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Zebrafish (Brachydanio rerio) are small, freshwater teleost fishes in the family 

Cyprinidae, the true minnows.  They are native to the tropical latitudes of India, but 

have become widespread through their use as aquarium fish and as models for several 

branches of biological research.  Their ease of rearing, short generation time, year- 

around egg laying potential, brief developmental period, and embryo transparency 

have made them especially desirable as models for developmental biology, genetics, 

and neurobiology.  Because of their popularity, they were also the first small 

aquarium fish to be used as test organisms for carcinogenesis in the early 1960's. 

For reasons that have never been stated, their use as a model for carcinogenesis 

research did not continue.  Due to the number of positive characteristics that this 

species has, the goal of this research effort was to systematically evaluate the potential 

of zebrafish for use as an environmental monitor, to evaluate the toxicology and 



carcinogenesis of surface and/or ground waters.  The overall project was 

multidisciplinary in nature, but the focus of this thesis research was on the whole 

animal, dose-response to a number of well-known carcinogens, administered by 

multiple exposure routes, and the pathological description of the resulting lesions. 

Exposure to N-nitrosodiethylamine (DEN) and N-nitrosodimethylamine (DMN) in the 

diet was ineffective, but static water bath exposure of fry and embryos to these 

nitrosamines resulted in neoplasms, primarily in the liver.  Embryo exposure to DEN 

resulted in a low response of neoplasms in several other organs as well.  Dietary 

exposure of zebrafish to aflatoxin B, resulted in few hepatic neoplasms, revealing a 

marked resistance to this carcinogen.  Dietary exposure to methylazoxymethanol 

acetate (MAM-Ac) produced mostly liver tumors, as did both fry and embryo water 

bath exposures.  Each water bath exposure also produced neoplasms at other tissue 

and organ sites, but the embryo stage produced the greatest variety.  These results 

demonstrate a relative resistance to neoplastic development compared to the well- 

known rainbow trout model.  But in one comparative trial, zebrafish were similar to 

Japanese medaka in their response to dietary MAM-Ac.  The major limitation of this 

species, that will prevent its use as a model for environmental monitoring, however, 

is its narrow range of temperature tolerance.  Temperatures below 150C produce 

marked sluggishness, and below 10-12oC cause anesthesia and death.  Therefore, this 

research indicates that this species is not as versatile as some other small fish species 

for laboratory and especially field monitoring of environmental carcinogenic hazards. 



Copyright by Hsi-Wen Tsai 
July 9, 1996 

All Rights Reserved 



EVALUATION OF ZEBRAFISH (BRACHYDANIO RERIO) 

AS A MODEL FOR CARCINOGENESIS 

by 

Hsi-Wen Tsai 

A THESIS 

submitted to 

Oregon State University 

in partial fulfillment of 

the requirements for the 

degree of 

Doctor of Philosophy 

Completed July 9, 1996 

Commencement June, 1997 



Doctor of Philosophy thesis of Hsi-Wen Tsai presented on July 9. 1996 

APPROVED: 

Major Professcnr, representing Food Science and Technology 

 -^e -* fc "-^r-   i- 

Cbmr of Food Science and Technology 

Dean of Gradua^School 

I understand that my thesis will become part of the permanent collection of Oregon State 
University libraries. My signature below authorizes release of my thesis to any reader 
upon request. 

\,iflp' v v u* fr ~\^ ••-&- 

Hsi-Wen Tsai, Author 



ACKNOWLEDGMENT 

I would like to thank my parents for their encouragement and financial support 

during my graduate studies in the United States.  I also want to thank the many other 

people who contributed to this project. In particular, Dr. Jerry Hendricks for assisting 

me in every way possible, Dr. George Bailey for initially accepting me into the food 

toxicology group, Dr. Jerry Heidel for the many hours reading pathological slides 

with me, Dr. Olaf Hedstrom for instructing me in the use of the electron microscope, 

Dr. Jan Spitsbergen for assistance with reading pathological slides, Dr. Ashok Reddy 

for DEN and DMN preparation, and Dr. Cliff Pereira for doing the statistical 

analyses on the quantitative data.  I also thank Dan Arbogast for computer data 

organization and experimental assistance and Pearl Doolin, office secretary, for typing 

and editing my thesis.  I greatly appreciate the contributions to this work made by the 

staff of the Food Toxicology and Nutrition Laboratory including Sheila Cleveland, 

Chance Macdonald, Jean Bamhill, and Connie Owston for assistance with necropsy 

and slide preparation, Tom Miller for fish care and feeding, and Greg Gonnerman, 

Ted Will, and Dwayne King for general assistance and friendship. I also thank Dr. 

David Williams, Dr. Larry Burt, and Drs. Heidel and Hedstrom for serving on my 

graduate committee and giving guidance during my graduate studies.  I acknowledge 

the financial support provided through a contract from the U.S. Army, DAMD 17- 

91Z1043, and additional support through the Marine/Freshwater Biomedical Center 

grant, ES03850, and the Environmental Health Sciences Center grant, ES00210. 

Finally, thanks to all my friends who helped make my time at Oregon State more 

enjoyable. 



CONTRffiUTION OF AUTHORS 

Dan Arbogast exposed zebrafish fry to static water solutions of DEN, DMN 

and MAM-Ac.  He also designed the aquarium fish room, determined what water 

supply modifications were required for successful zebrafish culture, and instructed me 

in the use of personal computers for data manipulation.  Dr. Ashok Reddy exposed 

zebrafish embryos to DEN and MAM-Ac, and provided DEN and DMN for dietary 

exposures.  Dr. Jan Spitsbergen examined all the slides from the embryo exposures 

and classified the resulting tumors.  Dr. Jerry Hendricks originally designed the 

experiments, consulted with me on lesion identification and made major contributions 

to writing and correcting the thesis and the manuscripts contained therein. 



