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Abstract 

The overall goal of this thesis was to determine if expression of hsp70 and a 

reporter construct hsp70-eGFP could be used as biomarkers of toxic exposure in 

zebrafish larvae. Cadmium and arsenic were chosen as the model toxic compounds to 

test this hypothesis because they are both strong inducers of hsp 70 in other model 

systems, and their toxicity in fish has been well characterized. Before investigating the 

effects of cadmium and arsenic on hsp 70 expression, it was necessary to determine the 

normal expression patterns under non-stressed conditions. A time course from the early 

blastocyst embryo to post-hatch larvae (3-96hpf) showed that hsp70 is not expressed 

under non-stressed conditions except for the developing lens. It was determined that this 

localized lens expression is constitutive rather than stress-induced, and may play a role 

in the development of the lens. It was also determined that the reporter hsp70-eGFP 

gene closely mimicked endogenous hsp70 under non-stressed conditions (i.e. 

constitutive lens expression) and following heat shock (i.e. strong expression 

throughout) and therefore is a reliable method to monitor hsp70 expression in vivo. An 

initial range-fmding acute toxicity study showed that post-hatch zebrafish larvae were 

much more sensitive to cadmium than pre-hatch embryos, and therefore only larvae 

were used for further toxicity tests. The dose-response relationships of the acute (96hr) 

toxicity of cadmium and arsenic to larvae were determined and the median effective 

doses calculated (LC50 and EC50). The primary gross effects of edema, trunk 

abnormalities, immobility, and death were observed for both cadmium and arsenic, 

however cadmium was much more toxic than arsenic. Based on the acute toxicity tests, 

relevant doses of cadmium and arsenic were chosen as exposure treatments in order to 
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measure in vivo expression of hsp70 and hsp70-eGFP. The patterns of expression for 

hsp70 and hsp70-eGFP were investigated in larvae following acute pulse (3hr) 

exposures to cadmium and arsenic (only hsp70). The patterns of expression for hsp70 

and hsp70-eGFP were dose-dependent and tissue specific. Cadmium induced expression 

of hsp70 and hsp70-eGFP in the skin, gills, olfactory rosette, liver, and kidney, all of 

which are either accumulators or target organs of cadmium in fish. Arsenic also induced 

expression of hsp 70 in the liver, gills, olfactory rosette and skin. 
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1.0 General Introduction 

The underlying effects of toxic compounds in the whole organism relates to their 

interaction with cells at the molecular level. Molecular endpoints such as gene 

expression reflect this interaction and can provide useful toxicological information such 

as determining the mechanism of action or identifying target tissues. Changes in gene 

expression are often the initial cellular response to toxic insult and therefore can be more 

sensitive indicators of cytotoxicity than further downstream endpoints (i.e. necrosis). A 

variety of standardized methods have been developed to detect mRNA and protein 

products of gene expression in cell and tissue lysates (i.e. northern and western blot 

analysis, DNA micro arrays) and in intact tissues of adult, embryonic/larval organisms 

(i.e. in situ hybridization and immunohistochemistry). Recent advances in molecular 

biology have led to the establishment of transgenic organisms encoding promoter-driven 

reporter genes that enable one to monitor gene expression in living organisms (Carvan et 

al., 2000; Mattingly et al., 2001). Toxicologists have used these powerful molecular 

tools to investigate a variety of genes which seem to show upregulation following toxic 

exposure, such as those encoding metabolizing enzymes (e.g. isoforms of cytochrome 

P450), metal-binding proteins (e.g. metallothionein), DNA damage/repair proteins (e.g. 

c-fos) and the stress gene hsp70. 

The hsp70 gene encodes a 70kDa Heat Shock Protein (Hsp70), which is one 

member of a large family of highly conserved molecular chaperones that aid in the 

proper folding, transport, and degradation of cellular proteins (Nover, 1991 ). A variety 
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of cytotoxic agents from different chemical classes, including heavy metals, pesticides, 

and organic solvents, have been shown to upregulate hsp70, and a number of 

laboratories have examined hsp70 expression as a marker in toxicological screening (see 

Section 1.4). Since hsp70 is believed to be a biomarker of toxicity, we hypothosized 

that hsp 70 would be expressed in target tissues of zebrafish larvae exposed to known 

hsp70 inducers, cadmium (Cd) and arsenic (As). To test this hypothesis we monitored 

in vivo hsp70 expression in Cd- and As-exposed larvae using a conventional 

colorimetric gene-detection assay (in situ hybridization). Additionally, we also tested 

the reliability of an hsp70 promoter-driven reporter gene (hsp70-eGFP) in mimmicking 

endogenous hsp70 following the same treatments. This thesis describes the 

development, validation, and finally the testing of these hsp 70 detection systems in 

zebrafish larvae exposed to the well characterized toxic compounds, Cd and As. 

1.1 Introduction to Heat Shock Proteins 

Heat shock proteins (Hsps) were frrst discovered in 1962 when "puffs" on 

Drosophila salivary polytene chromosomes were observed in response to heating 

(Ritossa, 1962). These "puffs" represented areas of active transcription and translation 

of genes coding for proteins, to which the monomer "heat shock" was attached, hence 

the name heat shock proteins. Heat Shock Proteins are grouped into families of similar 

molecular mass (e.g. Hsp70 family contains several members with molecular weight of 

approximately 66-78 kDa), and each family typically has many different members 

located in different cellular compartments. The most well characterized Hsp include 

members of the HsplOO, Hsp90, Hsp70, Hsp60, Hsp47, and low molecular weight (17-

30 kDa) Hsp families. Amino acid sequence homologies for Hsps are highly conserved 

across different biological phylla from plant and bacteria to higher mammals (Iwama et 
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al., 1998). Additionally, it is believed that the overall mechanisms regulating induction 

ofHsps are also highly conserved. Some members of each Hsp family are constitutively 

expressed, or heat shock cognates (Hsc), and act as molecular chaperones in unstressed 

cells, while others members are strictly stress-inducible (Georgopoulos and Welch, 

1993). Since their first discovery, Hsps have been shown to be readily induced by 

cellular stresses other than heat such as heavy metal ions, alcohols, thiol-reactive agents, 

oxidative stress, energy metabolism inhibitors, ischemia/reperfusion, handling restraint, 

amino-acid analogues, and many others (reviewed in Nover, 1991 and Morimoto et al., 

1994). Members of the Hsp70 family (66-78 kDa) are the most strongly induced of all 

Hsps by the widest variety of stressors (Ryan and Hightower, 1999). It is for this reason 

that the Hsp70 family is the most studied and best understood of the Hsps. Therefore, 

Hsp70 is often included among other stress-inducible proteins such as metallothionein, 

and P450 mixed function oxygenases (Iwana et al., 1998). Due to its seemingly 

ubiquitous occurrence in all organisms and induction by a wide variety of stressors, 

Hsp70 has provided a useful means for life scientists, and more recently toxicologists, to 

study the cellular stress response (Ryan and Hightower, 1999). (Note: "Hsp" refers to 

protein, while "hsp" represents the gene or mRNA unless otherwise specified). 

1.2 The 70kDa Bsp Family 

The Hsp70 family has members in all cellular compartments in both plants and 

animals, including endoplasmic reticulum (ER), mitochondria, chloroplasts, nucleus, and 

cytoplasm (Morimoto et al., 1994). All Hsp70 proteins have similar basic structure with 

an N-terminal A TPase domain and a protein binding region on the C-terminus. The 

Hsp70s function as molecular chaperones by binding to unfolded proteins at their 

normally unexposed hydrophobic peptide segments, after which they undergo a cycle of 
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A TP dependent binding and release aiding the protein to assume its native conformation. 

Each compartmental Hsp70 performs this chaperone function similarly, but to different 

ends and with the help of different co-chaperones. 

The Hsp70 of the ER, called Grp78 ( Grp = glucose regulated protein), ts 

constitutively synthesized in the lumen of the ER where it works with various 

cochaperones, most notably Hsp47 and Grp94, to transport polypeptides through the ER 

membrane (Nover, 1991). Mitochondrial Hsp70 (mt-Hsp70) and Grp75 (found in 

chloroplasts) help to chaperone proteins across the mitochondriaVchloroplast membrane 

where they are subsequently passed to the matrix Hsp60/Hsp 10 cochaperone system. 

Cytosolic Hsp70, the most inducible and highly conserved of the Hsp70 family, 

functions in a complex association with Hsp40, as well as other cochaperone proteins, 

which together facilitate proper protein folding via the binding and release cycle. In 

many cases, this cytosolic Hsp70-cochaperone complex passes the partially folded 

protein off to an Hsp 90 dimer for fmal folding, as in the case of some steroid receptors 

and tyrosine kinases. Additionally, cytosolic Hsp70 has been shown to play roles in 

protein degradation via lysosomal targeting as well as ubiquitin dependent pathways 

(Dice et al., 1994). Recent work has also shown that Hsp70 protein functions to 

suppress programmed cell death, or apoptosis, at multiple levels within its regulatory 

pathway (reviewed by Beere and Green, 2001). In this thesis, I have looked specifically 

at the stress-inducible hsp70-4 PCR amplified eDNA fragment previously isolated in 

zebrafish embryos and believed to encode a stress-inducible Hsp70 (Lele et al., 1997). 

1.3 Protein Damage Induces Hsp Synthesis: A Direct Link to Cell Stress 

The explanation of how Hsp70 is induced lies in an understanding of its normal 

function. The 70 kDa cognate Hsc70 is a molecular chaperone that normally aids in the 
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proper folding of nascent peptides, helps refold denatured proteins, facilitates the 

transport of proteins across cellular membranes, minimizes protein aggregation, and 

possibly targets damaged proteins for degradation. Conditions which result in an 

unusually high number of protein aggregates (e.g. elevated temperature or heat shock), 

nascent peptides (e.g. rapid protein synthesis during developmental periods), and 

misfolded proteins (e.g. protein denaturing agents) can overwhelm the capacity of 

constitutive Hscs, and trigger the expression of inducible Hsp genes. This theory is 

known as the abnormal protein hypothesis (Hightower, 1991). With regards to 

toxicology, potentially toxic compounds can either directly or indirectly contribute to 

misfolded and aggregated proteins resulting in Hsp induction. 

freeHSF freeHSF 

\ 

""~·-~protem 
~ 

/ 

Figure 1.1 Stress induction of hsp70 is mediated by both HSF and HSE 
(adapted from Ryan and Hightower, 1999). 

The current model describing how Hsp70 is induced is shown in Figure 1.1 

(extensively reviewed in Feige et al., 1996; Morimoto et al., 1994; Welch, 1993). The 

model states that the cognate Hsc70 is bound to another protein called heat shock factor 

· (HSF). The Hsc70 is in equilibrium between this HSF -complex and the free Hsc70 that 
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can perfonn nonnal cellular chaperone functions. Upon exposure to proteotoxic stress, 

additional free Hsc is required to handle the accumulation of abnonnal proteins and 

aggregates, thus the equilibrium is shifted to produce more free Hsc70, as well as free 

HSF monomer. Monomeric HSFs associate to fonn trimers which can enter the nucleus 

and bind to DNA at a specific highly conserved nucleotide sequence called the heat 

shock response element (HSE). Each Hsp70 gene contains at least one HSE within its 

promoter region. The HSF trimers act as transcription factors that initiate hsp70 

transcription upon binding to the HSE. Translation of the mRNA results in de novo 

synthesis of Hsp70 proteins that then aid in protein chaperoning. Once Hsp70 and 

Hsc70 are in high enough amounts, they can bind all free HSF monomers halting trimer 

fonnation and therefore negatively regulating hsp 70 transcription. Therefore this model 

suggests that cellular toxicity is the signal that induces hsp 70 expression and it is this 

direct link that makes hsp70 an appealling biomarker of toxicity. However, due to the 

diverse cellular function of Hsp70 and its associations with other multi-protein 

complexes, it is apparent that the HSF-HSE signaling pathway described here represents 

a simplified model. It is likely that many different factors could mediate expression at 

both the transcriptional and translational level. 

1.4 Inducible Hsp70 and Cellular Response to Toxic Stress 

With regards to toxicology, the inducible Hsp70 isofonn has been shown to be 

the heat shock protein induced in greatest number of species by the widest variety of 

stressors (reviewed by Sanders, 1993; Iwana et al., 1998). Though by no means 

comprehensive, Table 1.1 displays a selection of some relevant studies that have looked 

at induction of the Hsp70 gene and protein by toxic agents. The studies in Table 1.1 and 

others have shown hsp70 to be highly inducible by an array of different stressors, under 
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different exposure conditions, and in a variety of organisms. However, the bulk of 

hsp70 induction data has been gathered from exposed cells/tissue culture in vitro or by 

analysis of tissue extracts from exposed animals. Though in vitro assays are effective 

for mRNA/protein detection, they provide no specific information about organ and 

tissue sensitivity and do not control for the complexity of the whole organism (e.g. 

absorption, distribution, metabolism, etc.). 

Table 1.1. A selection of studies showing Hsp70 induction by toxic stressors. 

Stressor ()rganism n.cfcrcnce 
ethanol, heat 
oxyfluorfen 

Cd 
organic pollutants 

zinc, cadmium; PCBs 

heavy metals; BNF, BKME 

PAHs, PCBs, heavy metals 
diazinon, lindane, arsenite, 

chromium 
arsenite, zinc 
copper; TBT 

zinc 
heavy metals; organics 

ozone, nitric acid 
Hg,Cd 
cocaine 
BMK.E 

dimethoate, LAS, Cu 
Cd, diethylnitrosoamine, 

bromobenzene, CC4, 
cyclophosphamide, cocaine 

Cd, Zn, Hg, 15 organics 
Cd 

As, Cd, Cr, Pb 
Cd, benzo(a)pyrene, 

trichloroethylene 
chloroacetamide, PCP, Pb, Cd, Cu, 

Hg 
Cd,Zn 

zebrafish (D.rerio} 
Egyptian Nile fish ( Oreochromis 

niloticus) 
soil nematode (C.elegans) 

fresh water sponge (Ephydatia 
jluviatilis) 

marine sponge (Suberites 
domuncula) 

rainbow trout 
(Oncorhynchus mykiss) 

brown trout (Salmo truttaffario) 
fathead minnow (Pimephales 

promelas) 
frog (Xenopus laevis) 

mussel (Mytilus edulis) 

algae (Raphidocelis subcapitata) 
isopod (Oniscus asellus) 

rat (inhalation) 
rat 

mice 
white sucker ( Catostomas 

commersoni) 
centipede (Lithobius mutabilis) 

HepG2 cells 

He La cell line 
insect cell line 
HepG2 cells 

micro array probed with mouse 
liver extracts 

earthworm (Lumbricus terrestris) 

garden slug (Deroceras 
reticulatum 
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Lele & Krone, 1997 
Hassanein et al., 1999 

Guven & de Pomerai, 1995 
Muller et al., 1995 

Muller et al., 1998; Schroder et al., 
1999 

Williams et al., 1996; Vijayan et al., 
1997,1998 

Triebskom et al., 1997 
Dyer et al., l993a; l993b 

Lang et al., 2000 
Sanders et al., 1994; Steinert and 

Pickwell, 1993 
Bierkens et al., 1998 

Eckwert et al., 1997a & 1997b; Kohler 
et al., 1999 

Wongetal., 1996 
Goering et al., 1992,1993,2000 

Salimen et al., 1997 
Janz et al., 1997 

Pyza et al., 1997 
Salminen et al., 1996 

Ait-Aissa et al., 2000 
Braeckman et al., 1999 

Tully et al., 2000 
Bartosiewicz et al., 2001 

Nadeau et al., 2001 

Koehler et al., 1998 



There is substantial evidence, however, based on the whole animal studies that 

suggest Hsp70 induction is tissue-specific and may reflect cells, tissues, and organs that 

are particularly sensitive to toxic insult. Goering et al. (1992) demonstrated that rats 

injected with mercury chloride displayed induction of Hsp70 in the kidney, a predicted 

target organ, at concentrations well below that where histopathological effects were 

observed. Following an acute dose of cocaine in mice, Salimen et al. (1997) measured 

high levels of Hsp70 in hepatocytes that were later observed to develop histological 

damage. A study by Vijayan et al. (1997) showed that exposure of rainbow trout to~

napthoflavone, which induces P450 enzyme in the liver, caused synthesis of Hsp70 in 

hepatocytes at concentrations also affecting liver metabolism. Exposure of white sucker 

to bleached kraft mill effiuent (BMKE) caused Hsp70 induction in ovarian follicles that 

were shown to have an unusually high apoptotic rate (Janz et al., 1997). Additionally, 

Dyer and colleagues (1993b) measured the spectra of stress protein induction by 

exposure to arsenite, lindane, and diazinon in the fathead minnow. They found that 

these pesticides induced a broader spectra of different Hsps, including Hsp70, in the 

brain compared to the gills, and the reverse was seen in the arsenite exposure. The 

explanation given was that the brain would presumably be a target for the neurotoxic 

pesticides, while the gill was in direct contact with arsenite, a general protein denaturant. 

These results support work by Nowak (1993) who found Hsp70 protein and mRNA 

localized in lesions of rat brain caused by focal ischemic damage, while undamaged 

tissue surrounding the ischemic area showed no Hsp70 induction. 

Other examples of tissue-specific induction may be explained by the route of 

exposure. Inhalation of particulate matter, ozone, and nitric acid produced Hsp70 

induction in rat lungs compared to a control treatment of purified air (Wong, 1994; 
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1996). Both Hsp70 induction and a common physiological index, scope for growth 

(SFG), were measured in the mussel Mytilus exposed to copper in ambient water 

(Sanders et al., 1994). The gills were shown to accumulate a higher dose of copper, and 

this was reflected by an Hsp70 induction that was an order of magnitude higher in the 

gills relative to the mantle tissue. Additionally, Hsp70 was induced at copper 

concentrations much lower than was necessary to measure an effect in SFG. This 

suggests that Hsp70 induction can sometimes be a more sensitive indicator of exposure 

to sublethal stress than physiological endpoints. 

