at 0.05 for all 

tests.  

 

4.3 Results 

4.3.1 Larval Neurochemistry 

No significant effect of developmental organophosphate exposure on dopamine 

or DOPAC levels or dopamine turnover (DOPAC:DA ratio) was observed in pooled 

samples of 6dpf larval fish (Figure 13). Likewise, the developmental exposures produced 

no significant effects on the levels of serotonin or 5-HIAA, or on serotonin turnover (5-

HIAA:5-HT) (Figure 14). 
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Figure 13: Developmental Organophosphate Exposure and Larval Dopamine 

Neurochemistry 

Panels A and B depict the ng of dopamine (DA) and DOPAC measured per mg 

of tissue wet weight in pooled samples of larval zebrafish. Panel B depicts the ratio of 

the amount of the dopamine metabolite DOPAC measured to the amount of dopamine 

(DA) itself. Error bars represent SEM. 
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Figure 14: Developmental Organophosphate Exposure and Larval Serotonin 

Neurochemistry 

Panels A and B depict the ng of serotonin (5-HT) and 5-HIAA measured per mg 

of tissue wet weight in pooled samples of larval zebrafish. Panel C depicts the ratio of 

the amount of the serotonin metabolite 5-HIAA measured to the amount of serotonin (5-

HT) itself. Error bars represent SEM. 
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4.3.2 Adult Neurochemistry 

As seen in the larval zebrafish, developmental exposure to the organophosphate 

compounds produced no significant effect on either dopamine (Figure 15) or serotonin 

(Figure 16) neurochemistry when measured in adult brain tissues. 

 

Figure 15: Developmental Organophosphate Exposure and Adult Dopamine 

Neurochemistry 

Panels A and B depict the ng of dopamine (DA) and DOPAC, respectively, 

measured per mg of brain tissue collected from adult zebrafish. Panel C depicts the ratio 

of the amount of the dopamine metabolite DOPAC measured to the amount of 

dopamine (DA) itself. Error bars represent SEM. 
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Figure 16: Developmental Organophosphate Exposure and Adult Serotonin 

Neurochemistry 

Panels A and B depict the ng of serotonin (5-HT) and 5-HIAA, respectively, 

measured per mg of brain tissue collected from adult zebrafish. Panel C depicts the ratio 

of the amount of the serotonin metabolite 5-HIAA measured to the amount of serotonin 

(5-HT) itself. Error bars represent SEM. 
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4.4 Discussion 

Here, we failed to find any effects arising from developmental exposure to the 

organophosphate compounds chlorpyrifos, TDCIPP, and TPHP on dopamine or 

serotonin levels or turnover, in either larval or adult zebrafish. The data presented here 

are extremely variable, especially in the larval analyses. Given this variability, we 

proceeded to analyze the power of the current data to inform on effect sizes and to 

replicate previous findings. Using the current sample sizes and standard deviation, we 

found that for most of the larval analytes, the minimum effect sizes we would be able to 

identify between groups were extremely large (values in Appendix A), effectively 

eliminating the ability to observe a significant effect across the measures of dopamine 

neurochemistry in the larvae and limiting our detection in the serotonin measures to 

values around 50% of that seen in the control fish. In adults, the necessary effect sizes to 

detect significant difference were smaller than in the larvae, generally around a change 

of 20-30% from controls. However, given that the size of the effect seen in adult 

dopamine levels following developmental chlorpyrifos exposure in previous work in 

zebrafish was closer to 10-15%, which was in turn linked to behavioral abnormalities 

(Eddins et al., 2010), it is likely that that the adult data are still underpowered as they 

relate to behaviorally relevant adult changes. 
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To determine specifically whether or not our results in larval and adult fish 

exposed to the same dose of chlorpyrifos (0.3µM) used previously could be compared to 

this previous research, which showed lowered dopamine and serotonin levels and 

raised DOPAC to dopamine ratio in larvae, with a decrease in dopamine levels 

persisting through to adulthood (Eddins et al., 2010), we next utilized the coefficients of 

variation for each analyte to calculate how many replicates would be needed to observe 

effects sizes similar to those previously seen. The results of these calculations (Appendix 

A) show that the variability observed in the data led to the results being too 

underpowered to detect effects between controls and fish exposed developmentally to 

0.3µM of chlorpyrifos of the same magnitude as seen before, with necessary sample 

sizes being much larger than those used here. Taken together with the first set of 

calculations examining the minimum effect sizes we could observe across all of the 

analytes, it is therefore likely impossible to interpret whether or not the data show any 

effects of exposure, and whether the results here replicate what has been seen 

previously.  

Given that the design of this experiment, including an estimation of the number 

of replicates needed to detect neurochemical effects of developmental exposures to both 

chlorpyrifos and OPFRs, was built while referencing these previous studies (Eddins et 

al., 2010; Wang et al., 2015), it seems that the drastic increase in variability seen here 

when compared to those studies arose due to some methodological error or 
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phenomenon. Overall, though, the levels of dopamine and serotonin seen in this study 

fall within the ranges seen in other neurochemical analyses of zebrafish (Eddins et al., 

2010; Shams et al., 2015; Tran et al., 2015a; Wang et al., 2015b).  

This study was unable to reach any conclusions regarding the effects on 

dopamine and serotonin neurochemistry in larval or adult fish following developmental 

exposures to chlorpyrifos, TDCIPP, or TPHP. As a parallel section of Aim 3, we had 

sought to couple these direct measurements of the dopamine systems of exposed fish 

with experiments investigating whether developmental exposures to OP compounds 

could be paired with subsequent administration of dopamine receptor antagonists in 

order to observe behaviorally whether exposures were altering the behavioral 

functioning of dopaminergic systems. 
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5. Developmental Exposure to an Organophosphate 
Flame Retardant Alters Behavioral Responses to Acute 
Dopamine Receptor Antagonism 

5.1 Introduction 

The goal of this final portion of this study was to directly relate developmental 

exposure to an organophosphate flame retardant to dopamine-driven behavior by 

pairing the developmental exposure with acute dopamine receptor antagonism 

immediately preceding the larval locomotor assay. Due to the desire to examine 

interactions with both D1- and D2-receptor antagonists, and the rapidly expanding 

number of subjects that would be needed to test these various permutations across 

doses, this portion of the study was limited to two doses of one of the OPFRs, TDCIPP, 

combined with one dose each of the D1-receptor antagonist SCH-23390 and the D2-

receptor antagonist haloperidol, chosen for previously showing robust effects on larval 

locomotion following acute dosing (Irons et al., 2013). Similarly, the doses of TDCIPP 

used were raised from those used in Chapter 2 to those shown to have significant 

behavioral effects in zebrafish following a similar developmental dosing paradigm 

(Dishaw et al., 2014) to magnify the effects of TDCIPP at this life stage. If developmental 

exposures alter dopaminergic signaling, either via modulating dopamine content or 

turnover, as investigated in Chapter 4, or via other mechanisms, we hypothesized that 

exposed larvae would exhibit abnormal behavioral responses to the acute challenges 

with SCH-23390, haloperidol, or both. 
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5.2 Methods 

5.2.1 Animal Care and Husbandry 

Animal care and husbandry was performed as in Chapter 2. 

