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1. Introduction

The use of both chlorinated and non-chlorinated solvents in various industries has led to occupational hazards as well as environmental contamination. The purpose of this project is to determine the developmental neurotoxicity of chlorinated and non-chlorinated solvents using the zebrafish as a model. While these compounds have been tested for their toxicity in other animal models and in humans, the use of the zebrafish is being explored because of some advantages it has over other models, particularly in developmental studies. A major advantage is that the embryo is transparent, which allows for easy evaluations of toxic effects in the early stages of development. Another advantage of using this model is that in the early stages of development the processes are the same, or similar, in all vertebrates, so if we can establish a deleterious effect at a specific stage of development in the zebrafish, then we can say that effect is likely be seen in humans as well. This then allows us to make decisions regarding the regulation of that particular compound. This study was conducted as a screening process first to see if any toxic effects could be observed and secondly, to determine what concentrations were required to produce the effects if they did occur. If no effect was observed, that would allow us to say that for this particular compound the zebrafish is not an appropriate model to use for a toxicological study. That would not mean that the compound has no toxicity, only that the zebrafish should not be used to investigate the toxic properties of that compound. If, however, there is a toxic effect, we could then determine what concentrations were required to produce these effects and compare them to concentrations that we know occur in the workplace or out in the environment. If these concentrations were substantially higher than those that occur in the workplace or in the environment then we could say that although there are toxic effects associated with the compound, they are not high enough to be of concern and that it is not necessary to spend the money needed to conduct a study investigating it. 

1.1 Chlorinated Solvents


Trichloroethylene (TCE) is a major Superfund contaminant that occupies position #16 in the ATSDR 2005 Priority List of Hazardous Substances. This compound is one of the most used industrial organic solvents and is widely distributed in surface water, rainwater, well water and drinking water from various sources. Given its widespread use in occupational settings, significant information is available on the acute toxicity of TCE. However, little information exists on the neurotoxic effects of chronic exposure in humans and animal models, particularly at lower concentrations. 

Acute exposure to high levels of TCE in humans has been associated with cranial nerve damage and residual neurological deficits. There are also reports that intermediate chronic exposure in the workplace has been associated with damage to the cranial nerves in several cases 
 ADDIN EN.CITE 
[1-3]
. Cranial neuropathy is characterized by facial numbness, jaw weakness and facial discomfort (indicating damage to cranial nerves V and VII), which can persist for several months 
 ADDIN EN.CITE 
[4, 5]
. Other reported effects of intermediate chronic exposure include memory loss [6, 7], mood swings 
 ADDIN EN.CITE 
[2, 8]
, trigeminal neuropathy 
 ADDIN EN.CITE 
[2, 7, 9, 10]
, cranial nerve VII damage and decreased psychomotor function [11], and impaired acoustic-motor function [12]. Among the human studies, Ruijten and coworkers demonstrate changes in trigeminal nerve function [13]. These findings correspond to reports of trigeminal and cranial nerve damage at shorter-duration exposure to high concentration of TCE. In addition, this study noted slight reductions in the sensory nerve conduction velocity and sensory refractory period of the sural nerve, consistent with preclinical peripheral neuropathy and with corresponding reports from experimental studies. The report by Rasmussen found a highly significant dose-response relationship between solvent exposure and clinical signs of motor dyscoordination in a historical cohort study of metal degreasers with TCE exposure. Although no significant cranial nerve dysfunction was found, histologically verified symmetrical sensory-motor peripheral neuropathy was reported [14]. In contrast to these studies, some reports suggest that the neuropathic effects of TCE appear to be specific to the trigeminal nerves, facial nerves [15], olfactory nerves [14], rather than generalized 
 ADDIN EN.CITE 
[9, 16]
. For instance, chronic exposure to TCE resulted in no change in conduction velocity measured in the radial and ulnar nerves [17]. Sympathetic nerve activity, as measured by changes in serum dopamine-β-hydroxylase activity, was normal in workers exposed to TCE of about 22ppm [18]. 


Consistent with reports in humans, signs of neurotoxicity and neuropathology in rats have also been observed in response to high doses of TCE. Exposures of 10 weeks (5 days/week) to 2500 mg/kg/day TCE orally resulted in altered myelin thickness in the rat mental nerve, a branch of the trigeminal nerve [19]. Effects of similar exposures on the rat trigeminal nerve included decreased fiber diameter and altered fatty acid composition in total lipid extracts, indicative of demyelination, but without conclusive evidence of axonal degeneration [20]. Some experimental studies claimed that low level of TCE exposure might produce abnormalities of the blink reflex, a good measure for detection of subclinical intoxication [9]. However, this is not supported by other human studies 
 ADDIN EN.CITE 
[21, 22]
. To date, few experimental studies examining the effects of chronic exposure to TCE have been reported.