TABLE OF CONTENTS 

Page 

CHAPTER 1: INTRODUCTION     1 

CHAPTER 2:  THE CARCINOGENIC RESPONSE OF ZEBRAFISH 
Brachydanio rend) TO N-NTTROSODIETHYLAMINE AND 
N-NTTROSODIMETHYLAMINE BY THREE EXPOSURE ROUTES   . 6 

ABSTRACT  7 
INTRODUCTION  8 
MATERIALS AND METHODS  10 
RESULTS      14 
DISCUSSION  45 
REFERENCES      49 

CHAPTER 3:  THE CARCINOGENICITY OF DIETARY AFLATOXIN 
B, TO ZEBRAFISH {Brachydanio danio) AND THE EFFECTS 
OF POSTINTTIATION DEHYDROEPIANDROSTERONE  54 

ABSTRACT  55 
INTRODUCTION  56 
MATERIALS AND METHODS  59 
RESULTS      61 
DISCUSSION  74 
REFERENCES      78 

CHAPTER 4:  THE CARCINOGENICITY OF METHYL- 
AZOXYMETHANOL ACETATE TO ZEBRAFISH 
{Brachydanio rerio) with a comparison to Japanese 
medaka {Oryzias latipes)     81 

ABSTRACT  82 
INTRODUCTION  83 
MATERIALS AND METHODS  84 
RESULTS      87 
DISCUSSION  129 
REFERENCES      132 

CHAPTER 5:   CONCLUSIONS  134 
SUMMARY     135 
REFERENCES      138 

BIBLIOGRAPHY  139 



LIST OF FIGURES 

Figure Page 

2.1 Normal liver from control zebrafish      18 

2.2 An area of cytotoxicity in the liver of a zebrafish 
exposed to 1500 ppm DEN as a fry      21 

2.3 An eosinophilic focus in the liver of a zebrafish 
exposed to 1000 ppm DEN by fry exposure      22 

2.4 A basophilic focus from the liver of a zebrafish 
exposed to 1500 ppm DEN by fry bath      23 

2.5 A focus of clear cells in the liver of a zebrafish 
exposed to 1500 ppm DMN as a fry      24 

2.6 A portion of a basophilic hepatocellular adenoma 
in a zebrafish exposed to 1500 ppm DMN as a fry bath      25 

2.7 A portion of a large hepatocellular carcinoma in a 
zebrafish exposed to 1000 ppm DEN by fry bath      26 

2.8 A small cholangiocellular adenoma in a zebrafish 
exposed to 2500 ppm DMN as a fry      27 

2.9 A portion of a large cholangiocellular carcinoma in 
a zebrafish exposed to 1500 ppm DEN as a fry      28 

2.10 A large cholangiocellular carcinoma with rodlet 
cells in tubules         29 

2.11 A hemangioma in the liver of a zebrafish exposed to 
2500 ppm DMN as a fry      30 

2.12 A leiomyosarcoma in the intestinal wall of a zebrafish 
exposed to 2500 ppm DMN as a fry      31 

2.13 A small adenocarcinoma of the intestine in a 1000 ppm 
DEN, embryo-treated fish         36 

2.14 A chordoma invading the spinal chord.  Embryonic 
exposure to 1000 ppm DMN      37 



LIST OF FIGURES (Continued) 

Figure Page 

2.15 A fibrosarcoma of the operculum.  Exposure to 1000 ppm 
DEN as an embryo      38 

2.16 Greater detail of the fibrosarcoma of Fig. 2.15         39 

2.17 Chondrosarcoma of the gill in a zebrafish exposed 
to 2000 ppm DEN as an embryo         40 

2.18 Normal ultimobranchial gland in the transverse system 
between the heart and the esophagus      41 

2.19 Adenoma of the ultimobranchial gland with cross-sectional 
area over 5X normal size.  Embryonic exposure of zebrafish 
to 3000 ppm DEN      42 

2.20 Leiomyosarcoma forming a transmural mass in the 
intestine and invading adjacent peritoneum.  Embryonic 
exposure of zebrafish to 3000 ppm DEN         43 

2.21 An inverted squamous papiUoma on the anterior aspect 
of the upper jaw.   Zebrafish exposed to 3000 ppm DEN 
as an embryo         44 

3.1 Normal gill filaments from a control zebrafish          62 

3.2 Hyperplastic gill epithelium from a zebrafish fed the 
20 ppm dose of AFB,      63 

3.3 A focal area of bile duct hyperplasia along a biliary 
tract from a zebrafish fed the 30 ppm dose of AFB,      64 

3.4 An eosinophilic focus in the liver of a zebrafish fed 
20 ppm AFB, and 444 ppm DHEA         67 

3.5 A clear cell focus in a zebrafish fed 30 ppm AFB, 
and 444 ppm DHEA         68 

3.6 A small cholangiocellular adenoma in the liver of a 
zebrafish fed 30 ppm AFB,      69 



LIST OF FIGURES (Continued) 

Figure Page 

3.7 A portion of a large cholangiocellular carcinoma from 
a zebrafish fed 20 ppm AFB, and 444 ppm DHEA       70 

3.8 A basophilic hepatocellular adenoma from a fish fed 
30 ppm AFB,          71 

3.9 A portion of a large hepatocellular carcinoma in a 
zebrafish fed 20 ppm AFB,      72 

3.10 A ductal adenocarcinoma in the pancreas of a zebrafish 
fed 20 ppm AFB,         73 

4.1 Normal liver from control fish         88 

4.2 An eosinophilic focus (upper right) and two clear cell foci 
in the liver of a zebrafish exposed to 75 ppm MAM-Ac in a fry 
water bath     92 

4.3 A basophilic focus in the liver of a zebrafish exposed 
to 2000 ppm dietary MAM-Ac      93 

4.4 An eosinophilic adenoma in a zebrafish exposed to 75 ppm 
MAM-Ac in a fry water bath      94 

4.5 A higher magnification of Fig. 4.4, showing the enlarged 
hepatocytes, granular cytoplasm, and reduced glycogen compared 
to the normal tissue on the left      95 