These whole animal studies suggest that localized induction of hsp70 is due to 

cellular stress in target tissues, and is therefore a promising candidate as a toxicological 

biomarker. However, tissue/organ extracts from animals exposed in vivo to toxic 

compounds do allow differences in tissue expression to be investigated but only when 

organisms are large enough for discrete tissues to be removed and processed. ·Such 

methods are impractical for small organisms (e.g. soil/water macro invertebrates) or 

developing embryos where discrete tissue types are difficult if not impossible to identify 

for the purposes of dissection. Therefore, in order for hsp 70 to be fully utilized as a 

biomarker of toxicity it is necessary to investigate its expression in the whole organism 

in vivo. 

A recent review has discussed conditions that should be met in order to fully 

utilize hsp70 expression as a toxicity biomarker (Bierkens, 2000). For an ideal hsp70 

model system, a basic knowledge of normal hsp 70 expression under non-stressed 

conditions is needed in order to properly assess the significance of results seen after 

toxin exposure. This is necessary in light of the fact that hsp70 expression seems also to 

be regulated by both developmental/life cycle stage and temperature (Pyza et al., 1997; 
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Bierkens, 2000). If early life stages of the model organism are investigated, there must 

be a method to properly stage development. Some knowledge of the threshold 

temperatures at which hsp70 induction occurs is also needed in order to properly control 

for background temperature-induced expression. From the perspective of toxicological 

applications, toxicant-induced hsp70 expression must show dose-dependency and should 

be sensitive enough to assay sublethal doses, which can then be related back to classical 

toxicity endpoints (i.e. mortality). Finally, the ideal expression assay should be rapid 

and in vivo in order to directly observe tissue specific expression in a whole organism. 

1.5 Zebraftsh as a Model to Study hsp70 Expression In Vivo 

The zebrafish (Danio rerio) offers several advantages as a model system to 

investigate hsp70 expression in the context of toxicology. The zebrafish is an attractive 

system with which to link early life stage toxicity assessment at the molecular, cellular, 

and whole organism levels. There is a large body of literature devoted to the molecular 

and cellular mechanisms that regulate zebrafish embryonic development, and a well

characterized morphological staging series has been published (Kimmel et al., 1995). 

Furthermore, work done previously in our laboratory has lead to the cloning and 

extensive characterization of a number of heat shock genes in zebrafish including an 

inducible hsp70 gene (Lele et al., 1997). 

The Hsp70 protein and mRNA levels were previously measured in zebrafish 

embryos and cell lines after exposure to various stressors (Lele et al., 1997). Embryos 

exposed to 4% ethanol and heat shock showed localization of Hsp70 mRNA in different 

tissues at 48hr of development. The Hsp70 mRNA was detected primarily in epithelial 

cells in heat shock but not ethanol treatments, while only ethanol induced hsp70 gene 

expression in the neural tube. This suggests that Hsp70 induction is a function of both 
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the specific tissue as well as type of stressor. Additionally, the rate of hsp70 induction 

appeared to vary between heat shock and ethanol stress. A continous exposure to 

elevated heat and ethanol produced peak hsp70 mRNA signals after 1 hr and 8 hrs 

respectively. 

Recently, our lab was involved in the development of a transgenic line of 

zebrafish expressing an hsp70-driven enhanced green fluorescent protein (eGFP) 

reporter gene that enables direct observation of hsp70 gene expression in living embryos 

and larvae (Halloran et al., 2000). The genomic fragment containing part of the stress

inducible zebrafish hsp70 coding region previously isolated in our lab (Lele et al., 1997) 

was used to further clone the full promoter region (Halloran et al., 2000). The reporter 

gene construct (Figure 1.2) is comprised of this promoter fused to the coding region of 

the gene for eGFP isolated from the fluorescent jelly fishAequeoria victoria. The hsp70 

promoter contains the HSE regulatory element that allows the eGFP coding region to be 

transcribed following stress-mediated HSF trimerization (see Figure 1.1 ). 

hsp70 promoter GFP sequence 

Figure 1.2 Expression of hsp70-eGFP reporter gene. 
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The eGFP mRNA is subsequently translated into eGFP protein which has an 

excitation energy in the green spectra (max ----510nm) and is detectable in vivo in living 

embryos/larvae by fluorescence microscopy. The hsp70-eGFP reporter gene has been 

stably integrated into the germline of transgenic strain 57 and is therefore passed on to 

fertilized embryos (Halloran at al., 2000). Strain 57 appears to be biologically normal 

and has been maintained for over four years which has covered several generations. 

Initial investigation of this strain showed that expression of hsp70-eGFP following heat 

shock closely mimicked endogenous k~p70 with strong upregulation throughout the 

entire embryo (Halloran et al., 2000; Lele et al., 1997). The eGFP itself appears to be 

relatively stable in expressed cells and can still be detected at ten days following an 

initial heat shock (Blechinger et al., 2002). The longer cellular residence time of eGFP 

provides an advantage over traditional hsp70 mRNA detection assays since hsp70 

mRNA has been shown to be highly transient in northern blots of heat shocked zebrafish 

embryos (Lele et al., 1997). 

1.6 Cadmium and Arsenic: Chemical Inducers of hsp70 Expression 

Both Cd and As have been shown to strongly induce hsp70 expression both in 

cell culture as well as in vivo (see Table 1.1 ). The acute toxicity of Cd and As has been 

well investigated in terms of their absorption, tissue distribution, excretion, and modes 

of action in many animal models including fish. Because Cd and As are both inducers 

of hsp 70 and are well characterized toxicants, they are excellent candidates to 

investigate tissue-specific hsp70 expression in exposed zebrafish larvae. Some general 

background on the chemistry and toxicity of Cd and As are briefly described here. 
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1.6.1 Cadmium: General Information 

Several extensive reviews of the environmental fate and toxicity of cadmium 

exist (WHO, 1992a, 1992b; Sprague, 1994) and the following comes from these sources 

unless otherwise noted. Cadmium (MW=112.40g/mol) is a toxic heavy metal, a 

widespread global pollutant, and has placed on the Priority Substance List of toxic 

contaminants established under the Canadian Environmental Protection Act (CEPA). 

Cd can exist in two oxidation states as the metal (Cd0
) and the divalant form (Cd+2

). The 

metalic form does not normally occur in natural environments while divalant Cd can be 

found in the earths crust typically as a sulfide. Uses of Cd are primarily in batteries, 

pigments, stabilizers in plastics, and as plating in steel. Cadmium is released into the 

environment by natural weathering of rock and through anthropogenic sources such as 

smelting and refining, runoff from industrial and municipal waste, and as a constituent in 

phosphate fertilizers. In fresh water, Cd can be in the form of either the hydrated ion or 

in complex association with inorganic and organic ligands and can reach up to 1 t:tM in 

polluted water bodies ( CCME, 1999). The compound used in this study, cadmium 

chloride (CdCh) is readily soluble in water. The free ion is the form most bioavailable 

to aquatic organisms and is readily absorbed through the gill of fish. Apical uptake of 

Cd into the gill epithelium occurs via facilitated diffusion through calcium channels 

while subsequent basolateral transport into the bloodstream is less well understood. 

Toxicodynamics and toxicokinetics of Cd in fish is similar to mammalian models with 

the liver and kidney acting as the major sites of Cd accumulation following Cd exposure. 

In the liver and other tissues, Cd induces synthesis of and binds to metallothioneins 

(MT) which are cystein-rich low molecular weight proteins. Blood-borne complexes of 

Cd-MT are then filtered in the kidney and subsequently reabsorbed by proximal tubule 
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cells. Proteolytic enzymes in the proximal tubule cells digest the MT allowing free Cd 

to induce de novo synthesis of MTs. Toxicity of Cd is believed to occur when the 

buffering capacity of MTs are overwhelmed. The mode of toxic action of Cd relates to 

its affinity for nucleophilic functional groups on cellular macromolecules (i.e. side chain 

sulfhydryl moieties in proteins). The free Cd ion can act as a strong electrophile binding 

to cellular enzymes inhibiting their proper function and compromising cellular 

homeostasis. Acute toxic effects of Cd in fish include hypocalcemia due to inhibition of 

calcium uptake. Higher exposures can result in necrosis and sloughing of the gills and 

other tissues directly exposed. Toxicity of Cd is modified by water chemistry 

parameters such as the hardness (concentration of calcium ions) as well as negatively 

charged ligands which can complex with Cd (e.g. dissolved and suspended organic 

matter, clay colloids, carbonate). The Cd toxicity is negatively correlated with 

increasing hardness and is believed to be primarily due to competitive inhibition of 

apical uptake in gills by calcium. 

Cadmium is also regarded as one of the strongest chemical inducers of hsp70 in 

the widest variety of model systems (Table 1.1 ). However, the vast majority of 

cadmium-hsp 70 data has come from exposed cells in vitro and though these models have 

shown that hsp70 is strongly induced by cadmium (Salminen et al., 1996; Braekman et 

al., 1999; Ait-Aissa et al., 2000; Tully et al., 2000) they do not provide any information 

about specific organ and tissue sensitivities. Additionally, the evidence supporting Cd

induced tissue specific hsp70 expression in whole animals is somewhat limited. Rats 

exposed to cadmium by intraperitoneal injection displayed increased Hsp70 protein in 

extracts from the liver, a predicted target organ, but no other tissues were investigated 

(Goering et al., 1993). Selecting only predicted target organs for this type of analysis is 
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acceptable when the compound used is well characterized, however is not practical when 

trying to test chemicals of unknown effect. Models looking at tissue expression in vivo 

have been better able to avoid this problem, but the specificity of detecting hsp 70 

expressing tissues has been limited to broad tissue categories. Nadeau et al. (200 1) 

exposed earthworms to cadmium via contaminated soil. Western blot analysis was 

performed on lysates from only three broad tissue-type categories (midgut/intestinal, 

proximal, and muscle) differences in expression between these groups were not 

statistically analyzed. A transgenic line of the soi1 nematode C. elegans containing an 

hsp 70-lacZ gene was exposed in vivo to cadmium in water but only two classes of 

expressing tissues could be distinguished, pharynx and general body expression 

(Mutwakil et al., 1997). Due to the limitations of these methods and models of 

investigating Cd-induced hsp70 expression in vivo, it was my objective to demonstrate 

tissue-specific hsp70 expression in Cd-exposed zebrafish larvae. 

1.6.2 Arsenic: General Information 

The chemistry and toxicity of arsenic has been extensively reviewed elsewhere 

(WHO, 1981; ATSDR, 2000; Eisler, 1994) and this discussion is from these sources 

unless otherwise noted. Arsenic (As) is a metalloid (MW=74.92g/mol) with several 

potential oxidation states (-3, 0, +3, +5) though As is most often found as compounds of 

the trivalent and pentavalent form. As is ubiquitous in the biosphere due to its relatively 

high concentration in the earths crust in which it is found within sulfide ores. 

Compounds of As can naturally enter the environment through natural weathering of 

bedrock, however, anthropogenic sources have been estimated as up to three times as 

great. Human sources of As are primarily via smelting and roasting of As ores, 

inorganic and organic As pesticides, and as a preservative in pressure treated wood (i.e. 
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chromate copper arsenates ), the production of which is estimated to make up 

approximately 70% of the worlds manufactured As. The As cycle in aquatic ecosystems 

is a complex series of chemical reactions and speciation but generally, surface waters are 

dominated by inorganic arsenite (Aslll) and arsenate (As V) compounds. Additionally, 

biomethylation reactions can form organic As species which tend to accumulate at 

particularly high concentrations in marine aquatic species without any obvious effects. 

The compound used in this study is sodium meta-arsenite (O=As-0- ~a) which is a 

freely soluble sodium sa1t of arseneous acid and has historically been used as a livestock 

dip to treat ticks and lice. Soluble arsenite and arsenate compounds are well absorbed 

from the respiratory and gastrointestinal tracts of mammals and the gills of fish. 

Absorption is believed to occur by simple diffusion although arsenate may also share an 

uptake mechanism with phosphate. For most vertebrate models, As is rapidly 

distributed to the liver and kidney following acute exposure, but some radical 

differences in distribution have been recorded for some species (e.g. the rat has been 

shown to store almost half of the As body burden in the erythrocytes following As 

exposure). High levels of As can also be found in the small intestine and gall bladder 

following As exposure and has been attributed to biliary excretion of As from the liver 

which then undergoes enterohepatic circulation. Metabolism of As is believed to be 

similar for most species and occurs mostly in the Hver according to the reaction: 

arsenate (AsV) red • arsenite (Aslll) ~methylated arsenic acids 

Toxicity is highest for Aslll compounds and lowest for the methylated As species which 

are rapidly eliminated by the kidney. If arsenite levels are high enough in the liver, the 

enzyme systems responsible for methylation can become overwhelmed and the toxic 
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arsenite form can build up. The mode of toxic action for Aslll is due to its subcellular 

accumulation in the mitochondria where it binds to dithiol groups on enzymes 

compromising energy production pathways. Acute toxic effects in fish are seen 

primarily at routes of absorption/exposure (gills and olfactory region) and tissues rich in 

oxidative systems (liver, digestive tract mucosa) and manifests as necrosis and tissue 

sloughing. 

Like Cd, inorganic As compounds are strong inducers of hsp70 in many different 

model systems (Table 1. 1 ), but the tissue specificity of this induction has not been wen 

investigated. Those studies that have looked at tissue specific expression have come 

from extracted tissues of animals exposed to As in vivo (Dyer et al., 1993; Liu et al., 

2001). In this thesis, the in vivo tissue expression of hsp70 was studied in intact whole 

zebrafish larvae following exposure to the inorganic Aslll compound, sodium meta

arsenite. 

1. 7 Study Hypothesis 

The hypothesis of this study is that hsp70 is expressed in target tissues following 

exposure to toxic compounds and therefore serves as a biomarker for cellular toxicity. 

The experimental approach taken in this study attempted to test this hypothesis by 

addressing four basic objectives: 

(1) In order to first establish baseline information from hsp70 expression in the 

zebrafish model, the normal pattern of endogenous hsp70 expression was determined 

under non-stressed conditions throughout the embryo-larval period using a conventional 

colorimetric gene detection assay, in situ hybridization. 
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(2) The validity of using the hsp70-eGFP reporter gene was then tested by comparing 

the expression of both reporter and endogenous hsp70 under non-stressed conditions and 

also following a well characterized hsp70 inducer, heat shock. 

(3) The acute toxicity of Cd and As was investigated in early life stages of zebrafish. 

This was done in order to select the most sensitive developmental stage as well as 

establish a dose-response curve from which relevent treatment doses for the hsp70 

expression experiments ( 4) could be selected. 

(4) Fina11y, expression patterns of endogenous hsp70 and reporter k~p70-eGFP were 

investigated for tissue-specificity and dose-dependency in larvae following acute 

exposure to Cd and As. Expressing tissues were then compared to the predicted target 

organs of Cd and As exposure in fish species. 
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2.0 Materials and Methods 

2.1 Embryo Care, Collection, Maintenance 

Scientific procedures for the breeding, maintenance, and manipulation of 

zebrafish adults and embryos have been established and are utilized in this study 

(Westerfield, 1995). Adult wild-type (Speers Seed Store Ltd., Saskatoon) and transgenic 

zebrafish were maintained in either 56.75 litre (15gal.) or 37.85 litre (lOgal.) glass 

aquariums (Hagen, Montreal) at 28°C on a 14:10 light: dark photoperiod. Each aquarium 

held roughly equal numbers of males and females to a maximum of 25-30 fish in total. 

Adults were fed either frozen blood worms (San Francisco Bay Brand, CA) or dried 

flake food (Nutrafin, by Tetra) once or twice per day. Embryos were collected 

according to standard procedures (Westerfield, 1995). Briefly, mesh covered containers 

were placed on the bottom of the aquariums the evening before the morning of 

collection. The 14: 10 photoperiod modified their reproductive cycle so as to maintain 

the adults in a continual spawning stage. Breeding commenced each morning at the start 

of the light cycle (Sam) when externally fertilized eggs dropped through the mesh into 

the container and were collected two hours after the start of spawning (lOam). Breeding 

success varied widely (0-2000 eggs), however most collections ranged between 200-

500 eggs per aquarium. 

Eggs were divided into sterile 25ml petri dishes and then cleaned in several 

washes of dechlorinated tap water (see Section 2.5) to remove any fecal matter and food 

that can serve as a substrate for bacteria and mold. A maximum of 50 eggs were placed 
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in a new petri dish with 25ml of system water and maintained in an incubator at 28°C on 

a 14: 10 photoperiod; water was changed twice daily. During the first 24 hrs of 

development, embryos were observed frequently under a low power dissecting 

microscope to remove any dead embryos or unfertilized eggs. Dead embryos or 

nonviable eggs appeared opaque and were readily distinguished from the transparent 

viable embryos. Typical background mortality rates during the first 24 hrs of 

development were below 10% and any additional deaths during subsequent days were 

near 0%. Embryos raised in this manner displayed predictable developmental rates and 

could be easily staged according to a comprehensive developmental staging guide by 

Kimmel et al. ( 1995). 

Embryos began hatching on the third day of development and by 72 hours post 

fertilization (hpf) nearly 100% would have normally hatched. Shed chorions were 

removed at each water changing to reduce growth of bacteria and mold. Post-hatch 

larvae normally began to swim to the surface by the fifth day of development and began 

feeding between the sixth and eighth day (Westerfield, 1995). The larval yolk sac is 

almost completely resorbed by this time and maintaining larvae beyond this age requires 

feeding. For the purpose of the acute toxicity test, the complication of food particles in 

the water interacting with cadmium ions was avoided by having the larval 96hr acute 

toxicity test run from the third to eighth day (72-168hpt) without feeding during this 

period. 

2.2 Fixation and Dechorionating 

Embryos/larvae were fixed tn 1.5ml microfuge tubes containing PF A ( 4% 

paraformaldehyde in lX phosphate buffered saline (PBS)) for either 2hr at room 
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temperature or over night at 4 °C. Each microfuge tube would hold a maximum number 

25 embryos/larvae for all experimental procedures. Foil owing fixation, embryos/larvae 

were washed with several changes of PBST (PBS with 0.1% Tween-20 detergent). 

Embryos were then dechorionated under a low-power dissecting scope using fine 

forceps. Embryos/larvae used for in situ hybridization were then either stored in 100% 

methanol at -20°C for up to one month or used immediately after fixation. 