As the current literature indicates, TCE has a wide array of effects on the nervous system that may involve different mechanisms of action. For instance, the neurotoxicity of TCE may be mediated by peroxidation of cell membrane lipids [23] or by specific effects on regulation of membrane fatty acid composition [24]. The effect of TCE may also result from disturbed physical and chemical properties of nerve membrane [25], or from an increase in the activity in one or more of the phosphoinositide-linked neurotransmitter systems [26]. Animal studies clearly indicate that administration of TCE produces a loss of myelin in the brain stem, affects myelin sheaths in the temporal and occipital cortex as well as in the spinal cord [27], and modifies lipid content of the trigeminal nerve [20]. Although the detailed mechanism underlying TCE peripheral neuropathy is still not clear, a role was noted for the TCE metabolite such as dichloroacetic acid (DCA) in eliciting these effects.


Cytochrome P450 (CYP) 2El was the most important isozyme involved in metabolizing TCE to chloral hydrate in rat liver [28]. Consistent with this finding, Lipscomb and colleagues studied the P450-dependent metabolism of TCE in hepatic microsomal fractions from 23 humans. They conclude that CYP2El was the predominant form responsible for the metabolism of TCE and the human variability in metabolism of TCE via P450-dependent pathways was within a 10-fold range, which might explain the susceptibility of human exposure [29]. The principal metabolites of TCE in humans and rodents are conjugated trichloroethanol, trichloroethanol and trichloroacetic acid (TCA) 
 ADDIN EN.CITE 
[30-33]
. Minor urinary metabolites are monochloroacetic acid [34] and DCA [35]. DCA is also formed as a by-product during the chlorine disinfection process of drinking water. Studies on the neurotoxicity of DCA in humans have demonstrated a strongly supported association between DCA exposure and distal symmetrical peripheral neuropathy [36].


Viewed together, existing human and animal studies suggest a highly possible association between TCE exposure and peripheral neuropathy. However, current information collected from human populations is not convincing because it often relies on estimated rather than actual concentrations of exposure, making it difficult to evaluate risk to health. In addition, much of the literature related to TCE exposure in humans also includes discussions of exposures to mixtures of solvents, so it is difficult to evaluate the specific contribution of TCE and its metabolites to health outcomes. This study will help determine whether or not the zebrafish is a valid model to help assess the effects of these chlorinated solvents, by comparing the data collected with the existing data gathered from other studies in other animal models. 

1.2 Non-Chlorinated Solvents


Non-chlorinated aliphatic solvents with neurotoxic potential (n-hexane or 2-hexanone) are found in >17% of EPA’s National Priorities List sites, where airborne and skin exposure are potential routes of entry into the human body. Prolonged exposure to n-hexane produces a characteristic peripheral neuropathy associated with distal, retrograde degeneration of long and large sensory and motor axons in peripheral nerves and spinal cord (central-peripheral distal axonopathy). The neuropathological hallmarks of aliphatic hexacarbon neuropathy include axonal atrophy, focal axonal swellings filled with neurofilaments, paranodal demyelination and remyelination and wallerian-like degeneration 
 ADDIN EN.CITE 
[37-40]
. 

The neurotoxic mechanism of n-hexane has been extensively studied since the first major outbreaks of human neuropathy in the early 1970s. Although hypotheses have been proposed to explain this phenomenon and many aspects of the mechanism have been clarified, the molecular determinants and pathological significance of axonal degeneration remain unclear [41]. Mechanistic hypotheses on n-hexane neuropathy generally fall into two categories: those that propose neurofilament protein polymerization and cross-linking as the critical target site 
 ADDIN EN.CITE 
[42-44]
 and those that suggest direct effects on other axonal components such as microtubule-associated proteins and motor proteins, or metabolic process and enzymes involved in supplying energy for the axonal transport 
 ADDIN EN.CITE 
[45-47]
. There is, however, general agreement that neurotoxicity is dependent upon metabolism of n-hexane or 2-hexanone to 2,5-hexanedione (2,5-HD), a (-diketone that reacts with neuroproteins resulting in axonal degeneration in the CNS and PNS 
 ADDIN EN.CITE 
[37, 41, 48, 49]
. 