4.6 A large hepatocellular carcinoma in a zebrafish exposed 
to 2000 ppm dietary MAM-Ac      96 

4.7 Detail of Fig. 4.6, mitotic figures are easily seen (arrow) 
and the broad hepatic tubules are clearly evident      97 

4.8 A portion of the liver from a zebrafish fed 2000 ppm 
MAM-Ac      98 

4.9 Greater detail of Fig. 4      99 

4.10 A small encapsulated cholangiocellular adenoma in a 
zebrafish fed 1000 ppm MAM-Ac       100 



LIST OF FIGURES (Continued) 

Figure Page 

4.11 A large cholangiocellular carcinoma from a zebrafish 
exposed to the 75 ppm MAM-Ac fry water bath    101 

4.12 A higher magnification photograph of the carcinoma 
in Fig. 4.11 102 

4.13 A mixed carcinoma having hepatocellular (far right) and 
biliary components intermixed    103 

4.14 A fibrosarcoma arising from the dermis of the skin, 
penetrating through the muscle wall and into the 
peritoneal cavity    105 

4.15 Higher magnification of the tumor mass in Fig. 4.14, 
showing whorls and bundles of fibroblasts       106 

4.16 A leiomyosarcoma arising in the tunica musculans of the 
intestinal wall, with mucosa at upper right       107 

4.17 Pancreatic ductal adenocarcinoma in a zebrafish fed 
2000 ppm MAM-Ac    108 

4.18 An intestinal adenocarcinoma in a zebrafish exposed 
to 2000 ppm dietary MAM-Ac       109 

4.19 A spongiosis hepatic lesion from a medaka fed the 
2000 ppm dose of MAM-Ac    Ill 

4.20 An osteosarcoma of the gill in a zebrafish exposed 
to 50 ppm MAM-Ac in a fry water bath    115 

4.21 Osteosarcoma in the scleral layer of the eye     120 

4.22 Cavernous hemangioma in the caudal peduncle     121 

4.23 Medulloepithelioma in the retina     122 

4.24 Renal tubular adenoma in trunk kidney     123 

4.25 Neurofibrosarcoma of the spine  124 



LIST OF FIGURES (Continued) 

Figure Page 

4.26 Neuroblastoma of skull  125 

4.27 Higher magnification of the neuroblastoma of Fig. 4.26  126 

4.28 Rhabdomyoma in the ventricle of the heart, surrounding 
the atrio-ventricular valve  127 

4.29 Higher magnification of the rhabdomyoma of Fig. 4.28  128 



LIST OF TABLES 

Table Page 

2.1 Carcinogenic response of zebrafish to 12-wk dietary 
DEN exposure      14 

2.2 Carcinogenic response of zebrafish to 12-wk dietary 
DMN exposure         15 

2.3 Carcinogenic response of 14-day post-hatch zebrafish 
fry exposed to static water solutions of DEN for 24 hr, and 
terminated 12 mo later      16 

2.4 Carcinogenic response of 14-day post-hatch zebrafish 
fry exposed to static water solutions of DMN, and terminated 
12 mo later      17 

2.5 Numbers of neoplastic and associated lesions of zebrafish 
taken 1 yr after a 24-hr fry-bath exposure to DEN       19 

2.6 Numbers of neoplastic and associated lesions of zebrafish 
taken 1 yr after a 24-hr fry-bath exposure to DMN      20 

2.7 Carcinogenic response of zebrafish, exposed to static 
DEN solutions as 60 hr embryos, for 24 hr and terminated 
12 mo later      33 

2.8 Neoplasia and associated lesions in zebrafish taken 1 yr 
after embryonic exposure to DEN      34 

3.1 Effect of DHEA on mortality and tumor incidence when fed 
after AFB, exposure         61 

3.2 Numbers of neoplastic and associated lesions in zebrafish 
taken after 3 mo of dietary AFB, exposure and 6 mo of dietary 
DHEA exposure      65 

4.1 Carcinogenic response of zebrafish to dietary MAM-Ac      87 

4.2 Neoplasia and associated lesions in zebrafish taken 
24 wk after the start of dietary exposure to MAM-Ac      89 



LIST OF TABLES (Continued) 

Table Page 

4.3 Carcinogenic response of zebrafish and medaka to dietary 
MAM-Ac     110 

4.4 Carcinogenic response of 21-day post-hatch zebrafish fry 
exposed to static water solutions of MAM-Ac     113 

4.5 Numbers of neoplastic and associated lesions of zebrafish 
terminated 1 yr after a 2 hr exposure of fry to MAM-Ac      114 

4.6 Carcinogenic response of zebrafish, exposed to MAM-Ac for 
12 hr as 72-hr embryos, and terminated 12 mo later     117 

4.7 Numbers of neoplastic and associated lesions in zebrafish 
liver exposed to MAM-Ac as embryos        118 



EVALUATION OF ZEBRAFISH (Bmchydanio rerio) 

AS A MODEL FOR CARCINOGENESIS 

Chapter 1 

INTRODUCTION 

H-W. Tsai and J. D. Hendricks 

Department of Food Science and Technology 

Oregon State University, Corvallis, OR 



2 

The traditional rodent bioassays for detection of suspect chemical carcinogens 

are so expensive (up to $1 million per chemical) and slow (at least 2 years) that only 

a few hundred of the many thousands of industrial chemicals have been tested. The 

possibilities for markedly increased testing are minimal, and the potential for 

researching complex environmental mixtures is even more discouraging.  Although 

short-term screening assays such as the Ames bacterial mutagen assay (McCann and 

Ames, 1977) are mechanistically informative, they do not produce cancer as the 

endpoint, nor can any in vitro test match the fundamentally important physiological 

and pharmacokinetic parameters which often determine if a chemical will cause cancer 

in whole animals.  As a result, there is a continuing need to develop alternative 

vertebrate models to supplement the use of rodent models for identifying and 

understanding the action of agents that cause cancer.  Species that may be useful as 

both laboratory models and field monitors are of special interest. 