2.3 Mounting and Sectioning 

Embryos/larvae to be sectioned were washed in triple distilled water (d3H20) and 

then oriented and embedded in a 1.5% agarose/water gel. The agarose gel was cut into 

sma11 blocks containing 15 embryos/larvae each, which were then dehydrated in 1 00% 

ethanol over night. Foil owing dehydration, the blocks were processed for embedding in 

JB-4 methacrylate (Polysciences Inc., Warrington, PA) following manufacturer's 

instructions. Polymerized blocks were sectioned to 7~m thickness using a glass 

microtome after which they were mounted on slides and cover slipped with a xylene 

based mounting media. 

2.4 Photography 

Post-hybridized embryos/larvae were either used for whole mount 

microphotography directly or first mounted and sectioned. Whole mount 

microphotography involved first washing the embryos/larvae in a weak solution ofHCl 

(0.05M) for two minutes in order to dissolve any magnesium-phosphate crystal artifacts 

of the hybridization procedure. Foil owing the crystal wash, several changes of d3H20 

were performed before a ten-minute dehydration in 100% ethanol. All the ethanol was 

then pipetted out of the microfuge tube and any adhering droplets absorbed with the 
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comer of a towlette, followed by air drying for 1 minute. Dehydrated embryos/larvae 

were placed in a clearing solution containing 2:1 benzyl alcohol: benzyl benzoate for no 

less than twenty minutes in order to make the tissue translucent and accommodate 

viewing on a depression slide under the compound light source. 

Images of sections on slides and cleared whole embryos/larvae were taken with a 

Nikon Coolpix digital camera mounted on a Nikon Eclipse E600 photomicroscope. 

Living transgenic larvae were viewed on depression slides and GFP fluorescence was 

detected using the same microscope apparatus equipped with a Nikon Y-FL 

Epifluorescence attachment. Photos of larvae for the acute toxicity test were taken with 

the digital camera mounted on a Nikon dissecting scope. All images were processed 

using Adobe Photoshop 4.0 and arranged in Microsoft Power Point 9.0. 

2.5 Water and Treatment Solutions 

The water source for rearing embryos/larvae and for preparing treatment solutions 

came from the Saskatoon municipal water system and was subsequently carbon filtered 

(total hardness 177-178 mgCaC03/L, alkalinity 96-97 mg/L as CaC03, pH 8.1-8.2). This 

water was very similar to the optimal water suggested for conducting early life stage 

toxicity tests with zebrafish (OECD, 1998). Cadmium chloride (CdCh, CAS# 10108-64-

2) and sodium meta-arsenite (NaAs02, CAS# 7784-46-5) were obtained from J.T. Baker 

Inc. (Phillipsburg, N.J.). Treatment water was diluted from stock solutions of 1mM 

cadmium (Cd) and 6.67mM arsenic (As) prepared in triple distilled water. 

2.6 Detection of Endogenous hsp 70 Expression Using in situ Hybridization 

2.6.1 Background Theory 

In situ hybridization is a simple colorimetric detection assay used to identify 

cells expressing a given gene by probing for its messenger RNA (mRNA) with a labeled 
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RNA fragment and subsequent immunodetection of the hybrid. The process involves 

synthesizing a labeled RNA (probe) that is complementary (antisense) to the mRNA of 

interest using a DNA fragment as the template. This labeled antisense probe is then 

incubated with the flxed embryo following a treatment to permeabilize the 

tissue/embryo. The probe penetrates into each cell and binds, or hybridizes to the 

mRNA of interest, following which a series of washes removes any unhybridized probe. 

Further incubation with an antibody (Ab) specific for the probe's label (e.g. digoxigenin 

(DIG), fluorescence, etc.) produces a hybrid-Ab complex, again, with the uncomp1exed 

Ab washed away. Antibodies used are typically constructed with an enzyme attached 

capable of producing a colored product from given reagents. Therefore, cells 

expressing the gene of interest are identified by the color via an RNA hybrid-Ab 

complex. 

Besides the controls for the experimental treatments tested, the protocol itself 

requires some additional controls. Incubating with Ab only (no probe) controls for 

nonspecific Ab binding and therefore serves as a negative control, as no staining is 

expected. Positive controls for the protocol involve probing for mRNA that is expected 

to be expressed in a known pattern, and therefore one should observe staining. A probe 

for a gene which is constitutively expressed in the embryo at that developmental stage, 

or choosing an experimental treatment which turns on transcription of an inducible gene 

(e.g. heat shock for hsp's) serve as good positive protocol controls. 

2.6.2 Probe Synthesis 

The hsp70 antisense probe was synthesized from the hsp70-4 PCR-amplified 

fragment (642bp) initially cloned by Lele et al. (1997). The plasmid containing this 

fragment was prepared using a standard alkali lysis procedure (Sambrook et al., 1989) 
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and briefly described here. A culture ofXL-1 Blue E.coli containing the plasmid vector 

pBluescript II was grown overnight (-14-16hr) in a water bath at 37°C. The media used 

was YT broth (lOg/L tryptone, 5g/L yeast extract, 5g/L NaCl, tap water) containing 

lOOf.tg/ml ampicillin. Cells from this culture (1.5mL per microfuge tube) were pelleted 

by centrifugation at 12,000g for 30 seconds. The following three recipes for Cell 

Resuspension Solution, Cell Lysis Solution, and Neutralization Solution come from 

procedures for Promega Wizard Prep (Promega Technical Bulletin). The pellet of cells 

was completely resuspended in 200~-tL of Cell Resuspension Solution ( 50m.M Tris-HCl 

pH 7.5, lOmM EDTA, 100~-tg/mL RNase A) using a pipette. Freshly made Cell Lysis 

Solution (0 .2M NaOH, 1 %SDS) was then added (200~-tL) and mixing was performed by 

gently inverting the tube four times. After waiting two minutes, 200flL of 

Neutralization Solution (1.32M potassium acetate pH 4.8) was added followed by 

inverting the tube four times. The isolated plasmid was removed with the supernatant 

following a 15 minute centrifugation at 12,000g. The supernatant was cleaned with a 

phenol:chloroform extraction. The plasmid was precipitated by adding lX volume of 

isopropanol and 1/10 volume of 3M sodium acetate and stored at -20°C for lhr which 

was then followed by a 15 minute centrifugation (12,000g) at 4°C. The solution was 

aspirated from the microfuge tube and the plasmid pellet allowed to air dry. The pellet 

was then redissolved in 50f.!L d3H20. A BssHJI digest (Gibco) was then performed 

according to manufacturer instructions yielding a 815bp fragment containing the hsp70-

4 template. T7 RNA polymerase (Life Technologies) was used to synthesize 

digoxigenin-11-UTP (Boehringer-Mannheim) labeled antisense cRNA probe from this 

template according to manufacturers instructions. 
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2.6.3 Hybridization and Immunodetection 

All incubations and washes were performed in plastic 1.5ml microfuge tubes 

containing a maximum of 25 embryos/larvae per tube. Unless otherwise stated, all 

washes were performed in volumes of lml. Fixed embryos/larvae were either washed in 

PBST or, if stored in methanol, were first rehydrated in a graded series of 

methanol:PBST solutions (3:1, 1:1, 1:3). The in situ hybridization assay was performed 

according to Jowett (1997) with modifications (Yoav Gothilf, personal communication) 

briefly described here. Embryos/larvae were incubated with a solution of Proteinase K 

(10r.tg/ml Boehringer-Mannheim) in PBST in order to permeabilize cell membranes and 

permit the probe to more readily penetrate the tissues. Incubation times varied with 

developmental age: 20 minutes for post-hatch larvae, 10 minutes for embryos 48-72hpf, 

5 minutes for 24-48hpf embryos, and no digestion was necessary for embryos younger 

than 24hpf. Permeabilized embryos/larvae were post-fixed for 30 minutes in PFA, 

followed by two 5-minute washes in PBST. Embryos/larvae were then washed for 5 

minutes in hybridization buffer followed by a one-hour incubation at 65°C in fresh 

hybridization buffer. Hybridization buffer (HYB) contained 50% formamide, 5X SSC, 

500t-tg/ml heparin, 500t-tg/ml yeast tRNA, 0.1% Tween-20 and triple-distilled water to 

the final volume desired. After the one hour prehybridization, hsp70 cRNA probe was 

added to fresh hybridization buffer preheated to 65°C at a concentration of 1t-tg RNA 

probe/ml buffer. Embryos/larvae were incubated in a volume of 500~1 of probe+HYB 

and the hybridization was performed by inserting the sealed microfuge tubes 

horizontally in a weighted piece of foam and placing them in a 65°C water bath for 16-

20hrs. 
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Following hybridization, a total of 11 washes were performed in order to remove 

any probe that was bound non-specifically to non-target nucleotides. First, a graded 

series of solutions containing 3:1, 1:1, and 1:3 HYB:2X SSe were used for 65°e 

washes, each lasting for 10 minutes. This was followed by a 10 minute wash in 2X 

SSe, and then two washes of 30 minutes each in 0.2X SSe all of which occurred at 

65°C. Next, a graded series of solutions containing 3:1, 1:1, and 1:3 0.2X SSC:PBST 

were used for washes at room temperature each for 5 minutes, followed by two 5 minute 

washes in PBST. Washed embryos were then incubated on a rotary shaker in Blocking 

Solution (2% bovine serum albumin and 2% calf serum in PBST) for 3-5hrs in order to 

decrease non-specific binding of the antibody. Blocked embryos/1arvae were incubated 

in a 1:5000 dilution of alkaline phosphatase conjugated Anti-DIG Fab fragments 

(Boehringer-Manheim) in Blocking Solution, again on a rotary shaker for 5hrs. 

Following immunolocalization, unbound antibody was removed from · the 

embryos/larvae by six thorough washes in PBST one of which was over night and the 

others lasting for 15 minutes each. 

Staining was performed using NBT/BCIP (Boehringer-Mannheim) as substrates 

for the alkaline phosphatase conjugated Ab-hybrid complex. First, embryos/larvae were 

washed twice for 5 minutes in Pre-staining Buffer (lOOmM Nael, 50mM MgCh, 

lOOmM Tris-HCl pH=9.5, and 0.1% Tween-20 made in triple-distilled water) followed 

by incubation in Staining Buffer (250~g/m1 NBT, 250f!g/m1 BCTP, lmM 1evamiso1 in 

Pre-staining Buffer). The reaction producing a blue-purple precipitate was carried out in 

the dark and periodically monitored until the desired signal: background ratio was 

achieved (i.e. strong staining in the heat shock control group and no background in 
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negative control embryos). All treatments and control samples at the same 

developmental age were stained for the same duration. Typical staining times varied 

from up to 5hrs for post-hatch larvae and required as little as 20 minutes for early 

embryos. When a strong colorimetric signal was attained in the heat shocked embryos, 

fixation was performed in 4% PFA for 30 minutes to destroy the alkaline phosphatase 

enzymes and cease any more color production. Post-fixed embryos/larvae were then 

washed in PBST for 5 minutes and stored at 4 oc in PBS containing 0. 05% sodium azide 

to reduce bacterial growth. 

2. 7 Detection of hsp 70-eGFP Expression 

Expression of the hsp70-eGFP reporter gene was detected by simply observing 

living transgenic larvae on a depression slide under a Nikon Eclipse E600 

photomicroscope equipped with a Nikon Y-FL Epifluorescence attachment. Cells 

expressing the reporter gene contain eGFP translated from reporter mRNA which upon 

excitation fluoresced green. 

2.8 Normal Expression Patterns of hsp70 and hsp70-eGFP 

The first experimental phase involved establishing the basic biology of hsp70 

expression during embryonic/larval stages under non-stressed conditions and following 

exposure to a known inducer of the gene, heat shock. In order to determine the 

background or constitutive patterns of k~p70 expression, zebrafish embryos/larvae were 

raised at the control growth temperature of 28°C. Embryos/larvae were fixed in 4% 

PFA at several time points during early development up to post-hatch larval stages (from 

0-96hrs of development) and subsequently processed for in situ hybridization (see hsp70 

detection). Heat shock, a well characterized inducer of hsp70, was used as a positive 
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control treatment at each time point investigated. The heat shock treatment comprised 

of exposing embryos/larvae to a thermal environment 1 0°C warmer than the normal 

rearing temperature. This was achieved by simply adding system water preheated to 

38°C to the petri dish, sealing it with parafilm, and placing the dish in a 38°C water bath 

for one hour. The heat shock treatment would begin an hour before the selected time 

point so that both the control temperature and heat shock treatments would be fixed at 

the same time. Embryos and larvae were processed for in situ hybridization of 

endogenous hsp70 as described earlier. To test the validity of using a reporter gene, the 

expression patterns of hsp70-eGFP under non-stressed conditions and following heat 

shock were compared to that of endogenous k~p70. To detect k~p70-eGFP expression, 

live transgenic embryos and larvae were monitored for eGFP fluorescence over the same 

embryo-larval stage. 

2.9 Acute Toxicity Test for Cadmium 

2.9.1 Acute Cadmium and Arsenic Exposures 

Acute toxicity tests were first performed in order to determine LCso and ECso 

values for cadmium (Cd) and arsenic (As), and to select relevant Cd exposure doses for 

the gene expression treatments.. To determine which developmental period was the 

most sensitive, an initial range-finding 96hr Cd exposure (0-125r.tM Cd) was performed 

on two distinct stages of development, embryonic and larval. The embryonic exposure 

began at the mid-blastula period (4hpf) to post-hatched larvae (lOOhpf), while the larval 

exposure began on the third day of deve1opment (72hpt) when 1arvae have fresh1y 

hatched and continued until the morning of the eighth day ( 168hpf). The range-finding 

study showed the larvae were much more sensitive to Cd exposure than embryos 
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(Appendix A, Tables Al & A2). Observed endpoints in the larvae were death, edema 

and skeletal deformities as the main effects observed, and therefore the detailed acute 

toxicity tests with both Cd and As were performed only for the larval period. 

Subsequently, post-hatch larvae were continuously exposed to a range of Cd (0, 0.2, 

0.5, 1, 2.5, 5, 20, 80, and 125f..tM Cd) and As (0, 67, 134, 400, 667, 1335, 2002, 2670, 

3337mM As) for 96 hours beginning at approximately 72 hours post fertilization based 

on a standardized protocol for acute toxicity testing in sac-fry (OECD, 1998). Three 

replicate treatments (3 x 20 larvae) were exposed to each dose. Two times per day 

observations for effects were assessed and treatment solutions were changed; any dead 

larvae were counted before being removed. After the 96 hr exposure was complete, 

final observations were made and larvae exhibiting any endpoint were tabulated for each 

treatment. 

2.9.2 Calculation of LC50 and EC5o 

Effects that were observed and coWlted as endpoints for both Cd and As included 

mortality, edema, trunk deformities, as well as immobility (for As only). The average 

number of larvae per treatment (average of three replicate treatments per exposure dose) 

showing mortality and multiple endpoints (any of mortality, edema, or trunk deformity 

for Cd or all three plus immobility for As) were calculated along with the standard error 

of the mean (SEM). The median lethal (LC50) and multiple effect (ECso) concentrations 

and 95% confidence intervals were calculated from a linear regression of log-Probit 

transformations of the dose-response data using procedures described in Gad (1999) and 

Zar (1999) and briefly described here. 

In order to predict a reliable median response from the sigmoidal dose-response 

curve it is first necessary to transform the data, or convert the axis units such that the 
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plot becomes linear. From this linear data set, a simple linear regression can be 

performed generating a regression equation. This equation enables the dose at any given 

percent response to be calculated along with 95% confidence limits. In this case, the 

dose at 50o/o response or median dose is calculated for both mortality (LCso) and 

multiple endpoints (EC5o). Several methods are available to transform dose-response 

data but the commonly used log-Probit transformation was chosen. With this method, 

values for dose, or concentration of toxic compound, are converted to the log base 10 

(Log10). The percent response is converted to an abstract unit ca11ed a Probit, or 

probability unit. Probit is a measure of the probability of a given event occurring at a 

given frequency with the assumption that the probability of the given event occurring at 

every possible frequency from 0-100% is normally distributed. This generates a plot of 

percent effect per treatment dose versus the probability of that frequency occurring 

(from the normal distribution). The Probit represents units of standard deviation {SD) 

away from the centre, or mean, of the bell-shaped probability distribution. Since the 

mean frequency (50%) is itself the middle of the bell curve, it is normally represented as 

"0" with almost the entire curve covered by ± 3 SDs above and below this frequency 

(approximately 0.15% to 99.85% response). To avoid negative units of SD, the Probit 

is centered on "5" instead of "0". Probit values do not exist for 0% and 100% response 

since this would correspond to plus and minus infinity on the normal distribution. 

Therefore doses at which 0 and 100% response were observed cannot be transformed 

and were not used in calculation of the median effect doses. 

A table converting values of percent response to Probit (Gad, 1999) was used to 

transform the acute toxicity data and the Log10 of the dose was calculated with the 

Microsoft Excel LOG function. This transformation resulted in a plot of between four to 
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six data points for both the Cd and As data with Probit on the y-axis and Log10( dose) on 

the x-axis. The coefficient of determination (r2
) was calculated for the two variables. A 

simple linear regression using the method of least squares was performed on these data 

using the equations outlined in Zar (1999) and performed in Microsoft Excel 9.0. The 

Logw(dose) was calculated from the regression equation with predicted Probit=5 (50% 

response), and back transformed to get the median effect dose for mortality (LCso) and 

multiple endpoints (ECso) along with the respective 95% confidence intervals. 

2.10 Induction of hsp70 and hsp70-eGFP by Arsenic and Cadmium 

2.10.1 Exposure Regimes for Wild-type and Transgenic Larvae 

Based on the acute toxicity dose-response relationship, doses for the hsp70 

expression experiments were selected in order to represent a low=0.2f.1M Cd (no 

observed adverse effect concentration, NOAEC), mid-range=5f.1M Cd (near the EC5o), 

and high dose=125f.1M Cd (at or greater than the LC50). Similar representative doses for 

As were selected; they were low=67f.1M As, mid=667f.1M As, and high=4004f.1M As. 