Cytochrome (CYP) P450 enzymes are known to be involved in several steps of n-hexane biotransformation. n-Hexane is hydroxylated at different positions of carbon atoms by P450 isozymes such as CYP1A1 and 1A2, and is metabolized to 1- or 3-hexanol, 4,5-dihydroxyl-2-hexanone and other compounds. This leads to detoxification 
 ADDIN EN.CITE 
[50, 51]
. The proximal neurotoxic metabolite, 2,5-HD, is formed via sequential hydroxylation at the 2- and 5-positions by CYP2E1 and 2B 
 ADDIN EN.CITE 
[51-53]
, followed by oxidation of the hydroxyl function by alcohol dehydrogenase [54]. Continuously daily n-hexane treatment resulted in an increased urinary level of 2,5-HD in wild type mice but not in 2E1-/- mice [55]. Pretreatment with the inducer of CYP2E1 increased 2,5-HD formation in rats administered n-hexane [56], suggesting that CYP2E1 is the predominant P450 responsible for the biotransformation of n-hexane to 2,5-HD.


Although occupational exposure is a major risk factor for n-hexane peripheral neuropathy [57], epidemiological studies have shown that only a small fraction of workers exposed to n-hexane develop neuropathy. This raises the possibility that genetic factors such as variations in metabolic genes for n-hexane are involved in the developing of n-hexane neuropathy [58]. Consistent with this hypothesis, a recent epidemiological study from China suggests that CYP2E1 gene polymorphism might modulate susceptibility to n-hexane-induced peripheral nerve damage [59]. 


Non-chlorinated aromatic hydrocarbon solvents such as 1,2-diethylbenzene (1,2-DEB) and certain related aromatic compounds are also commonly found at Superfund sites with an undefined health hazard. These compounds cause electrophysiological changes consistent with sensory-motor neuropathy in rodents, but the underlying mechanisms and pathogenesis are unclear. Recent studies show that 1,2-diacetylbenzene (1,2-DAB), a metabolite of the aromatic solvent 1,2-DEB, is a (-diketone with high neurotoxic potency [60]. Rats treated with 1,2-DAB develop limb weakness and exhibit more proximal but otherwise similar motor and sensory nerve damage to 2,5-HD. By contrast, the non-protein reactive isomers of these agents, 1,3-DAB and 2,3-HD, lack neurotoxic properties 
 ADDIN EN.CITE 
[48, 60]
.
1.3 The Model


Numerous biological models have been employed for toxicological evaluations. In vitro techniques, such as cell culture, are often preferred because they are both cost- and time-efficient. While these studies are useful, direct translation to a human health risk is often difficult to infer. In vivo (whole animal) studies, on the other hand, can provide improved prediction of the biological response in intact systems. However, these studies often employ rodent models which make assessments expensive, time-consuming and require extensive facilities for housing experimental animals. Cost, labor, time and infrastructure requirements can be significantly reduced by replacing traditional rodent models with the zebrafish model. Cost savings are complimented by inherent advantages of the zebrafish model for mechanistic and hypothesis-driven research that could prove to be an essential part of an overall integrated approach to evaluate solvent toxicity. Like many models, much of the anatomy and physiology of fish is highly homologous to humans 
 ADDIN EN.CITE 
[61, 62]
. Zebrafish are well-established as a model for studying developmental biology and wound-healing, as well as for toxicity and efficacy screening of chemicals, pharmaceuticals and pesticides 
 ADDIN EN.CITE 
[63-72]
. A remarkable similarity in cellular structure, signaling processes, anatomy and physiology exists among zebrafish and other high-order vertebrates 
 ADDIN EN.CITE 
[62, 73-77]
. Zebrafish possess all of the classical sense modalities, including vision, olfaction, taste, touch, balance and hearing; and their sensory pathways share an overall homology with humans. Cognitive behavioral tests suggest that anatomic substrates of cognitive behavior are also conserved between fish and other vertebrates. Thus, similar to observations of hippocampus lesions in mammals, lesions of the structural homolog of the hippocampus in fish selectively impair spatial memory [78]. 


A major advantage of zebrafish is that the embryos develop externally and are optically transparent. Thus, using simple microscopic techniques, it is possible to resolve individual cells in vivo across a broad range of developmental stages or throughout the duration of an experimental exposure. Resolution of specific cell populations can be increased by using transgenic zebrafish models that express fluorescent reporter genes in cell types of interest 
 ADDIN EN.CITE 
[79, 80]
. Several additional features of zebrafish biology, including small size, rapid embryonic development and short life cycle (reviewed in 
 ADDIN EN.CITE 
[62, 81, 82]
) make this model system logistically attractive to rapidly evaluate environmental-biological interactions. Females produce hundreds of eggs weekly, so large sample sizes are easily achieved for statistically powerful dose-response studies [83]. This abundant supply of embryos also makes it possible to simultaneously assess the toxicity of a large number of chemicals in a short period of time. Such features also make genetic screens feasible for identifying genes and pathways that are involved in creating biological responses to solvent exposure 
 ADDIN EN.CITE 
[84-86]
. High throughput chemical screens have proven feasible in zebrafish and have been used to effectively identify novel developmentally active small molecules 
 ADDIN EN.CITE 
[64, 87-89]
. Finally, assay volumes using the zebrafish model are small; thus, only limited amounts of chemicals are needed to assess solvent-biological interactions.
2. Methods and Materials