Fish have received increased attention as useful alternative cancer models. 

Fish are especially appropriate species for testing and monitoring carcinogenic 

chemicals in our surface and ground waters, which are susceptible to contamination 

by toxic chemicals from industrial dump sites, munitions manufacturing and testing 

sites, fuel depots, and other activities that deposit potentially hazardous chemicals into 

the environment. Over the past three decades, our laboratory has developed the 

rainbow trout as the most widely recognized fish model for carcinogenesis research 

(Bailey et a/., 1996).  Many desirable attributes of this model have been established, 

including high sensitivity, low cost, a relatively large data base, well characterized 
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histopathology, established husbandry requirements, a body size range from 

milligrams to kilograms, and a useful non-mammalian comparative status. 

While trout will continue to be highly useful, they have limited use as a field 

monitor, and have certain other disadvantages that may be offset by other fish with 

different biological features.  For example, genetic studies in trout are severely 

restricted by a 2-3 year maturation period, feeding costs rise with age, tumor studies 

require at least 9 months, and can only be initiated twice per year at most using 

photoperiod control of spawning.   By comparison, many aquarium fish reach maturity 

at 2-3 months, spawn on a continuous basis, develop tumors somewhat more rapidly, 

and have lower feed costs.  The Japanese medaka (Oryzias latipes) is being widely 

developed as one such model.  It is responsive to several carcinogens (Ishikawa et al., 

1975; Aoki and Matsudaira, 1977; Hawkins et al., 1988), adapts to a wide range of 

water conditions, and is economical with regard to space and rearing costs. 

However, as we have observed with trout, no single species will respond to every 

insult delivered. Thus, in the development of fish models as sentinels to detect 

waterbome carcinogenic hazards in situ, reliance on a single species may yield 

incorrect information of a false positive or false negative nature.  Ideally, a second 

aquarium species would complement the medaka by responding to a wide range of 

carcinogens and environmental modulators, and would provide its own unique 

strengths to enhance our overall goal of detecting carcinogen hazards and 

understanding the mechanisms underlying the observed results.   In the final analysis it 

is mechanistic information, rather than dose-response data, that can be most readily 

extrapolated to predict human risk. 
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Among the several aquarium species being developed (i.e. guppy, platyfish, 

Poeciliopsis, Rivulus), we believe the zebrafish (Brachydanio rerio), a small cyprinid 

fish, holds exceptional promise.  Of greatest interest and potential utility is the unique 

and superb history of genetics and developmental biology that has been gathered for 

zebrafish (Laale, 1977).  Completely homozygous cloned lines have been developed 

(Streisinger et al., 1981) that could be of great use in cancer research.  The embryos 

are transparent and offer a superb model for easily visualizing the effects of 

environmental toxins on embryonic development (Hanneman et al., 1988).  Embryos 

are so small that direct microinjection may permit testing of rare suspect compounds 

at the picogram level. 

In 1965, zebrafish were the first aquarium species in which chemically- 

initiated tumors were demonstrated (Stanton, 1965), but for some reason, the species 

has received little further attention for carcinogenesis research since that time.  The 

aim of this overall project was to greatly expand the data base of carcinogen classes 

tested in the zebrafish, to fully characterize neoplastic responses in this species, and 

to understand the responses in terms of procarcinogen metabolism, DNA adduction 

and repair.  Others in our research group will conduct the metabolism, adduction and 

repair experiments, this particular effort will center only upon the neoplastic response 

of zebrafish to carcinogens and the pathology associated with that response.   Some 

tandem studies with the medaka will be conducted to provide a basis for comparison 

between the two species. 
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ABSTRACT 

Zebrafish (Brachydanio rerio) were exposed to N-nitrosodiethylamine (DEN) 

and N-nitrosodimethylamine (DMN) by dietary or short-term embryo or fry water- 

bath exposures.  Dietary doses of 500, 1,000, or 2,000 ppm of each nitrosamine for 

12 wk failed to initiate any neoplasms 26 wk after the start of exposure.  Sixteen-day 

post-hatch fry were exposed to aqueous concentrations of 500, 1,000, 1,500, or 2,000 

ppm DEN and 250, 500, 1,000, 2,000, or 2,500 ppm DMN for 24 hr and terminated 

12 mo later.  Both carcinogens caused dose-responsive neoplasia in the liver. 

Embryos were exposed to DEN, only, at doses of 1,000, 2,000, or 3,000 ppm for 24 

hr.  All doses produced a low incidence of hepatic neoplasms.  Several other 

neoplasms, mostly of mesenchymal origin, were also diagnosed in this group.  In 

general, zebrafish were not as responsive as anticipated with respect to 

hepatocarcinogenesis, but they did respond with several infrequently observed 

neoplasms in other organs. 



INTRODUCTION 

Over the last three decades, fish have been used in a number of ways to 

increase our understanding of the biology of neoplasia. These include: 1) as low-cost, 

whole-animal carcinogenesis models (Sinnhuber et al., 1977; Hawkins et al., 1985), 

2) as comparative vertebrates for mechanistic research (Dashwood et al., 1988; Bailey 

et al., 1996), and 3) as carcinogen-indicator organisms in the natural environment 

(Walker et al., 1985; Hawkins et al., 1988a).  Rainbow trout, Oncorhynchus mykiss, 

have played a dominant role in these research efforts (Sinnhuber et al., 1977; 

Hendricks, 1994; Bailey et al., 1996), but long generation time, strict water quality 

requirements, and relatively large space needs have prevented widespread use of this 

model animal.  As a result, small aquarium species, which have short generation 

times and less demanding water, space, and cost requirements, were logical 

alternatives to the trout as useful aquatic models (Matsushima and Sugimura, 1976; 

Hawkins et al., 1988b). 