Exposure treatments to transgenic larvae (n=l0-16 larvae) came from a single petri dish 

whereas wild-type larvae (n=35-45 per dose group) were pooled from 3 separate petri 

dishes (10-15 larvae dish). Expression of hsp70-eGFP was not investigated following 

exposure of transgenic larvae to As. An additional three treatments each of 15 wild-type 

larvae per dose were also collected for two hybridization negative controls and a positive 

control (1 hr 38°C heat shock). Previous northern blot analysis of extracts from heat 

shocked zebrafish embryos determined the peak hsp70 mRNA signal was reached 

approximately 3 hrs after the start of exposure and diminished rapidly afterwards (Lele 

et al., 1997). Therefore, in order to detect a strong mRNA signal with in situ 
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hybridization an exposure duration of 3 hrs was chosen and began at 80hpf 

Following the 3 hr exposure, wild-type larvae were immediately fixed for 

purposes of performing the in situ hybridization assay, while transgenic larvae were 

washed with several changes of clean water and allowed to develop normally for 

another 24 hours. Post-hybridized wild-type larvae to be used for tissue counts were 

mounted, sectioned, and cover slipped (described earlier in Section 2.3). Serial sections 

were viewed under a microscope and the number of larvae per treatment positive for 

expression in a given tissue were counted (e.g. 45/45 1arvae expressed in o1factory 

epithelium at the 125J.tM dose). Additionally, 15-larvae per treatment dose were cleared 

for photography only and were not included in the counts for tissue expression. 

Mounted sections containing the 67f.tM and 667f.tM As exposed larvae were mislabeled, 

and consequently these As treatments could only be assessed qualitatively by whole 

mount photography and no tissue counts were generated. 

Other experimental models investigating hsp-reporter genes used a 24hr recovery 

period to allow ample translation of reporter mRNA into protein signal (Ait-Aissa et al., 

2000). Therefore, transgenic larvae were allowed to recover for 24hrs in clean water 

following the 3hr Cd exposure. After 24hrs recovery, live larvae were assessed for GFP 

fluorescence and any tissues positive for hsp 70-eGFP expression were counted. An 

additional high dose 125J.tM Cd treatment was used to assess tempora1 patterns of 

hsp70-eGFP expression and observations for GFP fluorescence were made at 8, 16, and 

24hrs post-exposure at this Cd concentration. 
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2.1 0.2 Statistics for Calculation of Tissue Expression 

The proportion of wild-type and transgenic larvae expressing hsp70 and hsp70-

eGFP respectively in a given tissue were calculated for each treatment dose. Differences 

between control and treatment dose groups were tested for significance using the 

Fisher's Exact Test as described by Zar (1999) and Gad (1999). Briefly, proportions of 

a sample positive or negative for a given outcome are considered categorical or quantal 

data and can be statistically analyzed with tests such as the commonly used Chi-Square 

2x2 contingency table and Fisher's Exact Test. The Chi-Square analysis has several 

restrictions which limit its use with our data including when sample sizes are small 

(n<50) and when the expected outcome is a number less than five Unlike Chi-Square, 

the Fisher's Exact Test, a non-parametric test, can be used for any sample size and 

allows for expected outcomes as low as zero to be included in calculations. In the case 

of this data, tissues expressing hsp70 and hsp70-eGFP in control larvae are zero and the 

largest overall sample size is still less than 50, so it is a reasonable asswnption to use 

Fisher's Test. Reference publications in toxicological statistics recommend the use of 

Fisher's Exact Test to analyze all 2x2 quanta! data (Gad, 1999). For this data, Fisher's 

Exact Test was used to compare the proportion of larvae positive for expression in a 

given tissue in cadmium treatments versus the appropriate control in a 2x2 table. An 

exact probability of significant difference between the treatment and control was then 

calculated. The equations used to calculate the Fisher's Exact Test were performed as 

outlined by Gad (1999) using Microsoft Excel9.0. 
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3.0 Results 

3.1 Patterns of hsp70 Expression Under Non-Stressed Conditions 

In order to interpret patterns of toxicant-induced expression of endogenous and 

reporter hsp70, it was first necessary to determine the background or normal expression 

patterns of endogenous hsp70 under non-stressed conditions. This baseline information 

was particularly important for the developmental stages that were investigated in the 

cadmium and arsenic exposures (i.e. 80hpf). A time course during the first 96 hours of 

development revealed a short window of hsp 70 expression in the lens from 

approximately 28-42 hpf A brief heat shock of 10°C above the normal rearing 

temperature of 28.5°C is a well-characterized inducer of hsp70 and was used as a 

positive control treatment. Heat shock resulted in stress-induced upregulation at all 

developmental stages tested (Figure 3.1 A, D, G, J, M ). Embryos raised at a sub

optimal rearing temperature (25°C) developed markedly slower than at 28°C yet 

exhibited lens expression at the same developmental stages (Blechinger et al., 2002). 

This strongly suggests that a mild heat shock induction was not responsible for the lens 

expression observed. 

By 24hpf, the embryonic eyes could be identified by the presence of pigmented 

epithelium while hsp70 expression was not yet detected at this time (Figure 3.1 B, C). 

Transcripts of hsp70 were first detected in the lens starting at 28hpf (Figure 3.1 E, F) at 

which time the eyes become more readily defined by increasing pigmentation. 

Maximum intensity of the mRNA signal was detected at 38hpf (Figure 3.1 H, I). 
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Figure 3.1 Expression of endogenous hsp70 under non-stressed conditions. Whole 
· mount in situ hybridization of hsp 70 mRNA is shown as blue/purple reaction product. 
Anterior is to the top for all figures. Dorsal or ventral views of entire embryo and 
enlargement of the anterior region respectively are shown for 24hpf (B, C), 28hfp (E, F), 
38hfp (H, I), 42hpf (K, L ), and 48hpf (N, 0). Heat shock control treatments are given 
for the same developmental stages (A, D, G, J, M). hsp70 transcripts are not yet 
detected in the lens placode (black arrow) at 24hpf (B, C) when the eyes are defined by 
pigmented epithelium. hsp 70 is first detected as weak expression in the lens at 28hpf (E, 
F). The later developmental stages are distinguished by the appearance of dark brown 
melanocytes covering the yolk and increased pigmentation in the eyes. At 38hpf, hsp70 
expression in the lens is striking and localized to the lens placode (H, I). Down 
regulation of hsp70 is evident by 42hfp (K, L) and transcript is no longer detectable at 
48hpf(N, 0). pe: pigmented epithelium of eye. 
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Expression was rapidly down regulated and was barely detectable by 42 hpf 

(Figure 3.1 K, L). At 48hpf, there is no discernable expression of hsp70 in the lens 

(Figure 3.1 N, 0). Frontal sections of the eye at 38hpf and 48hpf show periods of strong 

expression (Figure 3.2 A) and following down regulation (Figure 3.2 B) respectively. 

Expression of hsp70 was restricted primarily to lens cells although a weak signal is also 

detected in the retina and extraoccular tissue which may represent lower level of basal 

expression or background staining from the assay. Other than the brief window of lens 

expression, hsp70 was not detected in any other tissues for the remainder of the time 

course (stages after 48hpfwere not shown). 

3.2 hsp70-eGFP Expression During Normal Development and After Heat Shock 

One of the objectives of this thesis is to use an hsp70-eGFP reporter gene as a 

rapid in vivo method to monitor hsp70 expression. In order to test whether the hsp70-

eGFP reporter gene accurately represents expression of the endogenous hsp70,· their 

tissue specific expression patterns were compared during normal development and 

following heat shock. Tissue specific expression of hsp70-eGFP was identical to that of 

endogenous hsp70 as shown by their similar pattern of constitutive lens expression 

under non-stressed conditions (Figure 3.3 A, C), and also by the same diffuse expression 

throughout the body following a lhr heat shock (Figure 3.3 B, D). However, there was a 

delay in the time when lens expression of hsp70-eGFP could first be detected ( 48hpt) 

compared to endogenous hsp70 (as early as 28hpt), but the reason for this delay was not 

investigated. 
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Figure 3.2 Constitutive expression of hsp70 is localized to lens cells. hsp70 expression 
was detected in frontal eye sections of whole mount in situ hybridized embryos in 
differentiating lens fibre cells (black arrow) at 38hpf (A) but is no longer detectable by 
48hfp (B). pe: pigmented epithelium of the eye. 
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Figure 3.3 Expression of hsp70-eGFP mimics endogenous hsp70. Cells fluorescing 
green represent expression of hsp 70-eGFP. Under non-stressed conditions, hsp 70-eGFP 
is constitutively expressed in the lens (arrows) identical to the endogenous hsp70 (C and 
A respectively). Exposure to a well-characterized stress, heat shock, produces the same 
diffuse expression pattern throughout the larvae for both endogenous hsp 70 (B) and 
hsp70-eGFP (D). Larvae in pannels B,C, and Dare 48hpf and while A is 38hpf. 
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3.3 Acute Toxicity of Cadmium and Arsenic to Zebraftsh Early Life Stages 

3.3.1 Embryonic vs Larval Sensitivity to Cadmium 

An acute (96hr) exposure of post-hatch larvae to Cd and As was performed in 

order to establish a dose-response relationship for classical toxicity endpoints. The 

initial range finding exposure for Cd used doses of 0, 0.2, 1, 5, 25, and 125~-tM which 

were based on previously reported LC50 values from the literature (WHO, 1992a). 

Embryos appeared much more resistant to Cd toxicity at this stage with the primary 

effects of mortality and delayed hatching seen only at higher Cd concentrations (see 

Tables A 1 & A2 in Appendix A). There were a wider range of toxic effects observed in 

the Cd-exposed larvae compared to the embryos with additional effects besides mortality 

including edema (head, pericardia! region, thorax) and trunk abnormalities (lordosis, 

kyphosis, scoliosis). At least one of these effects was observed at all doses tested in the 

larvae except for the lowest 0.2J.t.M Cd concentration. The increased sensitivity of larvae 

was evident by comparing the 96hr mortality rate at 25~-tM and 125t-tM Cd equal to 4.7% 

and 60.0% respectively for embryos compared to 23.3o/o and lOO.Oo/o for larvae. 

Additionally, the only other observable effect in the treated embryos was delayed 

hatching time compared to the control group. However, embryos that exhibited delayed 

hatching had no gross defects and exhibited behavior indistinguishable from control 

embryos at later larval stages. 

3.2.2 Toxicity in Larvae Exposed to Cd and As 

Since the larval period appeared more sensitive to Cd toxicity, only this 

developmental stage was chosen to derive dose-response relationships for Cd and As. 

For the detailed acute toxicity tests, the gross toxic effects observed in larvae exposed to 
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Cd and As were mortality, edema, trunk abnormalities, and immobility (As only) (see 

Tables A3 & A4 in Appendix A for raw data). The endpoint category edema was 

defmed as abnormal swelling in any one of the head, pericardia! region, or thorax. 

Trunk abnormalities were defined as curvature in the anterior-posterior body axis as 

viewed laterally (lordosis or kyphosis) or from a dorsal or ventral position (scoliosis). 

Figure 3.4 shows larvae exhibiting edema and trunk abnormalities and are representative 

of these endpoints in both Cd and As exposures. Immobility (As treatments only) was 

defined as larvae lying on their sides that failed to respond by swimming after 

stimulation with a blunt probe. Mortality was readily identified in larvae lacking a 

heartbeat and that displayed obvious white necrotic tissue. 

These endpoints were used for establishing the dose-response relationships for 

larvae exposed to Cd and As and used in the calculation ofLCso and ECso values. For 

both Cd and As, graphs representing the percent response for mortality alone and for all 

endpoints grouped together (any of trunk abnormalities, edema, immobility (As only) or 

mortality) are presented in Figures 3.5 and 3.6, along with the linear regression of their 

Pro bit-log transformation. For Cd the median lethal and multiple endpoint effect doses 

along with their 95% confidence intervals were calculated to be LCso=18.8f.1M (4.8-

73.8f.tM) and EC50=1.7f.tM (0.7-4.lJ.tM). For As, the calculated LCso=1552.3f.tM 

(1215.0-1983.3J!M As) and EC50=896.3f.1M (580.6-1383.8f.1M As). 
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Figure 3.4 Cadmium and arsenic exposure cause edema and trunk abnormalities. Acute 
96hr exposure to cadmium (0.5-125f..t.M Cd) or arsenic (134-3337f..t.M As) caused 
increased incidence of edema (E, F, G, H) and trunk abnormalities (1, J, K) relative to 
the control group (A, B, C, D ). Other endpoints recorded in calculation of the dose
repsonse relationship but not shown here were mortality and immobility (As treatments 
only). Magnification in A is the same as in B, E, F, I-K; magnification inC is the same 
forD, G,H. 
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Figure 3.5 Dose-response of cadmium toxicity to zebrafish larvae. Panels A and B 
show the proportion of larvae per treatment dose exhibiting mortality and multiple 
effects (edema, trunk abnormalities, or mortality) respectively, expressed as a 
percent. Bars represent average response of three replicates and error bars are the 
standard error of the mean. Panel C represents the Probit-log transformation of 
mortality and multiple endpoint data. The best-fit line ~redicted for the linear 
regression is shown with the coefficient of determination (R ). 
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Figure 3.6 Dose-response of arsenic toxicity to zebrafish larvae. Panels A and B 
show the proportion of larvae per treatment dose exhibiting mortality and multiple 
endpoints (any of edema, trunk abnormalities, immobility, or mortality) 
respectively expressed as a percent. Bars indicate the average response from three 
replicates and error bars represent the standard error of the mean. Panel C 
represents the Probit-log transformation of mortality and multiple endpoint data. 
The best-fit line predicted by linear regression is shown with the coefficient of 
determination (R2) and equation of the line. 
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3.4 Induction hsp70 and hsp70-eGFP by Cadmium 

In order to determine the response of the wild-type hsp70 gene to Cd at the cell 

and tissue level, I utilized whole mount in situ hybridization analysis using a 

digoxigenin-labeled antisense hsp70 RNA probe. Additionally, expression of the 

reporter hsp70-eGFP was investigated in living transgenic larvae following exposure to 

Cd (induction of hsp70-eGFP by As was not investigated). 

3.4.1 Induction of Endogenous hsp70 Following Cadmium Exposure 

Whole mount photos of cadmium exposed wild-type larvae reveal a dose 

dependent increase in hsp70 mRNA detected in the gill and head region (Figure 3.7). 

Serial sections of cadmium-treated (3hr pulse exposure) larvae identified hsp70 transcripts 

in the developing gill, skin, olfactory epithelium, lateral line organ, digestive tract, liver 

and pronephros, while no expression was detected in the control group at this stage of 

development. Expression of hsp 70 showed dose-dependent increase in the number of 

tissue types expressing. The 125J!M Cd dose showed expression in skin, gill, olfactory, 

digestive tract, liver and pronephros as shown in transverse sections (Figure 3.8). The 5J!M 

dose revealed hsp70 expression in the olfactory tissue, gill, and skin while only the gill and 

skin expressed at 0.2J!M Cd (sections not shown for 0.2 and 5~M doses). (Note: Dose

dependency of hsp 70 expression in the lateral line organ was not investigated.) The 

proportions of larvae per treatment dose expressing hsp 70 in a given tissue were then 

calculated from counts of the serial sections expressed as a percent (Table 3.1, see also 

Table A5 in Appendix A for raw data). The differences between the Cd and control 

treatments expressing hsp70 in a given tissue were highly significant for all tissue types 

(p<O.OOOOl) except for the digestive tract at 5J!M Cd (p>0.05). 
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Figure 3.7 Whole mounted wild-type larvae show dose-dependent expression of 
endogenous hsp 70 following cadmium exposure. Expression is detected as a blue
purple hybridization product (arrows). Larvae from the 125~--tM Cd treatment exhibited 
hsp70 mRNA throughout the head and trunk region (G) which was particularly evident 
in the anterior region of the head viewed dorsally (H). At 5~--tM Cd, this expression is 
limited to the gill region in the lateral view (E) and has become more localized in the 
anterior head as shown in the dorsal view (F). At the NOAEC dose of 0.2~--tM hsp70 
transcripts are still observed in the gill region (C) but no longer in the anterior head (D). 
Expression was not detected in the controls (A, B). 
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Figure 3.8 Tissue expression of hsp70 following exposure to 125!-!M cadmium. Serial 
sections of in situ hybridized wild-type larvae display hsp70 expression in several 
tissues at 125!-!M but not in control larvae (sections not shown for 5 and 0.2!-!M). Panels 
A-B, C-D, E-F, and G-H correspond to transverse sections at the approximate transect 
locations shown below. Tissues expressing hsp70 include epithelial tissue of the 
olfactory (B), digestive tract (D), skin (D, F), and gill (F) as well as liver and pronephric 
ducts (H). de, digestive tract epithelium~ ep, skin epithelium~ gi, gill~ gl, glomerulus~ gt, 
gut~ le, lens~ li, liver~ nc, notochord~ pd, pronephric ducts. (Pigmented epidermal 
melanocytes, cells of the retina and the pronephric tubule lining appear as a reddish
brown color inC-H). 
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Table 3.1. Tissues expressing hsp70 and hsp70-eGFP following cadmium exposure 

Treatment % expressing in tissue 

gene Dose skin gill olfactory digestive tract liver pronephros 
type (J!M Cd) 

0 (n=45) 0 0 0 0 0 0 
0.2 (n=41) 100 87.8 0 0 0 0 

hsp70 5 (n=35) 97.1 80 91.4 *8.6 0 0 
125 (n=45) 100 100 100 100 97.8 77.8 

0 (n=10) 0 0 0 N/A 0 0 
hsp70- 0.2 (n=12) 100 100 0 N/A 0 0 
eGFP 5 (n=15) 100 100 100 N/A *13.3 0 
repot1er 125 (n=15) 100 100 100 N/A 75 62.5 

Tissue counts for endogenous hsp70 were made from sections of fixed larvae while 
tissue-specific hsp 70-eGFP expression was observed in living transgenic larvae. 
Expression in the digestive tract was not accessible in transgenic larvae due to the 
auto-fluorescent yolk in the optical path. All values are significantly different from 
controls for both hsp70 (p<0.00001) and hsp70-eGFP (p<0.0025). Treatments 
indicated by"*" were not significantly different from the control group (p>0.05). 
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3.4.2 Induction of Reporter hsp70-eGFP Following Cadmium Exposure 

Post-hatch transgenic larvae (80hpf) were exposed to a 3hr pulse of 125f.!M Cd to 

determine if expression of the hsp70-eGFP reporter gene mimicked Cd-induced patterns of 

endogenous hsp70 expression observed in wild-type larvae. (Note: induction of hsp70-

eGFP by As was not investigated). Cadtnium-induced expression of the hsp70-eGFP 

reporter gene in live larvae 24 hours after Cd exposure followed a dose-dependent pattern 

in terms of the number and types of different tissues expressing (Figure 3.9), and is clearly 

similar to that observed for endogenous hsp70 in wild-type larvae (see Figure 3.7). The 

125~M dose caused eGFP fluorescence in olfactory epithelium, gill, skin, liver, 

pronephros, and lateral line (Figure 3.9, Figure 3.10). Weak expression was occasionally 

observed in the digestive tube, but the signal was obscured by interference with other 

fluorescence in the optical path. Olfactory, gill and skin expression was also seen at 5f..tM, 

while only gill and skin expressed the hsp70-eGFP reporter gene at the lowest 0.2flM Cd 

dose. The proportion of larvae per treatment expressing hsp70-eGFP in a given tissue was 

significantly different from the control group (p<0.0025) for all treatment doses unless 

other wise stated (Table 3.1, see also Table A5 in Appendix A). 