2.1 The Water


Water for the lab undergoes filtration by reverse osmosis. Once the water has been filtered Instant Ocean (Aquarium Systems, Mentor, Oh.) is added until the conductivity reaches 500µS ± 50µS. The water is maintained at pH 7.2 ± 1 and stored at 25 ºC. Water that is referred to as system water from this point on will be water that has been through this treatment and meets the criteria that has been described in this section. Differences in any of these parameters will be mentioned when appropriate.  
2.2 The Animals

This study involved experiments using both adult zebrafish and zebrafish embryos. These animals were raised and reared in compliance with the Institutional Animal Care and Use Committee guidelines at Oregon State University. 
2.2a Adults

Adult zebrafish were kept in a 2.0L polycarbonate tank (Fig. 2.1) and these tanks were on a recirculating system (Fig. 2.2) utilizing system water with the temperature maintained at 29 ºC ± 1.5 ºC and pH 7.2 ±1. The fish were fed two times daily, once with flake food (prepared in the lab) in the morning, and once with brine shrimp (INVE Aquaculture Systems, Salt Lake City, Ut.) in the afternoon. 
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Adults used for spawning were transferred to a clean polycarbonate tank. Inside the tank was a polycarbonate basket that had a wire mesh bottom (Fig. 2.3) and a piece of nylon mesh (Fig. 2.4) inside of it. This is placed on top of two pieces of plastic mesh (Fig. 2.5) and two anti-jumpers (Fig. 2.6). The spawning setup (Fig. 2.7) is done 15–17 hours prior to the time the exposure is to begin. Once set up for spawning the tanks were placed back on the recirculating system (Fig. 2.2). Spawning adults were not fed again until after embryos were collected.
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2.2b Embryos

Embryos were collected at 6-8 hours post fertilization (hpf). Embryos collected for exposures were poured out of the tank through a fine mesh screen, rinsed with system water and then placed in a 150x25mm petri dish containing water. A visual inspection was then conducted to separate viable embryos from non-viable embryos. Embryos were determined as viable by looking at the color. If the embryo’s corion was transparent and the yolk was yellow in color then it was deemed viable. Embryos were deemed non-viable if the corion was cloudy in appearance or the yolk was darkened appearing brown to black in color. Non-viable embryos were discarded. After embryos were selected for an exposure they remained in the petri dish and were placed on an incubating plate at 29ºC ± 1 until they were transferred to a 96-well plate (Becton Dickinson Labware, Franklin Lakes, N.J.)(Fig. 2.8). 
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2.3 Chemicals


10M trichloroethylene (TCE), 12M dichloroacetic acid (DCA), and 8.35M 2,5-hexanedione (2,5-HD) were generously provided by Dr. Peter Spencer of the Center for  Research on Occupational and Environmental Toxicology (CROET) at the Oregon Health and Science University (OHSU) in Portland, Oregon. All chemicals provided by Dr. Spencer were 98% pure or higher. The chemicals 1,2-diacetylbenzene (1,2-DAB) and 1,3-diacetylbenzene (1,3-DAB) were provided in crystal form, 3-aminobenzoate ethyl ester methanesulfonate salt (tricaine) was provided as a powder, dimethylsulfoxide (DMSO) was provided as a pure liquid and were purchased through Sigma-Aldrich Company (St. Louis, Mo.). Sodium hydroxide was purchased in crystal form from Fisher Scientific (Fair Lawn, N.J.)
2.4 Embryo Exposures

All exposures were set up with 24 embryos exposed at each concentration evaluated, in solution volumes of 100 µl and one embryo per well. A control group of 24 was also used in each trial. For all exposures the statistical data collected for this project was based on percent mortality at 48- or 72-hpf, depending on the chemical being investigated. Standard deviation was calculated with Sigma Plot.
2.4a Trichloroethylene (TCE)