 

5.2.2 Chemical Exposures 

At 5 hours post fertilization, zebrafish eggs (N=50) were placed in separate glass 

Petri dishes in 40-ml of solutions of tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) at 

either 3 or 6µM. DMSO 0.03% in aquarium water served as a vehicle control. These 

solutions were renewed every 24 hours, through 5 days post fertilization. Hatched 

larvae were then placed into fresh aquarium water for 24 h, at which point they were 

examined under a dissecting microscope. Larvae exhibiting arrested development or 

malformations were discarded.  

All other larvae then underwent another solution change into 40-mL solutions of 

SCH-23390 (Sigma-Aldrich, St. Louis, MO, USA) or haloperidol (Abbott Labs, Abbott 

Park, Il, USA) at 5.0 µM, or into aquarium water as a control. From here, larvae in these 

dosing solutions were divided individually into glass 96-well plates (n=31-32 per 

combination of TDCIPP exposure and antagonist dosing). These 96-well plates were 

returned to the incubator for 2 hours until the larval motility assay. 
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5.2.3 Larval Motility Assay 

The larval motility assay was conducted as in Chapter 2. 

 

5.2.4 Data Analysis 

All statistical analyses were performed with Supernova/Statview (SAS, Cary, 

NC, USA). Type 1 error rate (α) was set at 0.05 for all tests. A mixed design repeated 

measures of analysis (RMANOVA) with TDCIPP dose, antagonist challenge, and 

antagonist type as between subject factors and illumination condition as the repeated 

measures was used for all behavioral tests. Fisher’s least significant difference was used 

for all post-hoc analyses. A Huynh-Feldt adjustment was used to control for possible 

deviations from sphericity. In final analyses p<0.05 (two-tailed) was always set as 

threshold for statistical significance. 

 

5.3 Results 

5.3.1 TDCIPP Exposure and Acute SCH-23390 Administration 

Illumination condition (F(1, 365)=1071.42, p<0.001), TDCIPP exposure 

(F(2,365)=4.20, p<0.05), and antagonist challenge (F(1, 365)=74.09, p<0.001) produced 

significant main effects, with larvae showing greater activity in the dark phases 

compared to the light phases, and with developmental TDCIPP exposure and antagonist 

challenge both reducing locomotor activity separately. Additionally, we observed a 
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significant interaction between TDCIPP exposure and later antagonist challenge 

(F(2,365)=7.06, p<0.005), with fish exposed developmentally to the 6µM dose of TDCIPP 

showing a blunted effect to an acute challenge with either dopamine receptor antagonist 

(Figures 17-18). This effect did not in turn significantly interact with either illumination 

condition or antagonist type.  

 

 

Figure 17: Developmental TDCIPP Exposure and Acute SCH-23390 

Administration in the Larval Motility Assay 

Figure depicts the average distance moved (in mm) by larval zebrafish per 

minute of the larval locomotor assay (light and dark illumination conditions combined), 

across TDCIPP and SCH-23390 exposure conditions. Error bars represent SEM. 
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Figure 18: Developmental TDCIPP Exposure and Acute Haloperidol 

Administration in the Larval Motility Assay 

Figure depicts the average distance moved (in mm) by larval zebrafish per 

minute of the larval locomotor assay (light and dark illumination conditions combined), 

across TDCIPP and haloperidol exposure conditions. Error bars represent SEM. 

 

 

5.4 Discussion 

The final part of the project has sought to examine the interactions between 

developmental OPFR exposure and acute pharmacological modulations of dopamine 

signaling. This experiment has shown that developmental exposure to TDCIPP alters the 

behavioral responses to acute dosing with the dopamine receptor antagonists SCH-
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23390 and haloperidol, producing a blunted effect in larvae exposed to the 6 µM dose of 

TDCIPP. At this higher dose, the lack of effect of the antagonists seems driven by a 

decrease in activity in the larvae which were not administered haloperidol, lowering 

their activity nearly to the level of antagonist-treated controls. This suggests the effects 

of TDCIPP had already disrupted dopamine signaling via dopamine receptors to a 

“floor” created following antagonist dosing in unexposed larvae. These doses are in the 

same range that has been demonstrated previously to be the threshold for TDCIPP-

driven effects on larval behavior (Dishaw et al., 2014).   

A number of possible mechanisms may be driving the reduced efficacy of the 

antagonist challenges in TDCIPP-exposed larvae. One possibility is that the 

developmental exposure produces a lasting increase in dopamine release that then 

counteracts the activity of  the antagonists. However, exposed larvae do not exhibit the 

hyperactivity that would be expected from increased basal dopamine activity, as is seen 

with acute dopaminergic agonism in locomotor assays of larval fish (Irons et al., 2013).  

Indeed, TDCIPP exposure produces hypoactivity, creating an effect in the same 

direction as the haloperidol itself. Previous studies have shown that chlorpyrifos can 

generate an increase in dopamine release in larval fish following a developmental 

exposure (Eddins et al., 2011), while another study examining an exposure at the same 

concentration reported that larvae exhibited hypoactivity. Studies on TDCIPP have 

corroborated hypoactivity at the doses used here (Dishaw et al., 2014) and have 
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observed no change in dopamine levels in larval fish (Wang et al., 2015b), although 

dopamine turnover was not measured. The lack of hyperactivity in TDCIPP-exposed 

larvae suggests that other mechanisms by which synaptic dopamine might be increased 

and competing with the dopamine antagonists, such as decreased dopamine transporter 

expression or activity, also seem unlikely. 