The first small fish carcinogenesis experiment reported in the literature used 

the popular aquarium species, the zebrafish (Brachydanio rerio), a cyprinid fish native 

to India.  The fish were exposed to N-nitrosodiethylamine (DEN) continuously in the 

water, and developed both hepatic and biliary cell neoplasms (Stanton, 1965). The 

reasons why zebrafish did not subsequently develop into a widely used small fish 

model for carcinogenesis research are not known.  Only one other carcinogenesis 

study using zebrafish, also with nitrosamines, is present in the literature (Khudoley, 

1984).    Rather than building on Stanton's early use of the zebrafish, however, 
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various groups began using several other species for cancer research.  Thus, the 

guppy (Poecilia reticulata) (Khudoley, 1972; Khudoley, 1984; Sato et al., 1973; 

Parland and Baumann, 1985; Foumie et al., 1987, Hawkins et al., 1989), Japanese 

medaka (Oryzias latipes) (Ishikawa et al., 1975; Aoki and Matsudaira, 1977; Egami 

et al., 1981; Hatanaka et al., 1982; Hinton et al, 1984; Hawkins et al, 1986; 

Bunton, 1989; Bunton and Wolfe, 1996a; 1996b) Poeciliopsis sp. (Schultz and 

Schultz, 1982a; 1982b; 1985; 1988), and Rivulus marmoratus (Koenig and Chasar, 

1984; Grizzle and Thiyagarajah, 1988) have been used to varying degrees over the 

past fifteen years. 

Zebrafish have been used extensively for other areas of research, chiefly 

developmental biology (Laale, 1977; Stainer and Fishman, 1992; Eisen and Weston, 

1993; Kimmel and Kane, 1993) and neurobiology (Van Asselt et al, 1991; Chitnis et 

al, 1992;  Bemhardt, et al, 1992).  Based on the wealth of background information 

known about this species from the studies in these other areas, and the original work 

by Stanton (1965), this species seemed to warrant a systematic appraisal of its value 

as a model for carcinogenesis.  The objectives of this report were to assess the dose- 

response of zebrafish to two extensively studied nitrosamine carcinogens, N- 

nitrosodiethylamine (DEN) and N-nitrosodimethylamine (DMN), by three exposure 

routes, and to histologically describe the induced lesions. 
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MATERIALS AND METHODS 

Chemicals 

N-nitrosodiethylamine (DEN) was purchased from Fluka Chemical Corporation 

(Ronkonkoma, NY). N-nitrosodimethylamine (DMN) was purchased from Sigma 

Chemical Company (St. Louis, MO). 

Animals 

Zebrafish were initially obtained from 5-D Tropical Fish (Plant City, FL). 

Thereafter, they were spawned and reared at the Food Toxicology and Nutrition 

Laboratory (FTNL), Oregon State University. 

Culture Conditions 

Fish were reared in the well water normally used for salmonid culture at the 

FTNL, but this water had to be treated in the following ways.  It was run through a 

column of plastic coils to remove excess nitrogen gas, buffered to a pH of 7.0-7.2 

with a phosphate buffering system, and heated to a temperature between 24 and 260C. 

Experimental groups of fish were held in 110 L tanks.  Ten times weekly, 4 L of new 

water was added to these tanks and 4 L was removed through an overflow system.  A 

14-hr light/ 10-hr dark photoperiod cycle was used and each tank was equipped with 

an airstone for aeration. 

Fish were fed according to the following schedule.  About five days after 

hatching, zebrafish larvae were fed Microfeast Plus larval diet (Provesta Corp., 

Bartlesville, OK) 3-5 times daily.  After about two wk, they were started on brine 



11 

shrimp, and slowly (over 3-5 days) weaned off Microfeast.  They received brine 

shrimp only until about 6 wk old, and from that time on they were fed Oregon Test 

Diet (OTD) (Lee et al, 1991) twice daily and brine shrimp once daily. This diet 

regimen was continued throughout the experiments except in the dietary exposure 

groups, described below. 

Diets 

Purified casein diet (PC diet), which was developed at the University of 

California, Davis, for use with Japanese medaka (Oryzias latipes) (DeKoven, et al., 

1992), was used as the basic diet in our feeding experiments.  However, for dietary 

carcinogen exposures, we preferred to have the diet in a gelatinized rather than 

powdered form. Thus we added 2% gelatin to the basic PC diet formulation, and 

made a moist diet by thoroughly mixing 65% hot water (« 55 0C) with 35% dry mix 

and cooling in a refrigerator.   In this form the diet retained its integrity in the water 

longer, resulting in more complete consumption of the administered amount. 

Fish used in the fry and embryo exposure experiments were fed OTD, which 

has been developed at OSU for use with rainbow trout, and brine shrimp. 

Dietary Exposure 

DEN or DMN, at doses of 500, 1,000, or 2,000 mg/kg (ppm) diet was added 

to the hot water before combining with the other ingredients of the modified PC diet, 

and mixing as described above. The diets were fed by expressing the diet through a 

fine meshed screen mounted on a caulking gun and cutting with a spatula. 
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Duplicate groups of 100, 8-wk-old zebrafish, selected randomly with regard to 

sex, were placed in 110 L tanks and fed the control, 500, 1,000, or 2,000 ppm diets 

for 12 wk.  Fish were then maintained on the modified PC diet for an additional 14 

wk until the experiment was terminated. 

Fry Bath Exposure 

Single groups of 120 zebrafish fry, 16 days post-hatch, were exposed to 

buffered water solutions of DEN (no solvent carrier was used) at concentrations of 

500, 1,000, 1,500, and 2,000 ppm for 24 hr under static conditions.  Control fish 

were held under similar conditions but without the DEN.  After exposure, each group 

of fish was placed in a 110 L glass tank and fed OTD and brine shrimp for 12 mo. 