The appearance of eGFP in transgenic larvae was also monitored in real time 

following Cd exposure in order to investigate the temporal pattern of hsp70 expression. 

Larvae from a 3hr pulse exposure to 125f.!M Cd were observed during recovery in water. 

Expression of hsp70-eGFP \Vas observed first in olfactory epithelium and gill (8 hours post 

exposure), followed by liver (16 hours) and subsequently the pronephros (24 hours) 

(Figure 3.11 ). 
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Figure 3.9 Dose-dependent induction of hsp70-eGFP by cadmium. Transgenic larvae 
show a dose-dependent increase in expression of hsp70-eGFP reporter gene (GFP 
fluorescence) following 24-hour recovery from cadmium exposure. GFP fluorescence in 
the lens of all larvae represents constitutive lens expression. At 0.2~M Cd, hsp70-eGFP 
is evident in isolated cells of the gill region similar to that observed for endogenous 
hsp70 (C, D). By 5~M Cd the expression has expanded to include skin epithelium (C) 
as well as the olfactory organs viewed as localized regions of bilateral expression in the 
anterior head region (F). The highest dose treatment 125f.tM Cd prominently displays 
hsp70-eGFP both in the liver and pronephros (G) as well as the gill, olfactory, and skin. 
The control group did not show any cadmium-induced hsp70-eGFP expression (A, B), 
while background autofluorescence in the yolk region is evident at all doses (A, C, E, 
G). ep, skin epithelium; gi, gill; le, lens; li, liver; oe, olfactory epithelium; pd, 
pronephric duct. 
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Figure 3.10 Expression of hsp70-eGFP in the lateral line organ and olfactory rosette. 
Exposure to 5f.!M and 125f.!M Cd induced expression (arrows) of both hsp70 (B) and 
hsp70-eGFP (A) in clusters of neuromasts of the lateral line organ along the posterior 
trunk region. A transverse section through a neuromast (line in B) of an in situ 
hybridized larvae shows the localization of hsp70 to these cells (C). An anterior-lateral 
view of a transgenic larvae from a 5f.!M Cd treatment shows expression of hsp70-eGFP 
in olfactory epithelial cells producing a characteristic rosette pattern (the far right rosette 
is out of focus in this view). le, lens; mu, muscle; nc, notochord; oe, olfactory epithelial 
cells. 
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Figure 3.11 Living transgenic larvae, viewed during recovery after exposure to 125f,tM 
cadmium, exhibit a temporal pattern of tissue hsp70-eGFP expression. Immediately 
after the 3 hour cadmium exposure larvae do not show any cadmium induced expression 
of hsp70-eGFP (A). The gills, skin and olfactory tissues are the first to express hsp70-
eGFP after 8 hours of recovery in clean water (B). After 16 hours recovery, hsp70-
eGFP expression is evident in the liver (C) and by 24 hours is also detectable in the 
pronephric ducts (D). The eGFP fluorescence visible in the lens of all larvae represents 
the early embryonic stage during which constitutive lens expression is observed. ep, 
epithelium of the skin; gi, gill epithelium; le, lens; li, liver; pd, pronephric ducts. 
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3.5 Arsenic-Induced Expression of hsp70 

Arsenic exposed larvae also showed a dose-dependent increase in hsp70 expression at 

the 667f.!M and 4004f.!M As treatments which was restricted to the head and gill region 

(Figure 3.12). However, expression was not detected at the lowest dose of 67f.!M As 

unlike Cd in which gill expression was detected at 0.2f.!M Cd. From serial sections of 

high dose 4004f.!M As treatment group, expression was observed in various tissues 

including gill (42/42), skin (42/42), digestive tract (42/42), olfactory epithelium (37/42), 

and liver (9/42) (photos of sections not shown). The proportion of larvae expressing in 

each tissue was compared with the control group and all differences were found to be 

significant (p<0.002) (see Table AS in Appendix A). (Note: A technical difficulty did 

not allow larvae from the 667f.tM and 67f.!M As treatments to be sectioned and are 

therefore not included in this data). 
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Figure 3.12 Dose-dependent expression of hsp70 following arsenic exposure. 
Transcripts of hsp70 (arrows) are detected in the gill (C) and head region (D) of larvae 
from the 4004~M As treatment and at reduced levels in the gill at 667~M As (B). No 
expression of hsp70 was exhibited in larvae from the low dose 67~M As treatment (A) 
nor in the control treatment (not shown). 
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4.0 Discussion 

The goal of this thesis (previously outlined in Section 1. 7) was to investigate the 

in vivo expression patterns of hsp 70 in response to the toxic compounds Cd and As using 

the zebrafish larvae as an animal model. It was hypothesized that hsp70 is expressed in 

target tissues of Cd and As and therefore can serve as a biomarker for cellular toxicity. 

Before testing this hypothesis, it was first necessary to study the normal expression 

patterns of hsp 70 during early developmental stages of the zebrafish model under non

stressed conditions. Following this, a promoter driven hsp70-eGFP reporter gene assay 

was tested as a reliable in vivo indicator of endogenous hsp70 expression. Finally, 

expression of both hsp70 and hsp70-eGFP were investigated in zebrafish larvae 

following exposure to the known hsp70 inducer Cd. These expression patterns were 

then compared to predicted target tissues of Cd exposure in fish. Prelimenary results 

with hsp70 following As are also discussed. The following sections discuss these 

experimental results. 

4.1 hsp 70 is Constitutively Expressed in the Developing Lens 

In order to properly differentiate between toxin-induced and normal hsp70 

expression, zebrafish embryos were raised under non-stressed conditions (28. 5°C) for 

the first 4 days of development (0-96hpf). During this period, embryos/larvae were 

fixed at several time points and assayed for presence of hsp70 mRNA. This data 

revealed that hsp70 is not expressed at any time during normal development except for a 

brief window of highly localized expression in the developing lens (Figure 3.1). Similar 
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lens-specific expression of hsp 70 has been reported to occur in embryos of the frog 

Xenopus laevis, but only following a heat shock (Lang et al., 2000). To control for the 

possibility that the observed zebrafish lens expression was actually due to a mild heat

induction, embryos were also raised at a sub-optimal growth temperature (25°C). 

Though these embryos were observed to develop at a much slower rate, they still were 

found to express hsp70 in the lens at identical developmental stages, indicating the 

localized expression pattern is constitutive rather than stress-induced. 

This observation is not without precedent as several other stress-inducible hsp's 

have also been reported to exhibit tissue-specific constitutive expression during 

development and are thought to have crucial chaperoning functions in those developing 

tissues. For example, zebrafish hsp47 and hsp90a are both strongly induced by heat 

shock and ethanol, but are also constitutively expressed in a tissue-specific manner 

under non-stressed conditions (Lele and Krone, 1997; Sass et al., 1996). The Hsp47 is a 

specific molecular chaperone which aids in the assembly of procollagen and is necessary 

for proper collagen biosynthesis. In zebrafish embryos, hsp47 is constitutively 

expressed primarily in tissues such as the notochord that express the type II collagen 

gene. Recently, Hsp47-knockout mice have been shown to be deficient of properly 

formed collagen in mesenchymal tissues (Naigai et al., 2000). The resulting lethality 

observed in the knockout embryos suggests Hsp47 has a crucial role during 

development. Likewise, constitutive hsp90a expression in zebrafish embryos is 

localized to developing muscle in somites and is thought to play an important 

chaperoning function in muscle progenitor cells. Blocking the function of Hsp90a 

during embryonic development with the Hsp90-specific inhibitor geldanamycin results 
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in zebrafish phenotypes with somite abnormalities (Lele et al., 1999). The demonstrated 

developmental importance of hsp47 and hsp90a suggests that hsp70 may play a 

similarly important role in the developing zebrafish lens. 

Briefly, the vertebrate lens begins as ectodermal cells that under direction of 

cellular signals from underlying mesoderm, undergo a process of selective proliferation 

and apoptosis to form a cell mass/lens placode (Wride, 2000). The lens placode is 

further involved in differentiation of the underlying optic vesicle into the functional 

retina via a process of reciprocal induction. The lens placode differentiates into two 

basic types of cells, lens surface epithelial cells and lens fibre cells, the latter of which 

form the optically clear crystalline lens. Lens fibre cells originate from lens epithelial 

cells via a process of elongation, organelle loss, synthesis of crystallin protein, and 

nuclear degeneration. This process of lens fibre formation, called attenuated apoptosis, 

closely resembles programmed cell death except that rather than dying as in normal 

apoptosis, the resulting lens fibre cell maintains its outer membrane and cytoskeleton. 

Recent studies using cave-dwelling (lack eyes) and surface (eyed) subspecies of the 

Mexican cave fish Astyanax have investigated their lens development (Yamamoto and 

Jeffery, 2000). It was found that cave-dwelling embryos develop lens placodes which 

fail to differentiate but rather undergo a period of enhanced apoptosis and degenerate. 

Since signals from the lens are necessary for development of the underlying optic 

vesicle, the retina also fails to develop in cave-dwelling Astyanax resulting in lack of 

eyes. Comparatively, surface Astyanax embryo lenses develop normally and undergo 

the appropriate level of apoptosis necessary for normal lens development and proper eye 

formation. Transplant experiments were conducted in which embryonic cavefish lenses 

were placed on host surface fish embryos and vice versa. Surface lenses developed into 
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normal eyes on cavefish hosts while cave fish lenses on surface fish hosts underwent the 

same enhanced apoptosis and subsequent degeneration as seen in normal cavefish 

development. The authors concluded that a specific lens factor( s) is responsible for 

proper lens/eye development of surface fish (i.e. down regulation ofpro-apoptotic factor 

or up-regulation of an apoptosis-inhibitor) and degeneration of the cave fish lens (i.e. 

upregulation of pro-apoptotic factor or down regulation of an apoptosis-inhibitor). 

Additionally, experiments have detected expression of hsp70 in differentiating chick 

embryonic lens fibre cells in vitro and in vivo embryonic chick lenses using 

immunohistochemistry (Dash et al., 1994; Bagchi et al., 2001 respectively). The Hsp70 

is a potent inhibitor of apoptosis at points in its metabolic pathway (Beere and Green, 

2001 ). Therefore, Hsp70 could potentially function in the regulation of the 

controlled/attenuated apoptosis necessary for proper lens development/differentiation 

and perhaps the enhanced apoptosis observed in the degenerating cavefish lens may be 

to reduced hsp 70 expression. Our lab is currently investigating further the possible role 

of hsp70 in vertebrate lens development. However for the purposes of this thesis it is 

sufficient to conclude that the lens expression observed is not stress-induced, and that no 

other tissues were found to constitutively express hsp70 during the first 4 days of 

zebrafish development. 

4.2 Expression of hsp70-eGFP Reporter Gene Mimics Endogenous hsp70 

As a method of detecting gene expresison, in situ hybridization is a time and 

labour intensive assay requiring several assay controls. Though performed in vivo, in 

situ hybridization requires the fixation of the organism which can cause tissue shrinkage 

and decrease resolution of whole mounted larvae. Since mRNA has relatively short 
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cellular residence times, it may be also necessary to collect specimens at several time 

points after toxic exposure in order to capture the mRNA signal peak. 

Comparatively, reporter genes expressing eGFP can be monitored in living 

organisms and can be useful as rapid in vivo bioindicators of gene expression. It is 

important to distinguish at this point between stable and transient expression of such 

reporter genes. Transient transgenic methods involve the microinjection of the reporter 

gene at the one cell stage of an early embryo with the hope that all subsequent daughter 

cells will carry the injected transgene. In reality, the percentage of cells successfully 

incorporating and expressing injected transgenes is low and the result is a diffuse mosaic 

pattern of expression in the surviving organism. There is also a high degree of 

variability in the mosaic patterns observed between different individuals. Additionally, 

such transient transgenic organisms rarely carry the transgene in the germ line and 

therefore do not always pass down the gene to their offspring. In contrast, hsp 70-eGFP 

has been established in a stable transgenic line of zebrafish in which the transgene has 

been incorporated in the chromosomal DNA of all somatic and germ cells resulting in a 

true transgenic organism. All cells of the stable transgenic organism, including gametes, 

are capable of expressing the transgene and therefore such organisms will consistently 

produce transgenic offspring as well. The hsp70-eGFP transgenic zebrafish strain used 

in this thesis has been maintained for over four years encompassing several generations 

per year. Since the tmnsgene can be expressed in all cells rather than in a mosaic 

pattern, promoter-driven reporter genes (i.e. hsp70-eGFP) from stable transgenic lines 

rather than transient microinjections are better models to study their endogenous 

homologues (i.e. hsp70). To my knowledge this thesis describes the first detailed 

toxicological study using a stable transgenic line of zebrafish. 
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In order to develop hsp70-eGFP as a useful toxicological tool for assessing the 

toxicity of cadmium and arsenic, it was first necessary to determine whether its 

expression pattern mimicked that of the endogenous hsp70 under (1) non-stressed 

conditions and (2) following exposure to a well characterized stress, heat shock. Our 

data show that like endogenous hsp70, hsp70-eGFP is constitutively expressed in the 

zebrafish lens under non-stressed conditions and is also strongly detected throughout the 

larvae following heat shock (Figure 3.3). In contrast, a microinjected hsp70- driven 

LacZ reporter gene in tilapia ( Oreochromis mossambicus) was transiently expressed in 

only a diffuse mosaic pattern following heat shock. This comparison illustrates how 

well the stable transgenic hsp70-eGFP mimics endogenous hsp70. 

One difference between the reporter hsp70-eGFP and endogenous hsp70 is that 

the eGFP fluorescent signal hsp70-eGFP appears to be far less transient than hsp70 

mRNA and can be detected in expressing tissues for up to 10 days. The longer residence 

time of the hsp 70-eGFP signal is likely due to the stability of the eGFP protein product. 

Owing to the long residence time of eGFP, it is less likely that a stress-induction of 

hsp70-eGFP would be missed, proving advantageous over the more transient mRNA 

assays. Another advantage in early developmental toxicology studies, is that a cell 

population may show expression early in development when discrete tissue types are not 

yet defined and can then be followed through to later developmental stages in the same 

individual where future morphological effects can be compared post hoc. From a more 

pragmatic approach, stable eGFP detected in the lens of all embryos/larvae during the 

exposure period serves as an internal assay control for (a) larvae that carry the transgene 

in their genome and (b) for assuring the eGFP excitation source/filters are working 

properly. Regardless, the tissue-specific patterns of expression observed for the reporter 
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were identical to that of endogenous hsp70 under the same conditions suggesting that 

hsp70-eGFP is an accurate indicator of endogenous hsp70 expression. 

4.3 Acute Toxicity of Cadmium and Arsenic to Early Life Stage zebrafish 

4.3.1 Embryonic versus Larval Sensitivity to Cadmium 

Our experiments with control and heat shock treated embryos/larvae clearly 

show that expression of hsp 70-eGFP mimicked the endogenous gene and therefore a 

reliable method to investigate hsp70 expression in vivo. In order to determine which 

zebrafish developmental stage, embryonic (fertilized zygote to hatch) or larval (post

hatch to feeding) was more sensitive and therefore better to use for further acute toxicity 

and gene expression experiments, an initial range-finding acute exposure to Cd was 

performed. This initial data clearly showed that pre-hatch embryos were much more 

resistant to Cd toxicity compared to post-hatch larvae, with mortality in the high dose 

treatment (125f.tM Cd) of 60.0% and 100.0% respectively. Besides mortality, a greater 

range of gross defects were observed in the larvae while none were exhibited in the 

embryos that survived exposure (some abnormal embryos had died and therefore were 

not counted within gross endpoints). This stage-specific sensitivity has been previously 

reported for zebrafish by Dave (1984) who demonstrated that 1 day old embryos were 

much more resistant to Cd, aluminum and iron exposure compared to 7-8 day old larvae. 

The trend of fish embryos being more tolerant than larvae to acute metal 

exposure is widely reported in the literature for other species including common carp 

(Witeska et al., 1995), mummichog (Middaugh & Dean, 1977), rainbow fish (Williams 

& Holdway, 2000) and others (reviewed in WHO, 1992a), and appears to hold true for 

other non-metal toxicants as well. The high resistance of embryos to acute metal 

toxicity has been primarily attributed to protection offered by the chorion. The chorion 
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(egg shell) is a multilayered biological membrane permeated by micron diameter pores 

that can function to regulate the flow of solutes and ions into the perivitelline space 

(Eddy & Talbot, 1985). Cadmium ions exposed to embryos of Japanese medaka 

(Michibata, 1981) and rainbow trout (Beatty & Pascoe, 1978) have been shown to 

almost completely bind to the chorion with very little reaching the embryo. The 

protective metal-binding ability of the chorion has also been displayed for zinc (Atlantic 

salmon, Eddy & Talbot, 1985), copper (common cuttlefish, Paulij et al., 1990) and silver 

(rainbow trout, Guadagnolo et al., 2001), but there are exceptions to this generalization. 