 A plausible alternative explanation would involve a mechanism blunting post-

synaptic dopaminergic processes, such as downregulation of dopamine receptors or a 

disruption of signaling cascades downstream of the receptors. This would manifest both 

as a reduction in dopamine activity, aligning with the hypoactivity seen independently 

with both TDCIPP exposure and dopamine receptor antagonism, and as a decreased 

sensitivity to receptor antagonism, as activity from the receptor forward would already 

be diminished, possibly below the level created by the antagonist on its own. While 

there have been no studies specifically examining developmental organophosphate 

exposure and dopamine receptor density or activity, studies examining acute exposures 

to multiple organophosphate compounds in and adult rats have shown it to decrease D2 

receptor binding (Naseem 1990; Choudhary et al., 2002). Additionally, multiple studies 

have linked exposure to chlorpyrifos to disruptions in cell signaling components 

important to dopamine receptor signaling, notably including the adenylyl cyclase 

signaling cascade and linkage between this cascade and G-protein-coupled receptors 

(Song et al., 1997; Aldridge et al., 2003; Meyer et al., 2003; Aldridge et al., 2004; Meyer et 
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al., 2004; Adigun et al., 2010). Finally, developmental exposure to organophosphate 

pesticides has also been linked to changes in transcriptional profiles for many of the 

above proteins, including the D2 dopamine receptor and components of adenylyl cyclase 

signaling (Slotkin and Seidler, 2007a). None of these findings have been replicated for 

organophosphate flame retardants, but a similar mechanism may plausibly be behind 

the effects of developmental TDCIPP exposure on acute dopamine receptor antagonism. 

 There is not enough evidence from these experiments alone, though, to directly 

link the altered behavioral response to haloperidol in TDCIPP-exposed larvae to effects 

of TDCIPP on dopamine systems themselves. It is possible that the blunted response to 

an acute challenge with the dopamine receptor antagonists is a byproduct of 

hypoactivity caused by another TDCIPP-initiated mechanism involving separate 

neurotransmitter systems that then either inhibit responses via dopamine receptors in 

parallel to its effects on locomotion (creating the correlation between the two seen here 

while causing both separately), or lowers the locomotor response to a behavioral “floor” 

completely independent of changes in the dopamine system, appearing to blunt the 

antagonist-induced hypoactivity only because the current dose of antagonist used here 

is unable to further decrease activity. Without repeating the experiment across a range of 

antagonist doses, utilizing dopamine agonists to determine if they are sufficient to 

rescue TDCIPP-induced hypoactivity, or, ideally, directly measuring dopamine 
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neurochemistry in these larvae, as attempted in Chapter 4, we are currently unable to 

differentiate among the above hypotheses.  

 This study is among the first to couple developmental exposures to 

organophosphates with later acute challenges to dopaminergic drugs in a behavioral 

paradigm. In the following section, we will seek to bridge the results of each of the 

experiments performed in the preceding chapters, examining whether or not the 

evidence gathered here implicates an impact on dopaminergic systems in the behavioral 

abnormalities observed following developmental exposures to both OP pesticides and 

flame retardants. 
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6. Discussion 

This work presents some of the first findings implicating developmental 

exposures to organophosphate flame retardants as behaviorally teratogenic, with 

abnormal behavior lasting through adulthood, in an animal model. Additionally, 

through multiple approaches this study has contributed to the body of research 

elucidating the extent to which developmental exposures to organophosphates, 

including both pesticides and flame retardants, impact dopamine systems and 

neurotransmission. As a result, this study has also been one of the first to directly show 

the behavioral relevance of organophosphate-induced dysfunction in dopaminergic 

signaling. 

 

6.1 Developmental Exposure to Organophosphate Flame 
Retardants Causes Behavioral Effects in Adult Zebrafish 

This study has shown that developmental exposure to organophosphate flame 

retardants can cause significant behavioral changes later in life. We found that an 

exposure during the first 5 days post-fertilization in zebrafish to either the tris(1,3-

dichloroisopropyl) phosphate (TDCIPP) or triphenyl phosphate (TPHP) altered behavior 

across multiple behavioral domains once the fish were adults. Specifically, TPHP altered 

the normal time course of exploratory behavior in the dive test, and increased the 

magnitude of the escape response (at the lower, 0.03µM dose) and produced 
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hypoactivity (at 0.3µM) in the predator escape test.  Exposure to TDCIPP, on the other 

hand, led to hyperactivity in the novel environment dive assay. Both compounds altered 

the normal response pattern of responses to a series of startle stimuli across all ten 

presentations to the stimulus, while exposure to neither compound produced a change 

in social behavior (Table 2). As discussed in Chapter 2, the pattern of these effects 

provide for interpretations of trends across the assays.  The dive test, tap startle 

habituation test, and the predator escape assay all involve stressful or aversive 

environments for the zebrafish, and so it is possible that the fact that the OPFRs 

interfered with various behaviors across these assays points to a change in the animals’ 

ability to respond to such aversive stimuli. Our failure to find a significant effect in the 

social affiliation assay suggests that these behavioral abnormalities may be domain-

specific, leaving the mechanisms involved in social affiliative behavior intact. Finally, 

the absence of any sort of pattern regarding locomotor activity across the adult 

behavioral battery is evidence that developmental exposure to the OPFRs does not 

produce any gross hyper- or hypoactivity. The observed increases and decreases in 

locomotion in different behavioral tests, then, can likely be interpreted as behavioral 

effects specific to the environment and behavior being assayed.  

It is interesting to note that these adult behavioral phenotypes arise without our 

detecting behavioral effects in larvae, 24 hours after the exposure ended. That we failed 

to find a significant effect of developmental OPFR exposure on larval behavior aligns 
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with previous studies examining TDCIPP as well as other OPFRs at concentrations 

similar to those used here (Dishaw et al., 2014; Noyes et al., 2015; Wang et al., 2015b). 

This may be due to a latent effect of the OPFRs on neurodevelopment, wherein any 

neurological alterations produced during or following the developmental exposures 

only manifest later in adulthood. Alternatively, this may be further evidence for the 

behavioral effects of the OPFRs being behavior-specific, if the larval sensorimotor assay 

lacks sufficient overlap behaviorally with the tests in the adult battery, or if the adult 

assays probe more complex or subtle behaviors. 