At termination, all fish were killed and fixed for histopathological diagnosis.  The 

procedures for DMN exposure were the same, but the DMN doses used were 250, 

500, 1,000, 2,000, and 2,500 ppm.  Abnormally high mortalities occurred from time 

to time during the experiment, resulting from a parasitic outbreak of Oodinium sp. 

Acriflavine, at a dose of 5.4 ppm, was added to the water as needed to control this 

problem. 

Embryo Bath Exposure 

Duplicate groups of 150 zebrafish embryos, 60 hr post-fertilization, were 

placed in static, buffered water solutions of DEN at 1,000, 2,000, and 3,000 ppm for 

24 hr.  After treatment the embryos were rinsed in clean water and placed in 1.5 L 

beakers until hatching at 96 hr.  The resulting fry were started on feed and kept in the 

1.5 L beakers for one mo before transferring to 110 L glass tanks.  They were fed 
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OTD for 12 mo, killed in tricaine methane-sulfonate (MS 222) anesthetic and fixed 

for histopathological diagnosis.  No embryos were exposed to DMN. 

Tissue Preparation and Tumor Detection 

At necropsy, all fish were anesthetized in MS-222, weighed and measured. 

Scales, fins, and the caudal peduncle were removed, the body cavity opened ventrally, 

and the swim bladder punctured prior to fixation in Bouin's solution.  After 24 hr 

fixation, the fish were dehydrated, infiltrated, and embedded in paraffin on their side 

so that sagittal sections could be cut from the left side.  Three 5-6 /zm sections were 

kept from each fish (one at mid-eye level, one just past the eye, and one in the 

midline), mounted on a single glass slide, and stained with hematoxylin and eosin. 

Organ accountability was good using this procedure.  Tumor detection was based 

solely on observations on the three saved sections. 

Statistics 

Tumor incidence data were analyzed by logistic regression with categorical 

and/or continuous predictors in the Genmod procedure of SAS (SAS, 1996).  For 

experiments with replicate tanks, there was no evidence of overdispersion (p>0.5, all 

lack of fit tests) and residuals appeared consistent with the binomial error model.  For 

the fry water bath exposure to DEN, the usual large-sample Chi-square p-value was 

quite close to 0.05, and for that case, an exact permutation p-value is also given as 

generated by StatXact version 3.1 (Mehta and Patel, 1995). 
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RESULTS 

Dietary Exposure 

There were no differences in growth or behavior of the various experimental 

and control groups for both DEN and DMN during the 6-mo trial period.  All ate 

equally well and responded normally to external stimuli.  Mortalities were low except 

for unexplained losses in three tanks.  No pathologic changes in the liver or other 

organs were detected by histologic examination after 26 wk (Tables 2.1 and 2.2). 

Table 2.1.  Carcinogenic response of zebrafish to 12-wk dietary DEN exposure 

Lot DEN dose      Mortality       Neoplastic response* 
ppm % Inc. % 

1 Control 3 0/97 0 

2 Control 2 0/98 0 

1 500 7 0/93 0 

2 500 15b 0/85 0 

1 1000 20,, 0/80 0 

2 1000 2 0/98 0 

1 2000 6 0/94 0 

2 2000 0 0/100 0 

"Fish necropsied 6 mo after start of carcinogen exposure 
bUnexplained loss of fish 
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Table 2.2.  Carcinogenic response of zebrafish to 12-wk dietary DMN exposure 

Lot DMN dose      Mortality 
ppm % 

Neoplastic response* 
Inc. % 

1 Control 20b 0/80 0 

2 Control 1 0/99 0 

1 500 5 0/95 0 

2 500 0 0/100 0 

1 1000 0 0/100 0 

2 1000 0 0/100 0 

1 2000 0 0/100 0 

2 2000 0 0/100 0 

"Fish necropsied 6 mo after start of carcinogen exposure 
bUnexplained loss of fish 
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Fry Bath Exposure 

Cumulative mortality in the DEN experiment was higher than desirable and 

partially the result of an Oodmum sp. parasitic outbreak.  However, there was also 

mortality associated with DEN exposure, especially at the highest dose (Table 2.3). 

For fish that survived, there was evidence of differences in neoplastic response 

between the four lots receiving DEN (p=0.0509, standard Chi-square approximation, 

3 df) and (p=0.0485, exact permutation, 3 df).  Over the four DEN doses (500 to 

2000 ppm) there is a significant linear dose response (p< 0.0134, logistic regression, 

1 df) with no evidence of lack of fit to linear (p>0.5, 2df). 

Table 2.3.  Carcinogenic response of 14 day post-hatch zebrafish fry exposed to static 
water solutions of DEN for 24 hr, and terminated 12 mo later 

Lot     DEN dose       Mortality Neoplastic response 
ppm % Inc.' %b 

1 Control 32 0/82 0 

2 500 60 5/48 10 

3 1000 52 7/58 12 

4 1500 50 14/61 23 

5 2000 98 2/3 67 

"No. of fish with at least one neoplasm/total No. of fish 
bOver the four DEN doses, there is a significant linear dose response 
(p< 0.0134, Idf, logistic regression) 
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Mortalities occurred in the DMN experiment as well but were not dose 

responsive (Table 2.4).  Among those that survived, there were highly significant 

differences in neoplastic response between lots (p<0.0001, 5 df).  There was 

increasing response with DMN dose until the highest dose which results in strong 

evidence of curvilinearity in the DMN dose response (p< 0.0001, 1 df quadratic term) 

and no evidence of lack of fit to quadratic (p>0.50, 1 df). 