10M TCE (Spencer) was diluted to 1M. A series of serial dilutions starting with the 1M stock were performed to make exposure solutions of 10.0mM, 1.0mM, 0.1mM, 0.01mM and 0.001mM concentrations. DMSO was required to solvate the TCE so the exposures were also 0.1% DMSO. The control group consisted of 24 embryos evaluated in a 0.1% solution of DMSO. The exposures were terminated at 48hpf. 
2.4b Dichloroacetic acid (DCA)

12.0M. DCA (Spencer) was diluted in system water to make exposure solutions of 100.0mM, 10.0mM and 1.0mM. The DCA solution was neutralized using NaOH and the pH was raised to 7.0-7.5. The exposures were terminated at 48hpf. DMSO was not used to solvate the DCA so the control group consisted of 24 individuals with one individual exposed in 100 µL of system water per well. The exposures were terminated at 48hpf.
2.4c 2,5-Hexanedione (2,5-HD)


8.35M. 2,5-HD (Spencer) was diluted to 100mM and then a series of serial dilutions was performed to  make exposure solutions of 100.0mM, 10.0mM, and 1.0mM. DMSO was not required to solvate the 2,5-HD. The control group consisted of 24 individuals with one individual exposed in 100 µL of system water per well. The exposures were terminated at 48hpf. 
2.4 d 1,2-Diacetylbenzene (1,2-DAB)

An initial stock solution was prepared at 2000 parts per billion (ppb) from dissolved crystals. A set of serial dilutions was then performed with a dilution factor of 50 % with each consecutive dilution. The concentration range was from 62.5 ppb – 500 ppb. The final dosing solution at each concentration was also 0.1 % DMSO. A 0.1 % DMSO solution served as the control group concentration.
2.4e 1,3-Diacetylbenzene (1,3-DAB)


An initial stock solution was prepared at 2000 ppb and then a set of serial dilutions was performed with a dilution factor of 50 % with each consecutive dilution. The concentration range was from 62.5 ppb – 500 ppb. The final dosing solution at each concentration was also 0.1% DMSO. A 0.1 % DMSO solution was used as the control group concentration. 
2.5 Adult Exposures to 1,2-Diacetylbenzene
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The adults in this study were exposed to 1,2-DAB in two trials at concentrations of 100 ppb and 1000 ppb for 52 days and 6 days respectively. The final dosing solution was also 0.1 % DMSO. The control group was exposed in a 0.1 % DMSO solution. Each trial contained eight fish total. For each trial, four fish served as a control group and four fish served as the exposure group. Each fish was placed in its own plastic tank with a wire-mesh bottom (Fig. 2.9) that was placed inside another plastic tank with 600 ml of control solution or dosing solution (Fig. 2.10).
This allowed for changing the water with minimal stress on the animal as it was transferred from one tank to another. Both the control and the dosing solutions were changed daily throughout each trial. Each day an new batch of both dosing and control solutions were prepared 3000 ml at a time using system water maintained at 29 ºC ± 1º in an incubator. After the water change was completed a plastic lid was placed over the individual tank and then it was placed back into the larger tub containing all eight of the tanks (fig. 2.11). A lid was then also placed over the large tub to help prevent water loss due to evaporation (fig. 2.12). In each trial, all eight tanks of fish were placed in a larger tub filled with water maintained at 29 ºC ± 1º with a water heating element. An air hose with a continual stream of air was also placed in the tank to help maintain an even water temperature throughout the tub. 
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3. Results
3.1 Trichloroethylene (TCE)

In order to determine the toxicity of TCE in developing zebrafish, embryos were exposed to TCE solutions at concentrations between 0.0mM and 100mM. There was no significant difference in the mortality between any of the exposure groups observed (Fig. 3.1). Embryos exposed to TCE at concentrations of 0.10 mM and higher also exhibited yolk sac edema, a sub-lethal effect. These results indicate that TCE, while it is not 100% lethal at concentrations as high as 10mM, it is toxic to zebrafish in the early stages of development. 
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3.2 Dichloroacetic Acid (DCA)


Dichloroacetic acid (DCA) is a major metabolite of trichloroethylene (TCE). Zebrafish embryos were exposed to DCA at concentrations between 1.0mM and 100.0mM. There were no overt signs of toxicity at concentrations between 1mM and 10mM (Fig. 3.2). However, at 100mM there was an increase in embryonic mortality indicating that DCA is toxic only at high concentrations. Embryos at the 100.0mM concentration showed pericardial edema. While embryos in the control group had a normally inflated swim bladder, those in the 100.0 mM exposure group did not (Fig. 3.3). 