For example, in a study using three developmental stages of Japanese medaka, atrazine 

was shown to be much more toxic to fry and adult medaka compared to embryos, but As 

(as arsenic trioxide) behaved oppositely and was most toxic to embryos (Tchounwou et 

al., 2000) suggesting other factors besides the chorion are involved in determining stage 

sensitivity. Our Cd-exposed zebrafish embryos also exhibited delayed hatching, another 

commonly reported effect of embryonic metal exposure (Oberemm, 2000). The 

mechanism by which metals influence hatching is not well understood but has been 

suggested to be due to decreased function of the hatching enzyme chorionase (Williams 

& Holdway, 2000). Overall, our observations in Cd-exposed zebrafish embryos and 

larvae agree with general trends in the literature, showing that post-hatch larvae are the 

more sensitive of the two developmental stages. 

4.3.2 Acute Toxicity of Cadmium and Arsenic to zebrafish Larvae 

Based on the range-finding study for Cd, only post-hatch larvae were used to 

perform the 96hr acute toxicity tests for Cd and As (even though the embryonic stage 

may be more sensitive to As). Before discussing these results, it should be noted that 

there is considerable variability in the critical effect levels (i.e. LCso) for both Cd and As 
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reported in the literature for early life stages of fish. Some of this variability between 

studies can be attributed to such factors as differences in developmental stages and 

exposure durations used, inter-species differences, as well as water chemistry. In order 

to better interpret our acute toxicity data in the context of the relevant scientific 

literature, if is both useful and necessary to first discuss some of the multiple factors that 

can complicate such comparisons. 

Developmental Stage. The general trend of larval sensitivity being greater than 

embryonic holds true for most if not all species of fish, however there have been 

reported dramatic differences in toxicity depending on the sub-stages within embryonic 

and larval periods. For instance, Rombough and Garside (1982) found the sensitivity of 

Atlantic salmon embryos to Cd toxicity varied considerably from the early zygotic 

period to late embryonic stage. In this study, a total range of between 2-3 orders of 

magnitude difference in LC50 was observed between and within embryonic and alevin 

(yolk sac larvae) stages. Older embryos were much more sensitive and this was 

attributed to the increasing permeability of the chorion as embryos neared hatching 

(LCso varied from 300 to 800f..tg Cd/L or 2. 7 to 7.1 fJM Cd during the embryonic stage). 

However, the authors also noted a sharp increase in resistance of newly hatched alevins 

in which a 24hr LC50 of 1.5-2.4mgCd/L (13.3-21.4fJM Cd) was recorded only to find the 

resistance to again drop dramatically at later alevin stages (8.2fJgCd/L=0.07J.lM). In a 

similar study, three salmonid species were shown to be up to 25-fold more resistant to 

Cd and 6-fold more resistant to As (as arsenite) at alevin stages compared to later 

juvenile stages (Buhl & Hamilton, 1991). Such dramatic and dynamic fluctuation in 

acute toxicity was also shown in early developmental stages of Xenopus laevis exposed 
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to Cd and was attributed to stage-specific differences in uptake (Herkovits et al., 1998). 

It is clear that developmental stage of the species in question can dramatically influence 

acute metal toxicity. Without discussing all possible explanations, perhaps the most 

obvious reason for this phenomena is the rapidly changing identity of cells during these 

crucial periods of early development. Therefore, when early life stages of fish are used 

for toxicity testing it is necessary to characterize the exact developmental stage used. 

Exposure Duration. The reported high variability in acute toxicity between 

developmental stages of fish can be even more pronounced when different exposure 

periods are used. For example, longer exposures times will run a higher risk of 

including overlapping stages of vastly different sensitivity. Pragmatically, this is often 

the case when the observation of multiple replicates of exposure treatments and controls 

are made over the course of even a couple of hours (i.e. the last treatment larvae to be 

observed will have continued developing) though randomization of treatments can 

minimize this effect. Illustrating these points, the LC50 values for Cd toxicity varied 

nearly 30-fold in zebrafish "larvae" (exact developmental stage was not defined) 

exposed from durations lasting 24hr to 7 days (Dave, 1984). This is also supported by 

studies with salmonid juveniles which showed up to a 250-fold difference in toxicity 

between a 2-day compared to 7-day exposure to Cd (reviewed in Sprague, 1994). Even 

when the same exposure period is used for acute toxicity tests, the developmental rates 

for different species will vary enough that a 96hr acute exposure starting at the same 

developmental stage will nonetheless cover a vastly different period for each species 

exposed (e.g. a 96hr exposure to post-hatch zebrafish encompasses the entire yolk sac 

stage, while in salmonids a 96hr exposure would only cover a small portion of the yolk 

sac or alevin stage that can last for several weeks). 
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Species Differences. Even when seemingly identical developmental stages and 

similar relative exposure periods are used, there appears to be vast differences in 

sensitivity to metal toxicity between different species. For example, critical effect levels 

(i.e. LCso's) for salmonid species are an average of 1-2 orders of magnitude lower than 

for other fresh water species (WHO, 1992a). Additionally, the metabolism, tissue 

distribution, and overall toxicity of As has been shown to be radically different between 

closely related mammalian models (i.e. rats and mice). While this may also be the case 

for related fish species, it has not been investigated. 

Feeding Effects. The effect of not feeding can also be a factor when using post

yolk sac stage larvae since starvation can contribute to sensitivity to external stress and 

can compromise the organism's ability to mount a response to metal exposure (Dave & 

Xiu, 1991). Conversely the presence of food in the water could influence bioavailability 

of metal ions via adsorption and also contribute more to dietary exposure (e.g. normally 

Cd is in free ionic form and therefore exposure is directly via the water) (WHO, 1992a). 

Water Chemistry. Another major factor influencing acute toxicity of metals to 

fish is water chemistry. Hard water containing high concentrations of divalent calcium 

and magnesium ions in the water can decrease the acute toxicity of metals to fish (see 

Section 1.6.1 for discussion of mechanisms of protection). Pickering and Henderson 

( 1966) compared the effect of extremely hard and soft water (360 and 20mgCaC03/L 

respectively) on acute Cd toxicity in fathead minnow and green sunfish and found the 

96hr LCso values were 1-2 orders of magnitude lower in soft water. This effect has been 

observed for even very small differences in water hardness. Two studies using water of 

only a marginal difference in hardness (80 vs 100mgCaC03/L) found a 10-fold 

difference in their 96hr LC50 values for adult zebrafish (17.5 vs 1.7mgCd/L or 115.6J1M 
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vs 15.1f.tM respectively) (Vander Belt et al., 2000; Dave et al., 1981). The abiotic 

factors reported to have the most influence on toxicity of As are the concentration of 

dissolved organic matter which can adsorb inorganic As, the presence of phosphate 

which competitively inhibits As absorption into the organism, and overall redox 

potential governing which As species dominates (trivalent or pentavalent) (reviewed in 

Eisler, 1994). Other water chemistry parameters that can influence metal toxicity are 

pH, alkalinity (concentration of inorganic ligands), presence of dissolved/suspended 

organic matter, and temperature, though the relative effects of each of these factors are 

not as well investigated (Sprague, 1994; Eisler, 1994). 

Considering the combined variability associated with interspecies and 

developmental stage-specific sensitivities, exposure durations, and effects of water 

chemistry, it is of limited value to simply compare critical effect doses from this study to 

those from the literature. Rather, the discussion of our acute toxicity data has focused 

primarily on the gross effects observed following Cd and As exposure, comparing the 

multiple-endpoint ECso versus the LC50 for both metals, and the relative acute toxicity of 

Cd and As in our zebrafish larval model. Any citing of critical effect doses from the 

literature is done so only from studies in which the exposure conditions were well 

defined and therefore appropriate for comparison. 

To put our particular experimental conditions in context, they are briefly outlined 

before proceeding to the next section. The larval stage of zebrafish used for acute 

toxicity testing of Cd and As began at a few hours post-hatch (72hpf) and lasted for 

96hr. By way of comparison, our exposure period encompassed the entire zebrafish 

yolk sac stage and roughly corresponds to the complete alevin stage in salmonids. The 

water source in our study had a hardness of between 177-178 mgCaC03/L which is 
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considered moderately hard water compared to the range of water hardness found in 

literature sources (20-320mgCaC03/L ranges found in WHO, 1992a and Sprague, 1994) 

and is very similar to the dilution water suggested for zebrafish early life stage toxicity 

testing (OECD, 1998). 

4.3.2.1 Gross Toxic Effects of Cd and As in Zebrafish Larvae 

The acute toxic effects seen in both Cd- and As-exposed larvae in the present 

study included mortality, edema, trunk abnormalities, and immobility (As treatments 

only). These effects are consistent with those previously reported for acute metal 

toxicity in fish. Pickering and Gast (1972) described poor circulation and presence of 

blood clots in hatched fathead minnows exposed to Cd, while blood clotting and erratic 

swimming was reported for rainbow trout alevins (Beattie & Pascoe, 1978). Zebrafish 

exposed to Cd during the embryonic stage (from 5-28hpf) displayed cardiac edema, 

micropthalmia, as well as trunk deformities (Cheng et al., 2000). The specific 

mechanism of lethal action for acute Cd toxicity in fish has not been well investigated 

but is likely similar to that for mammalian models. Intravenous injection or inhalation 

of high doses of CdCh in rats causes massive damage to peripheral and visceral vascular 

endothelium resulting in increased permeability of blood vessels, which in turn leads to 

edema, ischemia, and tissue necrosis (WHO, 1992b ). These effects are consistent with 

the edema exhibited in our Cd-exposed zebrafish larvae. The neurotoxic effects often 

observed could possibly be explained by hypocalcemia, an effect observed in Cd

exposed fish (reviewed in Sprague, 1994 ), since similar hypocalcemic conditions in 

mammalian models result in hyperreactivity, convulsions, and tetany (WHO, 1992b). 

One of the most common Cd-induced deformities in early life stages of fish are 

spinal deformities. Spinal deformities have been reported for Cd-exposed larvae of carp 
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(Witeska et al., 1995), rainbow fish (Williams & Holdway, 2000), medaka (Hiraoka & 

Okuda, 1984) and others (reviewed in WHO, 1992a). Such spinal lesions and vertebral 

abnormalities have been associated with reduced vertebral calcium concentrations and 

could possibly be explained by either larval hypocalcemia or by Cd directly interfering 

with calcium-mediated ossification processes. Deficient bone formation has been 

observed in rats pups exposed to Cd in utero and has been attributed to the inhibition of 

calcium incorporation into bone (ATSDR, 1999). 

While the gross toxic effects of inorganic As in early life stages of fish are not as 

well characterized as for Cd, the effects observed in our As-exposed larvae are 

consistent with those reported for other animal models (Gorby, 1994). In addition to 

direct irritation to exposure sites, the primary effect of high doses of inorganic As 

compounds in mammalian models is severe damage to the capillary endothelium lining 

the mucous membranes at the site of absorption (i.e. oral=GI ·tract, 

inhalation=respiratory tract). In the case of fish such effects would correspond to 

damage in the branchial epithelium of the gill. In mammalian models, this vascular 

damage leads to increased permeability, plasma loss, and massive edema. These effects 

are consistent with the edema and shock-like reduction in cardiac output seen in our As

exposed zebrafish larvae. Unfortunately, any studies in which As was exposed to early 

life stages of fish were primarily concerned with mortality, and gross abnormalities were 

not reported (Buhl & Hamilton, 1991; Tchounwou et al., 2000). 

Though the gross effects observed in exposed zebrafish larvae are consistent with 

Cd and As toxicity, it is possible that these may reflect a more generalized toxic 

response. Studies of the toxic effects of several different compounds including non

metals in early life stages of zebrafish have reported strikingly consistent effects. The 
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most commonly reported toxic effects are similar to those observed in our larvae 

including edema of the yolk sac and pericardium, spine/trunk deformities, 

cardiovascular disfunction, and lethargy. These effects have been observed in zebrafish 

larvae following exposure to the dioxin TCDD (Henry et al., 1997), triphenyltin acetate 

(Strmac & Braunbeck, 1997), lindane and 3,4-dichloroaniline (Ensenbach & Nagel, 

1995), lead and copper (Ozoh, 1980), atrazine and deltamethrin (Gorge & Nagel, 1990), 

and a variety of industrial chemicals (Groth et al., 1993). Due to the prevalence of these 

types of gross effects in zebrafish early life stages following a diverse range of toxic 

compounds, it is likely that the abnormalities observed in our study are not due to toxic 

mechanisms specific to Cd and As but rather represent a more generalized secondary 

response to stress, toxicants or other, during this developmental stage. 

4.3.2.2 Comparison of the Critical Effect Dose-Response for Cd and As 

Our data show that the critical toxic effect levels for multiple endpoints (ECso) is 

a much more sensitive indicator of acute toxicity for both Cd and As compared to 

lethality alone (LCso). This effect is demonstrated for both Cd and As in Figures 3.5 and 

3.6, respectively, showing the regression line for multiple effects (ECso) shifted to the 

left of that for mortality (LC50). The EC50 was 11X and 1. 7X more sensitive than the 

LCso for Cd and As respectively (Table 4.1 ). This observation is supported by Cheng et 

al. (2000) who found the EC50 for total abnormalities including mortality in Cd-exposed 

zebrafish embryos was approximately twice as sensitive as the LC5o. This is not 

surprising considering a suite of toxic effects is usually observed over any given dose 

range, particularly during early life stages (Rogers & Kavlock, 1996). 
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Table 4.1 Relative senstttvtty of critical effects levels and 
relative toxicity of cadmium versus arsenic. 

ECso 
(f.!M) 

Cd 1.7 

As 896 

Relative toxicity of 
Cd vsAs 528 

(dose As/dose Cd) 

LCso 
(f.!M) 

18.8 

1552 

83 

Relative 
sensitivity of 
ECso vs LCso 
(LCso/ECso) 

11 

1.7 

Expressing the critical effect values for both Cd and As in units of molarity 

allows their relative toxicity to be compared on a molar basis as shown in Table 4.1. 

The acute toxicity of Cd is 83-528X (approximately 2-3 orders of magnitude) greater 

than for As based on the LC50 and EC50 respectively. This relationship agrees well with 

the literature which has widely reported critical effect levels of Cd to be much lower 

than for As in various fish species (reviewed in WHO, 1992a; Sprague, 1994; Eisler, 

1994). However, very few of these LC50's come from studies in which both Cd and As 

are used under the same experimental conditions in the same study. One such 

comparative acute toxicity study exposed alevin stages of three salmonids to several 

inorganic toxicants including Cd (as CdC h) and As (As(III) as sodium arsenite) (Buhl & 

Hamilton, 1991). The authors reported 96hr LCso values equal to 6.0-37.9f..lgCd/L and 

27,700-91,000f.!gAs/L. After converted to units of molarity (0.053-0.337r.tM Cd and 

369.7-1214. 6f.!M As respectively), a direct comparison of the critical effect doses shows 

that Cd was 3600-7000X more toxic than As. The greater relative toxicity of Cd in this 

study compared to our data (LC50 = 0.053-0.337!-lM vs 18.8f.!M Cd respectively) could 

possibly be explained by the greater sensitivity of salmonid species to Cd, discrepancies 
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of the developmental stage used (i.e. alevin versus zebrafish yolk-sac larvae), or water 

chemistry. In comparison, the LC50 for As in salmonids and for zebrafish larvae in our 

study is remarkably close (369.7-1214.6~M and 1552~M respectively) suggesting that 

species and developmental stage effects may not be responsible for the dramatic 

differences observed for Cd. Soft water ( 40-43mgCaC03/L) was used for the salmonid 

exposures compared to the moderately hard water used in our experiments ( 177-

178mgCaC03/L) and as mentioned previously, such a difference in water hardness has 

been reported to affect the toxicity of Cd by 2-3 orders of magnitude (WHO, 1992a; 

Sprague, 1994 ). Since water hardness has been shown to have a much less profound 

effect on the acute toxicity of As (Inglis & Davis, 1972) compared to Cd, this suggests 

salmonid alevins and zebrafish post-hatch larvae have similar sensitivities to As and that 

the dramatic differences observed for · Cd may be more due to differences in water 

hardness than intrinsic factors. Overall, our acute toxicity test on post-hatch zebrafish 

has shown that the gross effects, critical effect doses, and relative toxicity of Cd and As 

are consistent with similar results previously reported for fish. 

4.4 Induction of hsp70 and hsp70-eGFP by Cadmium and Arsenic 

The primary objective of this thesis was to investigate the hypothesis that 

expression of hsp70 could be used as a biomarker for cellular stress following exposure 

to toxic compounds. To compliment this, a transgenic reporter gene hsp-eGFP was also 

studied as a rapid in vivo alternative to a conventional method of detecting hsp70 

expression. Our data using Cd- and As-exposed zebrafish larvae suggest that hsp70 and 

hsp70-eGFP are expressed in a dose-dependent and tissue-specific manner. 

Additionally, an interesting temporal expression pattern was observed for hsp70-eGFP 
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in transgenic fish during recovery from Cd exposure. These results and their relevance 

to the existing scientific literature are discussed in the following sections. 

4.4.1 Induction of hsp70 and hsp70-eGFP Following Cadmium Exposure 

Foil owing Cd exposure, an obvious dose-dependent increase in the cells/tissues 

expressing hsp70 was observed (Figure 3. 7). The actual tissues expressing hsp70 are 

more readily distinguished in serial transverse sections (Figure 3.8), with similar dose

and tissue-specific expression patterns also seen for hsp70-eGFP (Figure 3.9) following 

the same Cd exposures. The tissues expressing hsp 70 and hsp 70-eGFP followed a dose

dependent pattern with the order of sensitivity being skin=gill>olfactory>digestive 

tract>liver>pronephros (Table 3.1). Endogenous hsp70 and reporter hsp70-eGFP 

expression were also detected in neuromasts of the lateral line organ (Figure 3.10) but 

this was not assessed for dose-dependency. In order to determine if these expression 

patterns are due to cytotoxicity of Cd, two questions must first be asked: ( 1) Are the 

tissues expressing hsp70/reporter potential target organs/accumulators of Cd in fish, (2) 

Is the dose-dependent sensitivity of hsp70 expression in these tissues consistent with the 

accepted knowledge of Cd toxicodynamics and kinetics. 