 

Table 2: Summary of Behavioral Effects Following Developmental Exposures to 

Organophosphate Compounds and Dopamine Receptor Antagonists 

Exposure Larval 

Sensorimotor 

Novel 

Environment 

Startle 

Habituation 

Social 

Affiliation 

Predator 

Escape 

Chlorpyrifos - Increased 

locomotion 

- - Increased 

escape, 

decreased 

activity 

TDCIPP - Increased 

locomotion 

Increased 

initial 

startle 

resposne 

- - 

TPHP - Decreased 

dive 

resposne 

Increased 

initial 

startle 

response 

- Increased 

escape, 

decreased 

activity 

SCH-23390 Up in dark, 

down in light 

- - - Decreased 

activity 

Haloperidol Up in dark - - - - 
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6.2 Behavioral Effects Arising from Developmental OPFR 
Exposure Occur in Parallel to Effects Caused by Developmental 
Exposure to Chlorpyrifos  

 Importantly, the effects of developmental OPFR exposure on zebrafish behavior 

were observed in tandem to related effects following exposure to the organophosphate 

pesticide chlorpyrifos. Zebrafish exposed to chlorpyrifos during development exhibited 

a number of significantly altered behaviors, including hyperactivity in a novel 

environment and an increased magnitude in escape response with simultaneous 

hypoactivity in the predator escape assay. No significant effects of developmental 

chlorpyrifos exposure were seen in either the startle habituation or the social affiliation 

assays. The changes in behavior following chlorpyrifos exposure seen here thus reflect a 

blend of the effects seen with TDCIPP and TPHP. Specifically, TDCIPP and chlorpyrifos 

both produced hyperactivity in the novel environment dive test, while both chlorpyrifos 

and TPHP altered behavior to a similar extent in the predator escape assay (Table 2). 

None of the three compounds elicited alterations to social behavior. One notable 

difference, though, is that no effect of chlorpyrifos exposure was observed in the tap 

startle assay, while both of the OPFR compounds significantly altered the responses 

across the series of taps. As with TDCIPP and TPHP, chlorpyrifos exposure did not 
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uniformly alter locomotor activity across the behavioral battery, reflecting test-specific 

locomotor responses. Finally, we did not find developmental chlorpyrifos exposure to 

alter larval behavior, further mirroring the effects seen with the OFPR compounds. 

 Thus, we have demonstrated that developmental exposure to the OPFRs TDCIPP 

and TPHP can produce behavioral effects in zebrafish that closely track those seen 

following developmental exposure to chlorpyrifos. As far as behavioral outcomes are 

concerned, this suggests that the developing zebrafish nervous system is as vulnerable 

to toxicity from OPFR compounds as it is to chlorpyrifos at equimolar concentrations. 

Given that the effects across the behavioral assays overlap noticeably, it is possible that 

the effects seen across the three organophosphates share underlying neurological 

mechanisms as well. 

 

6.3 Comparing Behavioral Phenotypes Following Developmental 
OP Exposure and Developmental Dopamine Receptor 
Antagonism 

In order to begin examining whether the behavioral effects seen following early-

life exposures to chlorpyrifos, TDCIPP, and TPHP may be driven by alterations in 

dopamine signaling created during the exposures, we investigated whether the 

behavioral effects seen following dopamine receptor antagonism during the same 

developmental window resembled those seen following the OP exposures. We found 

that transient developmental antagonism of the dopamine D1 receptor by SCH-23390 or 
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the dopamine D2 receptor with haloperidol could alter zebrafish behavior at multiple life 

stages. In adults, the effects of developmental receptor antagonism were observed in the 

predator escape assay, with fish exposed to SCH-23390 showing a hypoactivity across 

the duration of the assay. The novel environment, startle habituation, and the social 

affiliation tests all failed to reveal any significant effects of developmental dopamine 

receptor antagonism. In the larval assay, though, both antagonists produced significant 

increases in locomotor activity in the dark phases of the assay, with fish exposed 

developmentally to SCH-23390 also showing hypoactivity across the phases of the assay 

with the lights on. 

A comparison between the behavioral effects seen here following developmental 

D1 or D2 receptor antagonism and those seen following early-life exposure to 

organophosphates produces some conflicting findings (Table 2). On one hand, the 

hypoactivity in the predator escape assay in adult fish exposed previously to SCH-2330 

reflects the hypoactivity in the same test seen following chlorpyrifos and TPHP 

exposures. Likewise, developmental dopamine antagonism appears to leave social 

affiliative behavior intact in adult fish, as was seen with the organophosphate 

compounds. However, the lack of significant effects detected in the novel environment 

dive test and the startle habituation test with SCH-23390 and haloperidol conflicts with 

the effects seen with at least some of the organophosphate compounds in each assay.  
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Perhaps most notably, developmental antagonism of either dopamine receptor 

subtype produced significant effects in sensorimotor behavior in larval fish, while 

chlorpyrifos, TDCIPP, and TPHP all failed to significantly alter behavior in larvae. These 

results suggest that, at the point of larval testing 6 days post-fertilization (and 24 hours 

following the end of the developmental exposure paradigm), the neurological effects of 

OP and antagonist exposure are likely quite different. Developmental dopamine 

antagonism may have already altered neurological mechanisms sufficiently for 

abnormal behavior to appear by 6 dpf, while the effects of organophosphate may take 

longer to accumulate and manifest behaviorally. Alternatively, it may be that the 

sensorimotor larval assay is just more sensitive to the effects of developmental 

dopamine antagonism at 6 dpf, while OP exposure has altered neurochemical or 

neurobiological mechanisms in a way that isn’t detectible via the behavioral domain 

examined in the current larval assay, and may appear in a different larval behavioral 

test. Finally, as discussed in Chapter 3, the larval effects seen following developmental 

dopamine receptor antagonism may be driven by a lingering compensatory response 

initiated to adapt to the chronic antagonism of dopamine signaling. In any case, it 

appears that the neurological effects of OP exposure during development at the doses 

used in this study are likely more complicated than a direct blockade of dopamine 

neurotransmission, simulated here with D1 and D2 receptor antagonism during the same 
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developmental window, given the lack of behavioral effects in larvae and greater 

breadth of behavioral abnormalities observed into adulthood. 

 

6.4 Does Developmental OPFR Exposure Alter Dopaminergic Signaling?In order 

to examine the possible effects of early-life OP exposure on dopamine 

neurotransmission, we approached these exposures in two ways. The first was to 

directly measure the levels of dopamine and its metabolite, DOPAC (as well as serotonin 

and its metabolite 5-HIAA), in larval and adult fish following developmental exposures. 