[image: image2.wmf]Cl

Cl

Cl

Trichloroethylene 

O

H

O

Cl

Cl

Dichloroacetic acid

CYP2E1


[image: image19.jpg]



[image: image20.jpg]



3.3 2,5-Hexanedione (2,5-HD)


In order to determine the developmental toxicity of 2,5-HD, a metabolite of n-hexane, embryos were exposed at concentrations of 1.0mM, 10.0 mM and 100.0mM. There was no significant difference in results of those exposed at the 1.0 mM and 10.0 mM concentrations with mortality approximately 10% at 48 hpf. We observed that when the concentration was raised from 10mM to 100mM there was a 43 % increase in embryonic mortality.
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3.4 1,2-Diacetylbenzene (1,2-DAB) and 1,3-Diacetylbenzene (1,3-DAB) Embryo Data
	Table 3.1.  ppb to mM conversions

	ppb
	mM

	40
	0.00025 = 2.5 x 10-4

	400
	0.0025 = 2.5 x 10-3

	4000
	0.025 = 2.5 x 10-2



An initial study was conducted with exposures at 0 ppb, 40 ppb, 400 ppb and 4000 ppb for both 1,2-DAB and 1,3-DAB (For ppb to mM conversions see table 3.1). There was no significant difference between zebrafish exposed at 0, 40 and 400 ppb for both compounds. However, at 4000 ppb 1,2-DAB was shown to be 100 % lethal at 48 hpf. In contrast, the mortality of zebrafish in the 1,3-DAB exposure group at 4000 ppb was only 10 %, indicating that even at very high concentrations the 1,3- isomer is not developmentally toxic to zebrafish (Fig. 3.6).
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3.5 1,2-Diacetylbenzene Embryo Data 
	Table 3.2.  ppb to mM conversions

	ppb
	mM

	62.5
	0.000390625 = 3.9 x 10-4

	125
	0.00078125 = 7.8 x 10-4

	250
	0.0015625 = 1.6 x 10-3

	500
	0.003125 = 3.1 x 10-3



Because results from the initial study established that 1,3-DAB was not developmentally toxic, the compound was not investigated any further. Although there was no significant difference between the zebrafish exposed to 1,2-DAB from 0 ppb to 400 ppb, we observed a marked difference between 400 ppb and 4000 ppb (For ppb to mM conversions see Table 3.1). In order to obtain better information about 1,2-DAB’s toxicity we modified the concentration range of the exposures and tested at 0, 62.5, 125, 250 and 500 ppb (For ppb to mM conversions see Table 3.2) to define a concentration-dependent response curve to 1,2-DAB. There was very little difference in the fish in the control groups to those exposed at 125 ppb but mortality increased by 65 % when the concentration was increased from 125 to 250 ppb, and embryonic mortality was 100 % at 500 ppb (Fig. 3.7).

Embryos exposed to 1,2-DAB exhibited multiple sub-lethal effects from the chemical as well. First was the chromogenic effect, where the embryo had a blue discoloration. Chromogenicity was the first indicator of exposure that could be seen and was observed within 24 hpf at the highest concentration of 500 ppb, and was eventually seen in all of the exposed animals after 72 hpf. This was the first sign that 1,2-DAB was reacting with some component of the zebrafish; however, this was not the primary effect of concern. The effects of greater concern included yolk sac edema, pericardial edema and a decrease in the heart rate of the embryos because this indicates disruption in the developmental process (Fig. 3.8).
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3.6 1,2-Diacetylbenzene Adult Data

	Table 3.3.  ppb to mM conversions

	ppb
	mM

	100
	0.000625 = 6.25 x 10-4

	1000
	0.00625 = 6.25 x 10-3



Because most neuronal effects have been observed in adults 1,2-DAB experiments were conducted in adult zebrafish as well. In order to determine if 1,2-DAB exhibited toxicity in adult zebrafish, two trials were performed with adults exposed at 100 ppb (trial 1) and 1000 ppb (trial 2) for 52 and 6 days respectively (For ppb to mM conversions see Table 3.3). Fish were monitored daily and checked for mortality and abnormal behavior. Fish in the first trial were temporarily removed from their exposure tanks and placed in a 10-gallon tank on day-59 of the trial. Fish from the control group were put into a separate tank than those in the exposure group. They were given an hour to acclimate to the new tank and then observations of their behavior were made. Fish that were exposed to the 1,2-DAB exhibited abnormal behavior which included swimming in the corner of the tank and swimming into the glass wall of the tank. The chromogenic effect was also observed in the first adult exposure (Fig. 3.9). We therefore repeated the experiment with a ten-fold increase in the concentration and the effects observed at the lower concentration were also observed at this concentration in a much shorter period of time. 
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4. Discussion

The purpose of this study was to determine the developmental neurotoxicity of chlorinated and non-chlorinated solvents using the zebrafish model. Results varied between the five solvents evaluated in this study. These variations can be attributed to the differences in the physical and chemical properties of the solvents themselves. These differences in properties can affect factors such as bioavailability of the compound to the cell and how the compound is metabolized once inside the cell.    