To answer the first question, it is necessary to first determine what the common 

sites of Cd are and how these tissues are affected. Several studies in fish have shown 

that Cd is accumulated in tissues similar to those expressing hsp70 in Cd-exposed 

zebrafish larvae (i.e. gill, skin, olfactory, liver, kidney), and suggests at least a 

theoretical possibility that Cd is the signal responsible. However, the majority of these 

studies have determined tissue distribution of Cd by either measuring tissue activity of 

Cd-radioisotopes or by atomic absorption spectrophotometry of tissue samples following 

Cd exposure. These methods are limited to organisms of larger size in which discrete 
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tissues can be readily dissected apart (i.e. late juvenile or adult fish). Since the larvae of 

most fish model species are too small to manipulate in this manner, tissue distribution of 

Cd at early larval stages is not well understood. However, the general picture of Cd 

uptake and distribution in adult fish is consistent between different species for several 

studies (reviewed in WHO, 1992a, Sprague, 1994, and McCracken, 1994). The relative 

accumulation of Cd in adult fish is a factor of both the dose and duration exposure, but it 

is generally agreed that the tissues accumulating the greatest Cd are in the order of 

kidney>liver>gill (reviewed in WHO, 1992a; Sprague, 1994; McCracken, 1994). 

Freshwater tilapia continuously exposed to a sublethal concentration of Cd 

(5mgCd/L=44.5J1M Cd vs the 48hr LC50=445f.1M) displayed accumulation of Cd in the 

kidney>liver>gill after the first day of exposure and continued in this pattern for the 30 

day duration of the study (Usha Rani, 2000). The same tissues of adult carp showed 

high levels of Cd following a 4 day exposure but high plasma levels were also detected 

(De Smet & Blust, 2001 ). Juvenile rainbow trout exposed to extremely low Cd 

concentrations (0.03f.1M Cd) in water of moderate hardness (140mg/L CaC03) and 

moderate alkalinity (95mg!L CaC03, pH=8.0) displayed Cd accumulation in the order of 

kidney>gill=liver by 30 days of continuous exposure (Hollis et al., 2001 ). Since the gill, 

liver, and kidney (pronephric ducts) are present at the larval age of zebrafish used in our 

study (Kimmel et al., 1995), it is probable that Cd uptake and tissue distribution for 

zebrafish larvae is similar to that of adult fish. In addition to kidney, liver, and gills, 

several studies have also identified the skin and olfactory organ as potential sites of Cd 

accumulation in fish. In an autoradiography study of 109Cd exposed to brown trout the 

olfactory epithelium and olfactory nerve were found to accumulate high levels of Cd 
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along with the predicted tissues of gill, liver, and kidney (Tjalve et al., 1986; Gottofrey 

and Tjalve, 1991). Besides the gills, kidney, and liver, Cd was shown to accumulate to 

high levels in the skin of brook trout under a chronic sublethal exposure regime 

(Sangalang et al., 1979). Similar accumulation of Cd in the olfactory mucosa and also 

skin epithelium was detected in zebrafish following acute exposures to Cd (Karlsson

Norrgren & Runn, 1985). 

This leads to the second question which asks: what morphological and 

biochemical effects does Cd causes in these tissues, and whether such changes could 

explain or be responsible for hsp 70 induction. While the tissues accumulating Cd are 

also those that primarily show toxic/biochemical effects following exposure from Cd in 

fish, other tissues have been identified as target tissues as well. In a study by Stromberg 

et al. (1983), a detailed histopathological analysis was conducted in fathead minnows 

suggesting that tissue sensitivity to Cd could be a function of the route of exposure. 

Specimens were analyzed after 24, 48, 72, and 96hr exposure to and for up to 1 month 

post-exposure recovery from an acute concentration of 12mg!L CdCh (equivalent to 

-66mM Cd), a dose just under the 96hr LC50= 15mg!L CdCh ( ,...,82f..tM Cd). In order to 

put this exposure dose in context of acute toxicity, 17% of treated fish died following 

exposure (most in the first 24hr). Pathology of dead and surviving fish revealed acute 

epithelial necrosis which was localized to the skin, oral cavity, olfactory epithelium, 

kidney, stomach, intestine, and gill, while no lesions were identified in the liver. These 

are all the same tissues which expressed hsp70 in our study following a similar acute Cd 

exposure (i.e. our high dose 125f..tM was much higher than the LCso but only a 3hr pulse 

exposure). Lesions in the gill were the most severe of all affected tissues and the cause 
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of death was attributed primarily to acute branchial necrosis resulting in cellular 

sloughing. Lesions of the gill, skin, oral cavity, and olfactory organ showed the greatest 

degree of necrosis of all the effected tissues and the authors attributed this to the direct 

exposure to Cd in the water. This study suggests tissue sensitivity to Cd could 

potentially be a function of the route of exposure. 

The gill is the primary absorption route of Cd ions in fish. By the time zebrafish 

embryos reach the hatching period the gill rudiments (branchial arches and gill slits) are 

present and well vascularized (Kimmel et al., 1995). It is therefore reasonable to assume 

that the zebrafish larvae gills are also the major sites of Cd absorption. The mechanism 

of Cd absorption in gill is believed to be occur through calcium ion channels on the 

apical side of the gill epithelium (Glynn, 1996; McCracken, 1994; WHO, 1992a) after 

which Cd enters the circulation by a poorly understood mechanism of basolateral influx. 

The fact that the gill is the primary site of Cd uptake could explain the sensitivity 

exhibited by gill tissue as determined by histopathology (Stromberg et al., 1983), and 

why even a non-toxic (96hr NOAEC=0.2~M) Cd dose could induce expression of hsp70 

and hsp70-eGFP in the gill of zebrafish larvae in our experiments (Table 3.1, Figures 

3.7, 3.8, 3.9). 

Another contributing factor may be the degree to which gill epithelium can 

synthesize adequate levels of metal detoxifying metallothioneins. Metallothioneins 

(MTs) are cysteine-rich low molecular weight proteins which are responsible for 

detoxification of many metal toxicants including Cd. By binding to Cd, MTs 

competitively inhibit the deleterious interactions Cd may have with nucleophilic centers 

on cellular macromolecules. The theory explaining toxicity of Cd in tissues is described 

by a "spill-over hypothesis" which states that Cd toxicity occurs when the levels of Cd 
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have overwhelmed the buffering capacity of intracellular ligands (primarily MTs ). In a 

study in which juvenile rainbow trout were exposed to extremely low Cd doses 

(0.03f.1M), it was shown that the gills have a poor ability to synthesize MTs following 

exposure relative to the liver and kidney (Hollis et al., 2001). This poor MT-induction 

was assessed as a high ratio of [Cd]:[MTs] in gill (>3) compared to the kidney in which 

MT levels (ratio=1) was just enough to offer protection from Cd toxicity, while the 

ratios for the liver were well below 1 suggesting adequate protection was provided. This 

phenomenon has also been reported in carp continuously exposed to sublethal 

concentrations of Cd (De Smet & Blust, 2001). The degree ofMT-induction in treated 

relative to control fish were much higher in the kidney compared to the gills. However, 

there was no de novo MT -induction detected in livers of treated fish, while the 

constitutive level of MTs in the liver and kidney of control fish were already nearly 5 

times that of the gill and kidney on a per weight basis. Lack of MT -induction in the 

liver suggests that the already high background levels of liver MTs were adequate to 

bind all free Cd, thereby attenuating any Cd-induced de novo MT synthesis. This theory 

is supported by Stromberg et al. (1983), who found that the liver was the only potential 

target tissue analyzed that did not exhibit any lesions in Cd-exposed fathead minnow. 

Likewise, the protection offered by a strong MT response in the fish kidney relative to 

the gill (DeSmet & Blust, 2001; Hollis et al., 2001) may explain the less severe lesions 

seen in the kidney (Stromberg et al., 1983). The ability of a tissue to protect itself by 

MT -induction is negatively correlated with the sensitivity to Cd toxicity observed by 

Stromberg et al. ( 1983) which were in the order of most sensitive gill> kidney> liver. 

This trend is consistent with the dose-dependent induction of hsp70 observed in our 

results in zebrafish larvae in which the gill expressed hsp70 and hsp70-eGFP at the 
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lowest Cd NOAEC=0.2mM Cd, while the highest dose (125J.tM) was needed before 

induction in the liver and kidney was detected. 

Induction of hsp70 and hsp70-eGFP was also detected in the skin 

(NOAEC=0.2J!M Cd), olfactory organ (mid=5J!M Cd), and epithelium lining the 

anterior digestive tract (high=125J.lM Cd) (Table 3.1). Similar to gills and lateral line, 

this sensitivity may be due to the direct exposure to Cd in the water, some tissue specific 

factor, or a combination of the two. The fish olfactory organ is composed of two 

cavities each surrounded by a rosette that is comprised of macroscopic lamella covered 

with ciliated chemosensory cells and have been well described for adult and larval 

zebrafish (Weth et al., 1996; Barth et al., 1996). In exposed pike, the sensory cell-rich 

rosettes have been shown to selectively accumulate Cd, which is then transported 

proximally up the olfactory nerve ( Gottofrey & Tjalve, 1991 ). The chemoreceptor cells 

of the rosette are the likely target of metal exposure in the olfactory organ and toxicity in 

these cells have been reported following exposure to inorganic mercury 

(Trychomycterus brasiliensis, Oliveira-Ribeiro et al., 1995), copper (rainbow trout, 

Julliard et al., 1996), and nickel (pike, Tallkvist et al., 1998). Due to this sensitivity of 

these cells to other metals, it is probable that Cd has a similar effect in olfactory organs 

of zebrafish larvae. Though hsp70-eGFP is expressed in a rosette pattern in the 

olfactory organ of Cd-exposed zebrafish (Figure 3.10,D), it is not clear which cells are 

responsible. 

The lateral line neuromasts also exhibited hsp70 and hsp70-eGFP expression 

(Figure 3.10), though the dose-dependency was not investigated. The lateral line (LL) 

organ of fish is made up of clusters of mechanosensory cells embedded in skin of the 
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trunk (posterior LL) and the head region (anterior LL ), and their anatomy and 

morphology have been previously described in zebrafish embryos (Gompel et al., 2001) 

and larvae (Metcalfe et al., 1985; Alexandre & Ghysen, 1999). Though the lateral line 

has not previously been demonstrated as a target of Cd toxicity, other authors have 

reported toxicity of this organ following exposure to different heavy metals. Janssen 

(2000) reported the selective toxicity of water-borne cobalt to the lateral line system in 

Mexican cavefish after exposure for 3hrs to water containing 2mM cobalt This 

exposure regime is very similar to the 3 hr pulse exposure used in our study. 

Additionally, the 2mM cobalt dose was non-lethal after the 3 hr exposure but was acutely 

toxic after longer exposure, roughly equivalent in impact to our high Cd dose of 125~M. 

Additionally, the lateral line of rainbow trout displayed necrosis following exposure to 

both lead and zinc (Haider, 1979). The lateral line neuromasts are directly exposed to 

metals in the water and, like the olfactory epithelium, are composed of highly 

specialized sensory cells which may have a heightened sensitivity to water-borne toxins 

including Cd. This is supported by a study in which the uptake of a vital dye 

administered via the water to zebrafish larvae was restricted to only the olfactory 

epithelium and lateral line neuromasts (Alexandre & Ghysen, 1999). This selective 

uptake by both olfactory and neuromast cells suggest these tissues share in common an 

apical uptake mechanism (at least for the dye) and may also be true for Cd though this 

has not been investigated. However, our results showing specific induction of hsp70 in 

neuromast cells in zebrafish larvae suggest that these cells are indeed affected by Cd. 

An interesting temporal pattern of expression of hsp70-eGFP was observed at 8, 

16, and 24hr of recovery following a 3hr exposure to 125~M Cd (Figure 3.11). 
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Expression was first detected in the skin, gill, and olfactory region (8hr), followed by the 

liver (16hr) and finally the twin pronephric ducts of the kidney (24hr). Such a temporal 

pattern could suggest that hsp70 is first expressed in tissues that are routes of exposure 

(gills, skin, olfactory), followed by metabolic organs (liver), and finally by organs of 

excretion (kidney). However, using in situ hybridization the mRNA transcripts of 

endogenous hsp70 were detected in all of the gill, skin, olfactory, liver and pronephros 

after only a 3hr pulse exposure to 125f,lM Cd (Figure 3.8). This observation leads to the 

conclusion that absorption and tissue distribution is rapid following exposure to Cd (by 

3hr in this study) and agrees well with similar findings previously reported for zebraftsh 

(Glynn, 1996). If it is assumed that transcription of the reporter construct mimics 

endogenous hsp70, then it would be expected that translation into eGFP (and Hsp70) 

would also occur within the same period. Under this scenario, eGFP should have 

appeared in all the same tissues at similar time points but our observation of Cd

expeosed transgenic larvae suggests that this is not the case. How can this apparent lag 

of eGFP appearance in different tissues be explained assuming transcription is occurring 

in all tissues immediately following exposure? One possibility is that translation is 

starting at different times in the given tissues and is following the peaks of maximum 

mRNA levels. Various sources have shown that peak synthesis of hsp70 mRNA and 

protein show a substantial lag following exposure to chemical stress compared to heat 

shock. In a study using cultured cells, continuous exposure to both heat shock and 

sodium arsenite resulted in hsp70 mRNA detected in as little as lhr of exposure but 

maximum transcription (mRNA peaks) occurred between 1-1.5hr for heat shock and 

only after --12hr for arsenite (Darasch et al., 1988). Likewise maximum Hsp70 

synthesis following heat shock occurred at 2hr while much later for the arsenite 
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treatment (between 12-24hr). Several other authors have reported a similar lag in hsp70 

peak transcription and translation following chemical stress compared to heat shock 

(Jacquier-Salin et al., 1995; Shuman & Pryzbyla, 1988) and therefore our observation is 

not without precedent. The delayed appearance ofHsp70 reported in the literature (from 

12-24hrs post treatment) is in the same time range as observed for eGFP in zebrafish 

larval tissues and may at least partially explain the lag period for Cd-induced eGFP 

synthesis. Additionally, it is possible that hsp70-eGFP mRNA levels peak at different 

times in the various zebrafish larval tissues following Cd exposure and therefore peak 

synthesis of eGFP would also occur at different time points. Such differences in peak 

gene transcription could be due to routes of exposure (e.g. gill, skin and olfactory are 

directly exposed to Cd via the water and therefore show more rapid hsp 70-eGFP 

induction), tissue specific sensitivities (e.g. gill and skin more sensitive to Cd toxicity so 

shows peak early than more resistant tissues such as liver and kidney), or due to 

redistribution of tissue bound Cd to the liver and kidney (i.e. accumulation of Cd later 

could correspond to a lag in peak hsp70-eGFP transcription). In order to further study 

this phenomena it would be necessary to conduct parallel time course assays for both 

hsp70 and eGFP mRNA and protein following Cd exposure. However, since the 

kinetics of hsp70-eGFP transcription and translation were not investigated in detail in 

this thesis, it is impossible to precisely explain the temporal pattern of hsp 70-eGFP 

expression observed following Cd exposure. 

4.4.2 Induction of hsp70 by Arsenic 

Expression of hsp70 in As-exposed zebrafish larvae was dose-dependent (Figure 

3.12) but unlike Cd, As did not cause induction at the lowest no effect dose (67J.tM). 

Due to technical difficulties during sample processing, only the high dose As treatment 
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was sectioned and assessed for tissue expression. The tissues expressing hsp70 

following the high As dose of 4004~-tM were gill, skin, digestive tract epithelium (all 

42/42 larvae), olfactory organ (37/42), and liver (9/42) as observed in serial sections 

(not shown). Although not included in the results section of this thesis, a prelimenary 

investigation of As exposure in transgenic larvae revealled that hsp70-eGFP was 

expressed in these same tissues. Several of these tissues have been shown to be 

potential target organs of As exposure in fish. It is believed that soluble compounds of 

As (III and V oxidation states) are readily absorbed from tissues of direct exposure and 

can have acute toxicity in these locations. Like Cd, the gill is a likely route of 

absorption of water born metals and has been shown to both accumulate As and undergo 

necrosis and sloughing following acute exposure to As (Sorensen et al., 1979). 

Additionally, fathead minnow exposed to As (as sodium arsenite, As(III)) were observed 

to rapidly synthesize stress proteins, including Hsp70, in the gill tissue (Dyer et al., 

1993). In this study, hsp70 protein was detected after a relative short exposure (2hr of 

continuous exp.) which is similar to our finding of hsp70 mRNA in the gill of zebrafish 

larvae following a 3hr pulse exposure. The authors also detected significant levels of 

hsp70 protein synthesis in the striated muscle after a continuous 8hr exposure. We did 

not detect any hsp70 transcripts in muscle tissue, but longer periods of continuous 

exposure were not investigated and is likely needed for redistribution of As to muscle. 

The olfactory organ has not been specifically demonstrated to accumulate As although 

olfactory tissues have shown the ability to uptake Cd and other metals and this may also 

be true for As. Additionally, rainbow trout exposed to As (as arsenite, As(III)) displayed 

necrosis of the olfactory region (Rankin and Dixon, 1994) suggesting that the olfactory 

hsp70 expression detected following in zebrafish was likely due to As toxicity. The 
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digestive tract of fish has also been shown to be a target of As (as arsenate, As(V)) due 

to direct exposure of swallowed water and from As excreted in bile (Eisler, 1994). 

Exposure form these routes have been shown to result in extensive sloughing of the 

digestive tract mucosal epithelium (Sorensen et al., 1979; Cockell & Bettger; 1993). 

The liver is a major accumulator of As in exposed fish and has displayed As-induced 

toxic effects varying in severity from minor histochemical changes to steaosis and 

necrosis (Eisler, 1994). The liver is also the site of As methylation, which is believed to 

act as a mechanism of As detoxification and may possibly provide the liver with some 

level of cytotoxic protection from As. In our study, the liver was the tissue that 

expressed hsp70 in the lowest proportion of larvae (only 9/42) and this may reflect a 

greater resistance of the liver to As-toxicity relative to other tissues. Since our pulse 

exposure to As was relatively short (3hr), the lower sensitivity of hsp70 in the liver may 

also reflect an early stage of As kinetics at a point when the liver has not yet received the 

bulk of redistributed As. 

The lower acute toxicity of As relative to Cd has been reported here and

elsewhere and may partially explain this observation. 
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5.0 Conclusions and Future Directions 

The overall goal of this thesis was to determine if expression of hsp 70 and a 

reporter construct hsp70-eGFP could be used as biomarkers of toxic exposure using 

zebrafish larvae as a model. In the process of testing this hypothesis, several 

conclusions were arrived at. 