Table 2.4.  Carcinogenic response of 14-day post-hatch zebrafish fry exposed to static 
water solutions of DMN, and terminated 12 mo later 

Lot     DMN dose      Mortality      Neoplastic response 
ppm % Inc.* %b 

1 Control 1 0/119 0 

2 250 17 0/100 0 

3 500 30 1/84 1 

4 1000 17 12/100 12 

5 1500 22 25/94 27 

6 2000 50 26/60 43 

7 2500 33 31/81 38 

"No. of fish with at least one neoplasm/total No. of fish 
bAmong survivors, there are highly significant differences in 
neoplastic response between tanks (p< 0.0001, 5df). 
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Histopathologic lesions were limited primarily to the liver.  To understand the 

changes that occurred in the liver due to carcinogen action, it is essential to know the 

organization of the normal zebrafish liver.  It consists of hepatocytes arranged in 

tubules, sinusoids that surround the tubules, and infrequent portal tracts containing 

bile ducts, hepatic arteries, and connective tissue (Fig. 2.1).  Hepatocyte nuclei are 

uniform in size, circular to slightly oval, and have a large, distinct nucleolus. 

Longitudinally, tubules are two cells wide between adjacent sinusoids, while cross 

sections appear as tubules with 5-8 hepatocytes surrounding an inconspicuous central 

Fig. 2.1. Normal liver from control zebrafish. Note hepatic tubules, two cells wide 
in longitudinal section, uniform nuclear size with prominent nucleolus, the moderate 
level of glycogen vacuolization, and the small biliary duct (arrow).  H&E, X544. 
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bile canaliculus.  All degrees of oblique sectioning through the tortuous hepatic 
tubules give rise to the remaining appearance of the hepatic parenchyma.  The 
numbers and types of lesions are presented in Tables 2.5 and 2.6. 

Table 2.5.  Numbers of neoplastic and associated lesions of zebrafish taken 1 yr after 
a 24-hr fry-bath exposure to DEN 

Total No. of neoplasms observed at each dose of DEN (ppm) 
Lesion types   

0 500 1000        1500 2000 

Non-neoplastic lesions 

CT 0/82 1/48 3/58 11/61 

BH 0/82 3/48 13/58 14/61 

Foci of altered cells 

BF 0/82 2/48 2/58 3/61 

EF 0/82 2/48 8/58 5/61 

Neoplasms 

HCA 0/82 2/48 4/58 6/61 

HCC 0/82 0/48 1/58 3/61 

CCA 0/82 1/48 1/58 0/61 

CCC 0/82 3/48 4/58 8/61 

0/3 

1/3 

0/3 

0/3 

1/3 

0/3 

0/3 

1/3 

"Abbreviations used: CT - cytotoxicity, BH - biliary hyperplasia, BF - basophilic foci, 
EF - eosinophilic foci, HCA - hepatocellular adenoma, HCC - hepatocellular 
carcinoma, CCA - cholangiocellular adenoma, CCC - cholangiocellular carcinoma 
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Table 2.6.  Numbers of neoplastic and associated lesions of zebrafish taken 1 yr after 
a 24-hr fry-bath exposure to DMN 

Lesion types 
Total No. of tumors observed at each dose of DMN (ppm) 

0        250       500    1000     1500    2000    2500 

Non-neoplastic lesions 

CT 0/119 0/100  1/84    11/100     6/94     3/60     3/81 

BH 0/119 0/100  1/84     5/100    8/94    2/60      0/81 

Liver lesions - foci of altered cells 

BF 

EF 

CF 

0/119 0/100 0/84     1/100     1/94    3/60      1/81 

0/119 0/100 0/84     2/100    3/94     1/60      3/81 

0/119 0/100 0/84     0/100    2/94     1/60      3/81 

Liver neoplasms 

HCA 0/119 0/100 0/84      1/100     6/94     5/60      4/81 

HCC 

CCA 

CCC 

HS 

0/119 0/100 0/84     0/100    0/94     1/60      2/81 

0/119 0/100 0/84     0/100    5/94     8/60      8/81 

0/119 0/100  1/84    11/100   15/94  16/60    15/81 

0/119 0/100 0/84     0/100    0/94    0/90      1/81 

Intestinal neoplasms 

LS 0/119 0/100 0/84     0/100    0/94    2/90      5/81 

"Abbreviations used:  CT - cytotoxicity, BH - biliary hyperplasia, BF - basophilic 
foci, EF - eosinophilic foci, CF - clear cell foci, HCA - hepatocellular adenoma, 
HCC - hepatocellular carcinoma, CA - cholangiocellular adenoma, CCC - 
cholangiocellular carcinoma, HS - hemangiosarcoma, LS - leiomyosarcoma 
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Focal cytotoxic changes to the hepatic parenchyma occurred at all dose levels of both 

DEN and DMN and was dose related.  Irregularity in nuclear size and shape, cell 

swelling and the resulting loss of normal tubular and sinusoidal architecture were the 

primary signs of cytotoxicity observed (Fig. 2.2).  In general these changes were not 

severe enough to be life threatening.  Biliary hyperplasia also occurred regularly in 

the livers of fish exposed to both DEN and DMN. This ductal proliferation along 

biliary tracts was in marked contrast to the infrequent occurrence of biliary ducts in 

the normal zebrafish liver. 

V*'*K2i 

Fig. 2.2.  An area of cytotoxicity in the liver of a zebrafish exposed to 1500 ppm 
DEN as a fry.  Note reduced glycogen vacuolization, cell swelling and loss of nuclear 
uniformity (arrows).  H&E, X544. 
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Foci of cellular alteration were observed with exposure to both nitrosamines. 

We are not sure if these lesions progress to become neoplasms, so we are not 

including them in that category.  Eosinophilic foci (Fig. 2.3) were the most common 

in both groups, with fewer numbers of basophilic foci (Fig. 2.4) and some clear cell 

foci (Fig. 2.5) in the DMN group only.  Eosinophilic foci had dense, granular, 

eosinophilic cytoplasm with little or no vacuolization.  Basophilic foci were distinctly 

basophilic in staining and had denser, less vacuolated cytoplasm.  Clear foci consisted 

of cells with clear cytoplasmic areas surrounding either centric or eccentric nuclei. 