Additionally, we utilized a pharmacological approach wherein we paired 

developmental exposure to the OPFR TDCIPP with an acute dosing of either SCH-23390 

or haloperidol at the time of larval testing. Between these two experiments, we sought to 

observe, both neurochemically and behaviorally, the effects of developmental OP 

exposure on dopamine systems. 

In the first experiment, developmental exposure to chlorpyrifos, TDCIPP, and 

TPHP all failed to show significant alterations in dopamine and serotonin content and 

turnover (defined as the DOPAC to dopamine and 5-HIAA to serotonin ratios, 

respectively). As discussed in Chapter 4, the data from these measurements was highly 

variable, underpowered and inconclusive.  

The second experiment to address this aim was designed to correlate the role of 

dopaminergic dysfunction in the behavioral effects produced by developmental OP 
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exposure. Here, developmental exposure to TDCIPP blunted the behavioral effects of 

acute administration of the dopamine D1 and D2  receptor antagonists SCH-23390 and 

haloperidol, respectively, immediately preceding the larval sensorimotor assay. 

Specifically, despite developmental TDCIPP exposure and acute antagonist 

administration both reducing locomotor activity across the assay, at the highest TDCIPP 

dose tested (6 µM) the effects of the antagonist challenges were blunted compared to the 

effects seen in larvae unexposed to TDCIPP.  

 As discussed in Chapter 5, several plausible mechanisms might explain the 

results seen in these experiments. One possible mechanism that does not rule out an 

effect of OPFRs on dopamine involves altered expression or functioning of dopamine 

receptors, their downstream signaling cascade, or both. Such a mechanism would 

explain both hypoactivity arising from TDCIPP exposure itself and a blunting of further, 

antagonist-induced hypoactivity, due to dopamine receptor signaling already being 

significantly inhibited from TDCIPP’s effects. On the other hand, a decrease in the 

efficacy of dopamine signaling during development could also generate an attempted 

compensatory response, such as increased dopamine release, as evidenced by an 

increase in the dopamine turnover ratio described previously (Eddins et al., 2010) but 

which was unable to confirmed in the larval neurochemistry performed here. This 

mechanism might also explain why, if an increase in presynaptic activity is present in 

larval fish, neither this work nor other studies (Dishaw et al., 2014; Noyes et al., 2015; 
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Wang et al., 2015b) show larval hyperactivity following developmental exposures to 

organophosphates at the doses used here, as would be expected from elevated 

dopaminergic activity.  

 However, the data from Chapters 4 and 5 do not provide direct evidence for this 

theory. Between the uninterpretable effects seen in Chapter 4, and the correlative results 

from Chapter 5, no direct effects on dopamine systems were observed arising from 

developmental exposure to OPFRs.  Indeed, the interaction seen between TDCIPP 

exposure and behavioral responses to acute dopamine receptor antagonism in Chapter 5 

may have been caused indirectly by any number of other neurological mechanisms 

through which TDCIPP exposure is exerting direct effects.  We cannot conclude with 

any confidence, then, that an impact of OPFR exposure on dopamine systems is 

supported by the findings of the current study. 

 

6.5 Can Persisting Behavioral Effects Arising from 
Developmental OPFR Exposure Be Linked to Dysfunctional 
Dopamine Signaling? 

 Whether the behavioral effects in adulthood caused by developmental OPFR 

exposure observed in Chapter 2 can be attributed to abnormal dopaminergic systems is 

similarly inconclusive based on the results from the current study alone. Other 

examinations of developmental exposure to chlorpyrifos in rats and effects on signaling 

via adenylyl cyclase have found that alterations to the signaling cascade and to its 
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connection to G-protein-coupled receptors can last into adulthood following early-life 

exposures (Aldridge et al., 2004; Meyer et al., 2004). Additionally, developmental 

exposure to chlorpyrifos has been shown to change expression of the gene for the D2 

dopamine receptor (Slotkin and Seidler, 2007b), although to our knowledge there are no 

studies yet examining early-life organophosphate exposure and dopamine receptor 

binding or activity in adulthood. Therefore, it is plausible that if developmental TDCIPP 

exposure is similarly altering dopamine receptor levels, function, or both, that such 

changes could last into adulthood and help drive the behavioral effects seen in Chapter 

2.  

 The divergence of the effects seen following developmental exposure to 

organophosphate compounds in Chapter 2 and dopamine receptor antagonists in 

Chapter 3 also makes it hard to draw connections between any theoretical 

developmental dopamine dysfunction and persisting OP-induced behavioral 

abnormalities. Across Chapters 3, 4 and 5, then, we were unable to observe substantial 

direct evidence between developmental OPFR exposure and dopaminergic dysfunction, 

nor between dopaminergic dysfunction and OPFR-induced behavioral effects. 
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6.6 Implications 

6.6.1 Mechanisms and Consequences of Developmental 
Organophosphate Neurotoxicity 

This work contributes to a growing field of research examining dopamine 

systems as potential targets of developmental organophosphate exposures. Multiple 

previous studies have linked such exposures to changes in the levels of dopamine, its 

metabolite DOPAC, and its release in rodents (Dam et al., 1999; Slotkin et al., 2002; 

Aldridge et al., 2005b; Slotkin and Seidler 2007; Eells and Brown 2009, Chen et al., 2011) 

and zebrafish (Eddins et al., 2011) at various life stages. Other studies have linked acute, 

adult exposures to organophosphate compounds with similar neurochemical changes 

(Karen et al., 2001; Bloomquist et al., 2002) or alterations in dopamine receptor activity 

(Naseem 1990; Choudhary et al., 2002, Torres-Altoro et al., 2011). Only a couple of 

studies have investigated the effects of adult exposures to chlorpyrifos on the behavioral 

responses arising from drugs that act via dopamine signaling, showing for example that 

chlorpyrifos can alter normal behavioral responses to amphetamine (Gralewicz et al., 

2000; Sánchez-Santed et al., 2004). This study, then, further builds upon this behavioral-

endpoint line of research, showing that exposure to a different organophosphate, the 

flame retardant TDCIPP, can alter normal behavioral responses to the drugs SCH-23390 

and haloperidol, dopamine D1 and D2 receptor antagonists, respectively.  