We also observed differences in our results compared to those in other animal models previously used to evaluate these compounds. One major difference between the zebrafish model and others used in the past is that in previous studies animals were given a dose. In contrast, the zebrafish is exposed via waterborne concentrations. With a dose, the exact amount of the chemical present in the animal can be quantified by relating the mass of chemical per mass of the organism’s body weight (i.e. µg/kg, mg/kg etc.). Another method of quantifying a dose is by relating the mass of chemical per unit of body surface area such as mg/cm2. Previous studies using other animal models have employed various routes of exposure such as putting the chemical in food, by gavage, or by injection therefore making it a dose. However, in this study we exposed zebrafish through waterborne concentrations and therefore quantifying the exact amount of chemical present in the body by relating the mass of chemical per mass of body weight cannot be done. 

The primary factor that inhibits our ability to determine the exact amount of the chemical present in the zebrafish is the permeability of the epidermis to a given chemical. Permeability of the epidermis to a chemical will determine the chemical’s ability to enter the zebrafish and therefore it cannot be assumed that the total sample of the chemical in the water is able to enter the zebrafish. 

Once the chemical has entered the zebrafish other factors may contribute to the differences in results from other models compared to zebrafish model. One possibility is that the zebrafish is lacking one or more of the enzymes in the metabolic pathway responsible for the detoxification and elimination of the compound or, that it produces the same enzymes, but the enzymes in the zebrafish are structurally different enough from those in other organisms that their actions are not the same. In this study zebrafish embryos and adults were exposed via waterborne concentrations. 


Trichloroethylene (TCE) has been shown to display various signs of toxicity in other models such as rodents. Humans who have been exposed to TCE through their occupation have also been studied. Results from these studies show that these effects require doses as high as 2500mg/kg/day in order to be observed [19]. We observed that there was no significant difference in mortality between zebrafish embryos in the control group and those exposed at 10mM. These results are consistent with those from the rodent studies and the studies investigating humans exposed to TCE through their occupation suggesting that TCE is toxic only at high concentrations.

Dichloroacetic acid (DCA) has been identified as a minor urinary metabolite of TCE [35]. Therefore, we conducted experiments testing the neurotoxic effects of DCA in zebrafish. Hassoun and colleagues have shown DCA to produce developmentally toxic effects when administered at high concentrations ranging from 900 to 2400 mg/kg/day in rodents during gestation days 6-15. Exposure resulted in embryonic resorption, reductions in body weight and length, and production of soft tissue malformations, especially those of the cardiovascular system [90]. However, we found that DCA to be developmentally toxic to zebrafish only at high concentrations. These results are consistent with those in the Hassoun study.  


Because occupational exposure is a major risk factor for n-hexane peripheral neuropathy [57], it is a chemical of concern. However, we were unable to conduct experiments to evaluate toxicity of n-hexane to zebrafish via waterborne exposures. Due to extremely low solubility of n-hexane in water, 0.000747g/100 ml, we were unable to prepare solutions of n-hexane for waterborne exposures. The proximal neurotoxic metabolite of n-hexane metabolism, 2,5-HD, is formed via sequential hydroxylation at the 2- and 5-positions by CYP2E1 and 2B 
 ADDIN EN.CITE 
[51-53]
, followed by oxidation of the hydroxyl function by alcohol dehydrogenase [54]. We therefore conducted experiments to evaluate the developmental toxicity of 2,5-HD. We found that 2,5-HD is toxic only at high concentrations. 


Because we observed no overt signs of toxicity for these compounds we have concluded that the zebrafish is not a suitable model to evaluate them. However, in contrast to the data obtained from the studies evaluating these chemicals, results from the study of 1,2-DAB showed that concentrations much lower than those of the other chemicals resulted in toxic effects making 1,2-DAB a chemical that would be well suited to be studied using the zebrafish model. 