( 1) hsp 70 is constitutively expressed in the developing zebrafish lens. 

Before studying the effects of toxin-induced expression, it was first necessary to 

investigate the normal expression pattern of hsp70 expression during the embryonic and 

larval periods of zebrafish. It was found that hsp70 was not expressed at any time 

during the first four days of development (0-96hpt) except for a brief window of 

expression in the developing embryonic lens (-28-42hpt). This lens hsp70 expression is 

not stress-induced but rather constitutive and likely functions in the proper development 

of the lens (e.g. regulate attenuated apoptosis during lens cell differentiation). 

Experiments are currently being conducted in our lab to investigate the effects of 

blocking hsp70 expression during embryogenesis using morpholinos (i.e. injection of 

hsp 70 antisense oligonucleotides) and may help to further understand the developmental 

role of hsp 70. 
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(2) Expression of the reporter gene hsp70-eGFP mimics endogenous hsp70. 

Transgenic zebrafish embryos and larvae encoding hsp70-eGFP displayed 

expression patterns similar to endogenous hsp70 both under non-stressed conditions (i.e. 

lens expression) and following heat shock (i.e. diffuse expression throughout). These 

results indicate that monitoring expression of the promoter driven hsp70-eGFP gene is a 

rapid and reliable method to study toxin-induced hsp70 expression in vivo. 

(3) The acute toxicity of Cd and As to early life stage zebrafish followed a predictable 
dose-response relationship with Cd toxicity up to 2-3 orders of magnitude greater 
than for As. 

Before investigating the effects of Cd and As on hsp 70 expression, acute toxicity 

tests were conducted. A preliminary range-finding study determined that post-hatch 

zebrafish larvae were much more sensitive to Cd toxicity compared to the embryonic 

stage. The greater resistance of fish embryos to toxic compounds has been previously 

reported and has been attributed primarily to the protective effects of the chorion. 

Detailed 96hr acute toxicity tests for Cd (as CdCh) and As (as sodium arsenite, Asiii) 

were conducted on post-hatch zebrafish larvae. Cd was much more toxic than As by 

comparing both the LCso (83X) and multiple effects ECso ( 528X). The greater relative 

toxicity of Cd compared to As has been previously reported for many fish species and 

other animal models. The primary non-lethal gross effects exhibited in Cd and As 

exposed larvae (edema, spinal deformities, immobility) have been also observed for 

several other chemicals and are therefore thought to be generalized toxic responses 

rather than specific to Cd or As. The Cd and As toxicity followed predictable dose-

response relationships for both mortality as well as combined toxic effects suggesting 

the zebrafish larvae is a good model for studying acute toxicity of these compounds. 
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(4) Cd and As induced hsp70 and hsp70-eGFP expression in a dose-dependent and 
tissue-specific manner. 

In order to investigate the effects of Cd and As on hsp70 expression, both wild-

type and transgenic zebrafish larvae were exposed to a short 3hr pulse of Cd at three 

different doses chosen to cover the entire acute dose-response range from the NOAEC 

(0.2f.1M Cd) to 100% lethality (125f.1M Cd). Both endogenous hsp70 and reporter 

hsp70-eGFP were detected in the gill, skin, olfactory organ, digestive tract, liver and 

kidney. All of these tissues are either accumulators or target tissues of Cd exposure in 

fish and other animal models. Additionally, hsp70 and hsp70-eGFP exhibited dose-

dependent expression with the tissues expressing at the lowest doses (gill, skin, 

olfactory) thought to be more sensitive while those expressing only at high doses (liver 

·and kidney) believed to have greater resistance to Cd toxicity. This data strongly 

supports the hypothesis that hsp70 is a biomarker for cellular toxicity following Cd 

exposure. However, this thesis did not investigate whether hsp70 expression offered 

protection from Cd in such tissues or was rather a downstream result of secondary 

toxicity. Investigations using methods for determining cytoxicity (e.g. histopathology, 

apoptosis assays, etc.) would be useful to elucidate the function of tissue-specific hsp70 

expression following Cd exposure. Additionally, it would be interesting to conduct 

functional studies on surviving larvae at later developmental stages do determine if any 

of the tissues expressing hsp70 suffered permanent effects manifested in later life. Due 

to technical difficulties, fewer conclusions can be drawn from the As-exposures 

however, there was some evidence that like Cd, As caused dose-dependent hsp70 

expression. This expression was localized to potential target tissues of As exposure 
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(gill, skin, liver, digestive tract, olfactory) and further strengthens our hypothesis, that 

hsp 70 expression is a biomarker of toxicity. Exposure to toxins with different routes of 

absorption and systemic targets (e.g. methyl mercury targets the CNS vs inorganic 

mercury which would act similarly to Cd), and different chemical classes would be 

useful to further test this hypothesis. 

Expression of the reporter gene hsp 70-eGFP was shown to mimic endogenous 

hsp70 under both non-stressed conditions (i.e. constitutive lens expression), following 

heat shock, and after exposure to Cd. Due to the convenience of detection relative to in 

situ hybridization and the reliability in reporting on hsp70 expression under a number of 

conditions, hsp70-eGFP is a useful method to investigate in vivo induction of hsp70 

following exposure to toxic compounds in transgenic zebrafish. In order to fully utilize 

this tool to study temporal patterns of toxicant-induced expression, it may be useful to 

first conduct detailed investigations of the kinetics of expression for both hsp70-eGFP as 

well as hsp70. Since hsp70-eGFP expression can be detected in living embryos/larvae, 

the same fish can be followed through to later life stages and may be particularly useful 

in studying whether toxic exposures during development manifest at later life stages. 
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7.0 Appendix A 

The following pages include the original raw data for the initial range-finding 

study with cadmium on embryos and larvae, the detailed larval acute toxicity study with 

cadmium and arsenic, and the counts for tissues expressing hsp70 and hsp70-eGFP. 
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Table Al. Initial Range-finding 96 hr Acute Toxicity Test for Cadmium on Zebrafish Embryos 

Mortality Corrected Delayed Hatching at 72hpf 
Dose Rep. Mortality* 

(JAM As) Count Rep.% Avg. % SEM Avg.% #Unhatched %of Survivors Avg. % SEM 

1 2 6.7 0 0.0 
0 2 1 3.3 5.6 1.1 0.0 0 0.0 0.0 0.0 

3 2 6.7 0 0.0 

1 I 3.3 0 0.0 0.0 

1 2 1 3.3 5.6 2.2 0.0 0 0.0 0.0 

3 3 10.0 0 0.0 

1 3 10.0 3 11.1 
5 2 0 0.0 5.6 2.9 0.0 2 6.7 5.6 3.2 

3 2 6.7 0 0.0 

1 2 6.7 10 35.7 
25 2 1 3.3 10.0 5.1 4.7 11 37.9 26.2 6.7 

3 6 20.0 4 16.7 

1 15 50.0 7 46.7 
125 2 21 70.0 62.2 6.2 60.0 7 77.8 48.3 9.9 

3 20 66.7 5 50.0 

Each replicate consisted of 30 larvae and the number of larvae per treatment replicate positive for a given endpoint are shown under 
the "Counts" column. The "Rep.%" column is the proportion of the endpoint "Counts" expressed as a percentage. The "Avg. %" 
column represented the average of the three replicates along with the standard error of the mean "SEM". The number of embryos 
unhatched at 72hpf are given under the "# Unhatched~' column and is expressed as a percent of the surviving embryos, "% of 
Survivor". The"*" indicates the average percent mortality corrected for control-group deaths using Abbot's Formula (OECD, 1998). 
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Table A2. Initial Range-finding 96 hr Acute Toxicity Test for Cadmium on 72hpfZebrafish Larvae 

Mortality, Trunk 

Treatment Replicate Mortality Trunk Abnormality Edema Abnormality, or 
Dose Edema* 

(JAM Cd) Count Rep.% Av~.% SEM Count Rep.% Avg. % SEM Count Rep.% Av~.% SEM Count Rep.% Avg.% SEM 

1 0 0.0 0 0.0 0 0.0 0 0.0 
0 2 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 

3 0 0.0 0 0.0 0 0.0 0 0.0 

1 0 0.0 0 0.0 0 0.0 0 0.0 
0.2 2 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 

3 0 0.0 0 0.0 0 0.0 0 0.0 

1 0 0.0 4 13.3 5 16.7 9 30.0 
1 2 1 3.3 2.2 1.1 4 13.3 16.7 2.2 5 16.7 15.0 1.1 10 33.3 33.3 1.9 

3 1 3.3 6 20.0 4 13.3 11 36.7 

1 6 20.0 2 6.7 14 46.7 22 73.3 
5 2 0 0.0 6.7 6.7 4 13.3 16.7 5.9 20 66.7 51.7 5.8 24 80.0 78.9 2.9 

3 0 0.0 8 26.7 17 56.7 25 83.3 

1 11 36.7 3 10.0 15 50.0 29 96.7 
25 2 5 16.7 23.3 6.7 3 10.0 15.0 3.3 19 63.3 55.0 4.0 27 90.0 94.4 2.2 

3 5 16.7 6 20.0 18 60.0 29 96.7 

1 30 100.0 0 0.0 0 0.0 30 100.0 
125 2 30 100.0 100.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 30 100.0 100.0 0.0 

3 30 100.0 0 0.0 0 0.0 30 100.0 

Each replicate consisted of 30 larvae and the number of larvae per treatment replicate positive for a given endpoint are shown under 
the "Counts" column. The "Rep.%" column is the proportion of the endpoint "Counts" expressed as a percentage. The "Avg.%" 
column represented the average of the three replicates along with the standard error of the mean "SEM". "*" indicates larvae 
exhibiting any of the three endpoints (Mortality, Trunk Abnormality, or Edema) within a replicate for a given treatment dose. 
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Table A3. Endpoint Counts per Replicate for the 96hr Acute Toxicity Test for Cadmium on 72hpf Zebrafish Larvae 

Treatment Mortality Trunk Abnormality Edema Mortality, Trunk 
Dose Replicate Abnormality, or Edema* 

(p.MCd) Count Rep.% Avg.% SEM Count Rep.% Avg.% SEM Count R~.% Avg.% SEM Count Rep.% Avg.% SEM 

1 0 0.0 0 0.0 0 0.0 0 0.0 
0 2 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 

3 0 0.0 0 0.0 0 0.0 0 0.0 
1 0 0.0 0 0.0 0 0.0 0 0.0 

0.2 2 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 

3 0 0.0 0 0.0 0 0.0 0 0.0 

1 0 0.0 3 15.0 0 0.0 3 15.0 
0.5 2 0 0.0 0.0 0.0 2 10.0 17.5 2.9 0 0.0 0.0 0.0 2 10.0 15.0 2.9 

3 0 0.0 4 20.0 0 0.0 4 20.0 
1 0 0.0 7 35.0 3 15.0 10 50.0 

1 2 0 0.0 0.0 0.0 7 35.0 32.5 1.7 1 5.0 7.5 4.4 8 40.0 40.0 5.8 
3 0 0.0 6 30.0 - 0 0.0 6 30.0 
1 2 10.0 5 25.0 7 35.0 14 70.0 

2.5 2 1 5.0 5.0 2.9 4 20.0 30.0 4.4 6 30.0 30.0 2.9 11 55.0 61.7 4.4 
3 0 0.0 7 35.0 5 25.0 12 60.0 
1 3 15.0 7 35.0 8 40.0 18 90.0 

5 2 8 40.0 28.3 7.3 3 15.0 27.5 6.0 6 30.0 37.5 2.9 17 85.0 86.7 1.7 
3 6 30.0 4 20.0 7 35.0 17 85.0 
1 6 30.0 2 10.0 8 40.0 16 80.0 

20 2 15 75.0 61.7 15.9 0 0.0 5.0 3.3 2 10.0 25.0 10.0 17 85.0 85.0 2.9 
3 16 80.0 0 0.0 2 10.0 18 90.0 
1 12 60.0 3 15.0 4 20.0 19 95.0 

80 2 18 90.0 76.7 8.8 1 5.0 17.5 4.4 1 5.0 10.0 6.0 20 100.0 98.3 1.7 
3 16 80.0 4 20.0 0 0.0 20 100.0 
1 20 100.0 0 0.0 0 0.0 20 100.0 

125 2 20 100.0 100.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 20 100.0 100.0 0.0 
3 20 100.0 0 0.0 0 0.0 20 100.0 

Each replicate consisted of 20 larvae and the number of larvae per treatment replicate are shown under the "Counts" column. The 
"Rep.%" column is the proportion of the endpoint "Counts" expressed as a percentage. The "Avg. %" column represented the average 
of the three replicates along with the standard error of the mean "SEM". "*" indicates larvae exhibiting any of the four endpoints 
(Mortality, Trunk Abnormality, Immobility, or Edema) within a replicate for a given treatment dose. 

....-4 

....-4 

....-4 



Table A4. Endpoint Counts per Replicate for the 96hr Acute Toxicity Test for Arsenic on 72hpf Zebrafish Larvae 

Dose Rep. Mortality Trunk Abnormality Edema Immobility All Endpoints* 

(1-tM As) Count Rep.% Avg. % SEM Count Rep.% Avg. % SEM Count Rep.% Avg. % SEM Count Rep.% Avg. % SEM Count Rep.% Avg. % SEM 

1 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 
0 2 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 

3 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 

1 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 
67 2 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 

3 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 

1 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 
134 2 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 1.7 1.7 0 0.0 1.7 1.7 

3 0 0.0 0 0.0 0 0.0 1 5.0 1 5.0 
1 0 0.0 0 0.0 0 0.0 0 0.0 0 0.0 

400 2 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 0.0 3.3 3.3 0 0.0 3.3 3.3 

3 0 0.0 0 0.0 0 0.0 2 10.0 2 10.0 

1 1 5.0 1 5.0 1 5.0 1 5.0 4 20.0 
667 2 2 10.0 6.7 1.7 0 0.0 2.5 1.7 1 5.0 5.0 0.0 1 5.0 6.7 1.7 4 20.0 20.0 0.0 

3 1 5.0 0 0.0 I 5.0 2 10.0 4 20.0 
1 7 35.0 4 20.0 0 0.0 5 25.0 16 80.0 

1335 2 9 45.0 48.3 8.8 2 10.0 17.5 2.9 0 0.0 0.0 0.0 4 20.0 16.7 6.0 15 75.0 80.0 2.9 
3 13 65.0 3 15.0 0 0.0 1 5.0 17 85.0 
1 11 55.0 1 5.0 0 0.0 4 20.0 16 80.0 

2002 2 14 70.0 56.7 7.3 2 10.0 12.5 4.4 0 0.0 10.0 6.7 3 15.0 11.7 6.0 19 95.0 86.7 4.4 
3 9 45.0 4 20.0 4 20.0 0 0.0 17 85.0 
1 20 100.0 0 0.0 0 0.0 0 0.0 20 100.0 

2670 2 12 60.0 76.7 12.0 0 0.0 7.5 5.0 0 0.0 0.0 0.0 6 30.0 15.0 8.7 18 90.0 96.7 3.3 
3 14 70.0 3 15.0 0 0.0 3 15.0 20 100.0 
1 19 95.0 0 0.0 0 0.0 1 5.0 20 100.0 

3337 2 18 90.0 95.0 2.9 0 0.0 0.0 0.0 2 10.0 0.0 3.3 0 0.0 1.7 1.7 20 100.0 100.0 0.0 
3 20 100.0 0 0.0 0 0.0 0 0.0 20 100.0 

Each replicate consisted of 20 larvae and the number of larvae per treatment replicate are shown under the "Counts"' column. The 
"Rep.%" column is the proportion of the endpoint "Counts" expressed as a percentage. The "Avg.%" column represented the average 
of the three replicates along with the standard error of the mean "SEM". "*" indicates larvae exhibiting any of the four endpoints 
(Mortality, Trunk Abnormality, Immobility, or Edema) within a replicate for a given treatment dose. 
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Table A5. Counts for Larvae Expressing hsp70 or hsp70-eGFP in a Tissue and Fisher's Exact Test Probabilities 

Total Larvae Tissue 
Number of Larvae Positive for Expression 

Probability Level at which the 
Larvae Type Treatment 

per Group Expressing Treated Control Group Null Hypothesis is Accepted 
+ - + -

pronephros 10 6 0 10 0.002329936 

125J.tMCd 16 liver 12 4 0 10 0.000256978 
olfactory 16 0 0 10 1.88262E-07 
!Z;ill,skin 16 0 0 10 1.88262E-07 

Transgenic olfactory 15 0 0 10 3.05926E-07 

5~MCd 15 gill 15 0 0 10 3.05926E-07 
skin 15 0 0 10 3.05926E-07 
liver 2 13 0 10 p>0.05 

0.2~MCd 12 gill 11 1 0 10 1.85573E-05 
skin 12 0 0 10 1.54644E-06 I 

gill 34 1 0 45 8.11736E-22 l s...,Mcd 35 olfactory 32 3 0 45 3.182E-19 
skin 28 7 0 45 2.6622E-15 

di!Z;estive tract 3 32 0 45 p>0.05 

0.2~MCd 41 gill 41 0 0 45 1.65173E-25 

Wild Type skin 36 5 0 45 3.88002E-19 
pronephros 35 10 0 45 3.42945E-16 

liver 44 1 0 45 4.52674E-25 

I 125~MCd 45 gill 45 0 0 45 9.63137E-27 
olfactory 45 0 0 45 9.63137E-27 

skin 45 0 0 45 9.63137E-27 
digestive tract 45 0 0 45 9.63137E-27 

gill 42 0 0 45 7.97388E-26 
skin 42 0 0 45 7.97388E-26 

Wild Type 4004~MAs 42 digestive tract 42 0 0 45 7.97388E-26 
olfactory 37 5 0 45 1.87311E-19 

liver 9 31 0 45 0.001111677 

The number of larvae per treatment group that were positive for expression of hsp70 (mRNA or reporter) in a given tissue were 
compared to the relevant control groups and the Fisher's Exact Probability of a difference was calculated. Tissue expression in wild 
type larvae were assessed from serial sections while living transgenic larvae were observed under fluorescent microscopy. 
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