It is also apparent that developmental chlorpyrifos exposure exerts its 

neurobehavioral effects through multiple mechanisms, involving numerous 
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neurotransmitter systems, all of which are in turn likely connected to the neurotoxic 

effects of each other. For example, developmental exposure to chlorpyrifos also has well-

characterized, persistent effects on multiple components of the serotonin system (Raines 

et al., 2001; Aldridge et al., 2003; Aldridge et al., 2004; Slotkin and Seidler, 2005; Slotkin 

and Seidler, 2007b), which have in turn been linked with abnormal behavior in adults 

via an acute challenge with a serotonin receptor antagonist (Aldridge et al., 2005a), 

much like as was done here in larval zebrafish. Serotonin-mediated effects of 

developmental chlorpyrifos toxicity have also been linked to adenylyl cyclase signaling 

cascades downstream of serotonin receptors (Aldridge et al., 2003), which is unlikely to 

be limited to serotoninergic systems and may play a role in dopamine-mediated effects 

of organophosphate toxicity as well. These studies examining the role of serotoninergic 

dysfunction in chlorpyrifos neurobehavioral teratology are instructive with regards to 

logical next steps in further elucidating the effects of organophosphates, including 

pesticides and flame retardants, on dopaminergic systems. The larval effects described 

in Chapter 5 following developmental TDCIPP exposure paired with dopamine 

antagonists dosing could be better connected to the behavioral abnormalities arising 

from all three organophosphates in adult fish described in Chapter 2 if the persisting 

effects, or lack thereof, of the exposures on dopamine receptor binding, intracellular 

signaling cascades, or acute challenges with dopamine receptor antagonists or agonists 

were characterized in adults.  
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Clarifying the effects of developmental organophosphate exposure on dopamine 

systems will be important in anticipating and mitigating the effects of organophosphate 

compounds on human health. Early-life exposures to organophosphate compounds 

have been correlated to multiple behavioral, cognitive, and psychiatric conditions 

associated with abnormal dopamine function, such as the symptoms of attention deficit 

disorders (Rauh et al., 2006; Marks et al., 2010; Yu et al., 2016). A better mechanistic 

understanding of how organophosphate exposure might drive these human health risks 

could in turn provide insight into prevention, prognoses, and treatments.  

 

6.6.2 Organophosphate Flame Retardants as Neurobehavioral 
Teratogens 

A growing number of studies are indicating that organophosphate flame 

retardants might be emerging neurotoxicants of concern. The results from this study, 

showing that developmental exposure to organophosphate flame retardants can alter 

behavior across a number of domains later in adult zebrafish and can interfere with the 

effects of acute challenges probing dopaminergic function, are joined by previous 

studies in zebrafish linking early-life exposure to behavioral outcomes in larvae (Dishaw 

et al., 2014; Noyes et al., 2015; Wang et al. 2015; Sun et al., 2016) and even cross-

generational effects (Wang et al., 2015a). The evidence for neurochemical alterations 

arising from these exposures is still mixed, with effects depending on the length and 

timing of exposure (Wang et al, 2015a; Wang et al., 2015b).  To date, there has only been 
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one study investigating developmental exposure to organophosphate flame retardants, 

including TDCIPP, in rodents, finding small changes in later-life behavior (Moser et al., 

2015). One study has examined the effects of adult exposures to an organophosphate 

flame retardant in rats and found evidence for neurotoxicity and behavioral impairment 

(Tilson et al., 1990). Future studies must seek to determine if the neurotoxic effects 

arising from developmental exposure to organophosphate flame retardants is as broad 

as persistent as those associated with exposures to organophosphate pesticides.  

While it is difficult to translate the doses used in the present study 

to human exposure because of the lack of data on OPFR levels and kinetics in humans, it 

can be instructive to look at, and extrapolate from, the much more extensive research on 

chlorpyrifos exposure. Chlorpyrifos is readily absorbed both orally and via inhalation, 

crosses the blood–brain barrier, and can concentrate in the brain following chronic 

exposures (Eaton et al., 2008). It has been observed that comparable exposures to 

chlorpyrifos and TDCIPP lead to comparable absorption and kinetics in zebrafish 

(Dishaw et al., 2014), so it might be reasonable to hypothesize that TDCIPP and other 

OPFRs might be as easily absorbed as chlorpyrifos in humans. The findings that 

organophosphate flame retardants are ubiquitous in house dust with levels reaching up 

to 1.8 mg/g (Stapleton et al., 2009) and child handwipe samples reach levels of 530 ng of 

TDCIPP (Stapleton et al., 2014) lead to a reasonable possibility of daily uptake levels in 

the μg/day range, comparable to those estimated for chlorpyrifos (Eaton et al., 2008) and 
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that to lead to background blood levels around 20 pM (Whyatt et al., 2002; Eaton et al., 

2008). As a 5-day exposure to 1 μM of TDCIPP and chlorpyrifos in zebrafish led to tissue 

levels of 10–20 pmol per fish (Dishaw et al., 2014), it is reasonable to extrapolate that the 

doses used here (0.03 and 0.3 μM) produced relatively lower tissue levels. Taken 

together, the doses used in the current study, which were insufficient to produce overt 

toxicity or structural malformation yet rendered the fish functionally impaired across a 

number of assessments, likely produced tissue levels within a range that can be 

plausibly linked to human exposures. 

Given emerging evidence of both how widespread exposure to these compounds 

likely is, and of their neurotoxic potential compared to well-characterized risks such as 

chlorpyrifos, further research into the possible health effects of organophosphate flame 

retardants in humans, especially during critical times of neurodevelopment, are likely 

warranted. 

 

6.6.3 Zebrafish as a Model for Neurobehavioral Teratology  

While this work builds upon the rapidly-expanding literature utilizing the 

zebrafish model for investigations into the neurobehavioral teratology of numerous 

chemicals of concern, it also raises some issues worthy of consideration moving forward. 

Perhaps foremost of these is the possible disconnect between larval and adult behavioral 

outcomes, as evidenced in both Chapters 2 and 3 of this study. One explanation for this 
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might be that the effects of developmental exposures on behavior might plausibly vary 

over the zebrafish lifespan. Another possibility is that larval and adult behavioral assays 

(at least, the ones used here) are differentially sensitive to neurobehavioral dysfunction. 