Non-chlorinated aromatic solvents can also be found at Superfund sites.  Among these solvents are 1,2-diethylbenzene (1,2-DEB) and its structural analog 1,3-DEB but their impacts on health have not yet been established. These compounds are oxidized to 1,2-diacetylbenzene (1,2-DAB) and 1,3-DAB respectively. These metabolites in their oxidized form have been shown to have much higher potency in their neurotoxic effects than their parent compounds in rodent models previously used to evaluate these compounds. It has also been shown that 1,2-DAB, a γ-diketone, has neurotoxic properties. In contrast, 1,3-DAB, a δ-diketone, has been shown to be relatively non-toxic at the same concentrations as its structural analog 1,2-DAB. We therefore conducted experiments to determine if this would be observed in the zebrafish as well. We found that our results were consistent with those in previous studies using different animal models. Rodents treated systemically with 1,2-DAB develop blue discoloration of the skin, eyes, internal organs, including the brain and spinal cord and greenish urine [91] [92]. We observed discoloration in both the embryos and the adults as well in this study. We also observed behavioral changes in the form of erratic swimming. These results are consistent with previous studies and support the need for further investigations into the toxicity of 1,2-DAB. Because 1,2-DAB and 1,3-DAB are structural analogs,  they have the same chemical formula, but they differ from each other in their three-dimensional structures. These data indicate that the three-dimensional structure plays a key role in the toxicity of the compound. 

This study was a preliminary procedure to determine if any of these solvents would exhibit toxicity either to zebrafish embryos in early stages of development or to adult zebrafish. Therefore, comparing specific details of the various mechanisms of detoxification, elimination and toxicity was not possible. However, because the data from this study has shown that results from our experiments are similar to results using other models in some cases; this provides a justification for using the zebrafish to evaluate these solvents. In the cases where the results were not similar to those in previous studies the methods that will be used with the zebrafish can be modified to better suit the model. Possible modifications could include changing the route of exposure to micro injections when the chemical has low solubility, varying the concentrations, and also varying the length of exposure. In this study we focused primarily on the metabolites of many solvents but future studies should also include an evaluation of the parent compound as well. Future studies should also utilize the advantages of the zebrafish in order to investigate how the chemicals produce their toxicity. 
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Figure 3.9. Control (top) and 1,2-DAB (bottom) adult fish image three days post exposure. It was a dramatic blue appearance of the 1,2 DAB exposed fish. The appearance of the blue correlated with behavioral and motor deficits. 
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Figure 3.8. 1,2-DAB developmental toxicity. Representative images of a control and 1,2 DAB exposed embryos. Note the development of cardiovascular edema, curved body axis and the characteristic “blue” appearance.
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Figure 3.3. Representative images of (A) control and (B) 100 mM DCA exposed embryos. The DCA exposed larva exhibits mild pericardial edema (*) and unlike the control animals the swim bladder (sb) is not inflated. 
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Figure 3.4. Individual embryos were exposed at the indicated concentrations with 24 embryos per concentration. Percent mortality was observed at 48 hpf.
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Figure 3.2. Individual embryos were exposed at the indicated concentrations with 24 embryos per concentration. Percent mortality was observed at 48 hpf. 
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Figure 3.1. Individual embryos were exposed at the indicated concentrations with 24 embryos per concentration. Percent mortality was observed at 48 hpf.
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Figure 2.12. Large tub with a lid placed over it to help reduce water loss due to evaporation. 
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Figure 2.11. Smaller tubs with one fish per tub placed in larger tub with water, a heating element and air hose to maintain an even temperature throughout the water in the tub.
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Figure 2.10. Side view of tub with wire-mesh bottom placed inside second tank which contains the dosing solution.
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Figure 2.9. Top view of tub with wire-mesh bottom which houses the fish. 
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Figure 2.7. Spawning setup with wire-mesh bottom polycarbonate basket containing fish and nylon mesh placed inside 2.0 L polycarbonate tank plastic on top of two anti-jumpers which are placed on top of plastic mesh pieces.
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Figure 2.8.  Becton Dickinson 96-well plate 
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Figure 2.6. Anti-jumpers
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Figure 2.4. Nylon mesh for fish to hide in.
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Figure 2.5. Plastic mesh pieces 
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Figure 2.2. Fish in polycarbonate tanks placed on the Z-mod system with recirculating water.
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Figure 2.1. 2.0 L polycarbonate tank with an anti-jumper (white piece) and a overflow piece with wire-mesh (blue piece) to keep fish inside tank.
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Figure 2.3. Polycarbonate basket with wire-mesh bottom.
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Figure 3.6. 1,2-DAB, but not 1,3-DAB, is developmentally toxic to zebrafish. Cumulative mortality was collected for 2 days (48 hpf). A total of 24 animals were assessed for each chemical.
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Figure 3.5. Representative images of (A) control and (B) 10 mM 2,5-HD exposed embryos.
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Figure 3.7. 1,2-DAB developmental toxicity. Cumulative mortality was collected for 3 days (72 hpf).  A total of 24 animals were assessed for each chemical, and the experiment was repeated 3 times. Error bars represent the standard deviation.
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