These explanations are not mutually exclusive, and in either case they support the 

argument that testing for the behavioral effects of developmental toxicants in zebrafish 

will likely be most sensitive if tested across multiple life stages.  

Likewise, the current study emphasizes the importance of utilizing testing 

batteries spanning a number of different zebrafish behavioral domains. Not only does 

testing across multiple assays increase the sensitivity in the case of a toxicant producing 

a particularly specific behavioral effect, but in the complementary case, when exposure 

to a compound might alter behavior across several tests, studying the relationships 

between the behaviors impaired and those left unaffected could likely grant insight into 

underlying behavioral and neurological mechanisms. This can help rectify a specific 

drawback of using zebrafish for behavioral studies; notably, that every behavior requires 

significant locomotor ability. Without examining multiple behavioral outcomes, it 

would be easy to conflate hyper- or hypoactivity with a different behavioral or cognitive 

trait. By employing a behavioral battery, though, trends in locomotor activity across 

multiple tests can be compared to help determine whether there is a universal shift in 

locomotion across tests, or whether a change in activity in one test (or in opposite 

directions across several different tests) is representative of a change in the specific 
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behavior being assayed, as was observed across the adult behavioral battery in Chapter 

2. 

Finally, as discussed in Chapter 3, care must be taken when comparing results 

across zebrafish strains, as there are likely inherent behavioral and neurological 

differences across strains that haven’t been fully described yet. As a number of previous 

investigations into OP-induced neurotoxicity in zebrafish have been performed in 

zebrafish of different strains than those used here (Dishaw et al., 2014; Noyes et al., 

2015), stain-based differences in behavioral baselines need to be more thoroughly 

characterized so they can be taken into account when making comparisons across 

studies. 

 

6.7 Limitations 

This study has several limitations, both specifically regarding the hypothesis 

intended to be tested and more broadly. As covered throughout the discussion above, a 

primary limitation was that the present study was unable to produce any direct 

evidence for whether or not developmental organophosphate exposure alters dopamine 

systems in the zebrafish. Some facets of this issue involve limitations and weaknesses 

with the general design across the present study itself. For example, even if the 

behavioral results from Chapter 3 tracked well with the results seen following 

developmental organophosphate exposure in Chapter 2, they would only have been 
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correlative, and would likewise have failed to directly implicate organophosphate 

exposure in a disruption of dopamine signaling, or a disruption in dopamine signaling 

in organophosphate exposure-induced behavioral effects. Similarly, as covered above, 

even though the results from Chapter 5 indicated a significantly altered response to 

acute dopamine receptor antagonism in OPFR-exposure larvae, this interaction may 

arise from effects of the exposure on other neurological functions that may or may not 

interact with or themselves produce a change in dopaminergic systems. Such a problem, 

of correlative results in this style of acute-challenge behavioral assay, is not limited to 

the type of antagonistic challenge performed here – a similar experiment examining 

whether acute dopaminergic agonism in the same TDCIPP-exposed larvae could rescue 

normal activity levels would be unable to differentiate between the agonism elevating 

diminished dopaminergic function and the agonism raising normal dopaminergic 

function to a high enough supranormal level that it compensated for whatever other 

deficits might be driving the observed hypoactivity. Alternatively, if developmental 

exposures are indeed lowering dopamine content as a primary dopaminergic 

mechanism, possible compensation via dopamine receptor upregulation or sensitization 

might also manifest following acute challenges with dopamine receptor agonists as 

exaggerated responses. Conclusions drawn from the TDCIPP and haloperidol 

experiments in Chapter 5 are further limited by the fact that the behavioral effects were 

only measured in larvae. Given that the behavioral effects driven by OP exposure in 
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Chapter 2 manifested most robustly in the adult behavioral battery, the blunted 

haloperidol effect in TDCIPP-exposed larvae in Chapter 5 must be additionally 

interpreted within the context of both age- and behavioral domain-related contexts and 

variations, and are as such more difficult to link the pronounced adult behavioral effects 

seen.  

In order to directly get at the question of the effects of OP exposures on 

dopamine systems, then, other measurements and methods are required. This is the role 

the neurochemical analysis in Chapter 4 was intended to fill. Unfortunately, this 

experiment was limited instead by large variability in the measurements. As covered in 

Chapter 4, this variability led to the results being inconclusive regarding the state of 

dopamine neurochemistry in OP-exposed larvae and adults. Thus, the portion of this 

study was unable to directly asses the link between OP exposure and dopamine 

systems, and the limitation discussed above regarding the evidence for a role of 

dopamine in the behavioral teratology of OP compounds in zebrafish is extended. 

Furthermore, previous studies linking developmental exposure to chlorpyrifos with 

altered dopamine (and serotonin) neurochemistry in rodents observed that several of the 

effects of exposure on dopamine content and turnover were specific to certain brain 

regions (Aldridge et al., 2005). This suggests that neurochemical analyses of whole 

brains (or whole pooled larvae) may possibly miss important effects of developmental 

OPFR exposure on dopamine neurochemistry, hinting that a finer analysis by brain 
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region in zebrafish may best replicate and expand upon the existing literature 

concerning developmental OP exposure and lasting neurochemical changes in rodents. 

Another important limitation given the current study design is that of 

concluding the effects seen following OP or dopamine antagonist exposures during 

development are indeed the result of developmental effects and are not the effects of a 5-

day sub-chronic dosing regimen more generally, regardless of life stage. In order to 

more definitively control for this, further studies should examine the effects of a 5-day 

OP exposure in adult zebrafish, both one day later (as is done with the larval testing 

here) and 3 months later, as with the adult behavior battery in the current study). If the 

results of this series of experiments showed similar behavioral alterations 3 months 

following the exposure in adult fish, then it might be concluded that the effects seen here 

may not in fact have to do with neurodevelopment but instead were indicative to lasting 

neurotoxicity of established neurobiology. If, however, the effects were smaller or 

nonexistent, there would be greater reason to conclude that the developmental windows 

tested here indeed represent a period of heightened susceptibility to the neurotoxic 

effects of these compounds.  

There are additionally some limitations of the zebrafish behavioral assays used 

across this study. Perhaps most notable is that there was not an assay included in the 

adult battery that directly paralleled the larval test examining locomotion under varying 

illumination conditions, which in turn makes it difficult to attribute differences in the 
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impact of developmental exposures on larval and adult behavior to either age of effect 

onset or dissipation, or to specificity of the effects to behavioral domains. This is 

particularly important and limiting in this study because the behavioral effects 

associated with developmental OP exposure were most pronounced in adults, while the 

opposite was true of developmental DA receptor antagonism, making it hard to know if 

the behavioral effects diverged because the two types of exposures had different onsets 

of behavioral toxicity, targeted different behavioral mechanisms and domains, or a 

mixture of both. Additionally, it complicates the drawing of parallels between the 

behavioral effects of OPFR exposure seen in adults in Chapter 1 and the behavioral 

interaction of OPFR exposure and haloperidol dosing in Chapter 5. Similarly, the 

variations among assays and dependent measures between the present study and those 

previously published may contribute to some of the differences between the behavioral 

effects seen here following developmental exposure to chlorpyrifos and some of those 

seen before, as discussed in Chapter 2. Further compounding this issue is that some of 

the assays used (notably, the social affiliation shoaling test used here) show significant 

variability in responses, even amongst controls, as can be seen in the results for this 

assay across Chapters 2 and 3. Continued troubleshooting and refinement of these 

assays, as well as standardization of testing procedures and data analysis, will help 

move the zebrafish behavioral assays towards greater reproducibility and efficiency. 

Finally, the use of the zebrafish model generally carries interpretative limitations when 
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comparing across animal models (or to humans), because of differences in of dosing 

paradigms (wherein zebrafish are exposed via immersion) and the lack of mammalian 

brain structures such as the hippocampus in zebrafish.  

Future studies seeking to further examine the effects of developmental exposure 

to OPFRs on behavior and dopamine systems, and any links between the two, would do 

well to take these limitations into account. More direct measurements of dopamine 

systems, whether via measurements of dopamine itself, receptor activity, DAT activity, 

and the like, would be greatly illuminative and would complement well and behavioral 

studies that sought to continue characterize the behavioral effects arising from OPFR 

exposures, including through the development of novel behavioral assay and through 

studies incorporating acute challenges, as used here. 

 

6.8 Conclusion 

This set of studies was designed to investigate the possibility that developmental 

exposure to organophosphate flame retardants, represented here by the compounds 

TDCIPP and TPHP, could alter later-life behavior, as had been shown previously for the 

organophosphate pesticide chlorpyrifos. Using the zebrafish model, we have shown that 

these compounds are behavioral teratogens seemingly on par with chlorpyrifos, with 

broad behavioral effects manifesting in adulthood, long after exposures had ended and 

at doses below the threshold for causing overt toxicity. Mirroring this paradigm with 
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antagonists for both the D1 and D2 dopamine receptors produced a behavioral 

phenotype very different from that seen with the OP compounds, while measurements 

of dopamine neurochemistry in both larval and adults exposed developmentally to OP 

compounds produced inconclusive results. While a final experiment combining a 

developmental exposure to an OPFR with an acute challenge by the dopamine 

antagonists used previously showed that the behavioral response to dopamine receptor 

antagonism could be altered by the OPFR exposure, we failed to show any direct 

evidence for OP exposure acting through dopaminergic systems. This leaves the 

possibility open that the altered behavioral responses seen here may have been due to 

impacts on other neurological systems, which in turn may have interacting or collateral 

effects on dopaminergic systems, as opposed to dopaminergic systems being a primary 

mechanism of toxicity themselves. Further investigation of the possible health risks 

posed by organophosphate flame retardants is recommended, given their potential for 

neurobehavioral toxicity described in this study and a growing number of others, as is 

continued examination of their possible neurotoxic mechanisms and interactions with 

dopaminergic systems. 
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Appendix A: Power Analyses 

 

Table 3: Minimum Observable Effect Sizes Given Present Sample Size 

Analyte SD Minimum effect 

size observable 

with current N 

Control 

mean 

Minimum 

observable 

effect size as % 

of control 

Larval DA 0.0124 0.0286 0.0215 133 

Larval DOPAC 0.00106 0.00245 0.00219 112 

Larval 

DOPAC:DA 

0.0716 0.165 0.115 143 

Larval 5HT 0.0104 0.024 0.0448 54 

Larval 5HIAA 0.0416 0.096 0.144 67 

Larval 

5HIAA/5HT 

0.597 1.38 3.22 43 

Adult DA 0.0485 0.0433 0.204 21 

Adult DOPAC 0.0132 0.0118 0.0375 31 

Adult 

DOPAC:DA 

0.0514 0.0459 0.185 25 

Adult 5HT 0.056 0.0501 0.225 22 

Adult 5HIAA 0.0735 0.0657 0.244 27 

Adult 

5HIAA/5HT 

0.275 0.246 1.11 22 

 

Table 3 calculates the smallest effect sizes detectible in the current study, given 

the sample sizes used and pooled standard deviation (SD) for each analyte (as described 
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in van Belle, 2008), as both an absolute size (in ng/mg tissue for dopamine (DA), 

serotonin (5HT), DOPAC, and 5HIAA measurements, and as a ratio for DOPAC:DA and 

5HIAA:5HT measurements) and in relation to the mean of the control fish for each 

measurement. 

 

Table 4: Sample Size Calculations to Replicate Previous Findings 

Analyte Control 

Mean 

(ng/mg 

tissue) 

SD CV Effects seen 

in Eddins et 

al., 2010 

N 

needed 

per 

group 

Current 

average N 

per 

exposure 

Larval DA 0.0215 0.00896 0.416 ~30% 

decrease 

23 3 

Larval 

DOPAC:DA 

0.115 0.0854 0.742 ~33% 

increase 

109 3 

Larval 5HT 0.0448 0.0067 0.15 ~25% 

decrease 

5 3 

Adult DA 0.204 0.051 0.25 ~13% 

decrease 

50 20 

 

 Table 4 tabulates the sample size (N) required to replicate the significant 

differences seen between the control fish and fish exposed developmentally to the 0.3µM 

dose of chlorpyrifos (CPF) across multiple analytes and life stages observed in previous 

research (Eddins et al., 2010). Sample size estimations utilize the observed mean value of 

each analyte for the control fish in the present study combined with the pooled standard 

deviation from the control and 0.3µM chlorpyrifos groups to calculate the coefficient of 
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variation (CV) for each analyte, which was in turn used to estimate the number of 

samples needed per exposure group to replicate the magnitude of effect seen in the 

previous research (van Belle, 2008).  
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