Fig. 2.3.   An eosinophilic focus in the liver of a zebrafish exposed to 1000 ppm DEN 
by fry exposure.  Cells occupy normal hepatic tubules, but are distinctly eosinophilic 
in staining, enlarged, and have more irregularity in nuclear size, shape, and staining 
and less glycogen than the surrounding normal hepatocytes.  H&E, X340. 
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Fig. 2.5.  A focus of clear cells in the liver of a zebrafish exposed to 2500 ppm 
DMN as a fry.  Cells are enlarged, engorged with glycogen, and have either centric 
or eccentric, condensed nuclei. Normal tubular pattern is obliterated due to extreme 
swelling.   H&E, X 340. 
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Hepatocellular adenomas were more numerous than hepatocellular carcinomas 

in both groups.  They were expansive (compressive), nodular growths of either 

eosinophilic (most common) or basophilic hepatocytes that still retained their normal 

tubular arrangement.  Mitotic figures were rare, and cytoplasmic and nuclear features 

were similar to those seen in foci of altered hepatocytes (Fig. 2.6). 

mmmmmmmmm 
Fig. 2.6.  A portion of a basophilic hepatocellular adenoma in a zebrafish exposed to 
1500 ppm DMN as a fry bath.  Cellular characteristics are similar to those of 
basophilic foci, but the lesion is larger and causes some compression of surrounding 
tissue.   H&E, X340. 
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Hepatocellular carcinomas were rare with both carcinogens.  They consisted of 

large nodular growths, of either eosinophilic or basophilic cells.  The definitive 

characteristic of these tumors is that the cells no longer occupy normal hepatic 

tubules, but rather the hepatic tubules become engorged with neoplastic hepatocytes, 

presenting a condition of multiple cells between adjacent sinusoids (Fig. 2.7). The 

cells tend to be more varied in nuclear and cytoplasmic features than adenoma cells, 

and display some mitotic figures.  Frequent apoptotic bodies were also observed in 

carcinomas. 

Fig. 2.7.  A portion of a large hepatocellular carcinoma in a zebrafish exposed to 
1000 ppm DEN by fry bath.  Numerous cells occur between adjacent sinusoids, 
mitotic figures are common (arrows), as are apoptotic cells.  H&E, X340. 
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Cholangiocellular adenomas were a common neoplasm especially in the DMN- 

exposed groups. These lesions were typically small, encapsulated nodules of biliary 

ducts, mostly normal in structure and staining characteristics (Fig. 2.8). 

Fig. 2.8. A small cholangiocellular adenoma in a zebrafish exposed to 2500 ppm 
DMN as a fry.  The lesion is well-encapsulated by connective tissue.  H&E, X544. 
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Cholangiocellular carcinomas were the most numerous neoplasms observed 

with both nitrosamines. They were larger lesions with multilocular ducts, more 

frequent mitotic figures, and a lack of encapsulation (Fig. 2.9).  An interesting variant 

iff*, i 
<S ^g 53!^ 

r 

:«i *•    ir,. 

Vte^Si ^"iP&L * 

«: 

m 
•; > .i 

Fig. 2.9. A portion of a large cholangiocellular carcinoma in a zebrafish exposed to 
1500 ppm DEN as a fry.  H&E, X340. 
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of this tumor type had extensive replacement of the biliary ductal cells by rodlet cells 

(Fig. 2.10). The unanswered question of whether these cells are host or parasitic 

cells reemerges, but their appearance in these ducts does suggest differentiation into 

this cell type. 

iWammmm 
Fig. 2.10. Another area of the same carcinoma as in Fig. 2.9.  In this area, rodlet 
cells (arrows) have replaced many of the biliary cells.  In most cases the cells are 
oriented with their nuclei pointed toward the base or outside of the tubule.  H&E, 
X544. 
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One non-epithelial neoplasm was observed in the liver of a 2500 ppm DMN- 

exposed fish, and was diagnosed as a hemangioma. The lesion was small, consisting 

of several capillary structures and surrounding connective tissue (Fig. 2.11). 

Fig. 2.11. A lesion of proliferating capillaries, diagnosed as a hemangioma, in the 
liver of a zebrafish exposed as a fry to 2500 ppm DMN.  H&E, X544. 
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Several leiomyosarcomas were also found in the intestinal wall of the fish 

exposed to the two highest doses of DMN. They consisted of spindle-shaped cells 

forming solid or whorled patterns that invaded surrounding normal tissue (Fig. 2.12). 

Fig. 2.12. A portion of a leiomyosarcoma in the wall of the intestine.  Zebrafish 
exposed to 2500 ppm DMN as a fry.  H&E, X340. 
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Embryo Bath Exposure 

Zebrafish embryos were exposed only to DEN.  The neoplastic response and 

mortality data are presented in Table 2.7. Treatment related mortalities and tumor 

incidences were lower, at comparable or higher doses, than for fry exposure to DEN. 

Mortalities differed significantly between treatments (p< 0.0001, 3 df).  Over the 

three DEN doses (1000 to 3000 ppm) there was a significant linear dose response 

(p< 0.001, 1 df logistic regression) with no evidence of lack of fit to linear (p>0.5, 

1 df).  Among those that survived, there were highly significant differences in 

neoplastic response between treatments (p=0.0031, 3 df).  The treatment differences 

can be explained by a highly significant difference between the controls and all of the 

lots getting at least some DEN dose (p=0.0005, 1 df).   Among lots receiving DEN, 

there was no evidence of differences due to dose (p=0.3937, 2df).  As with fry 

exposure to DEN, the liver was the primary target organ, and the same spectrum of 

hepatic tumors was seen with embryo as with fry exposure (Table 2.8). 
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Table 2.7.  Carcinogenic response of zebrafish, exposed to static DEN solutions as 60 
hr embryos, for 24 hr, and terminated 12 mo later 

Lot     DEN dose Mortality Neoplastic response 
ppm %c Inc.*       %b 

1 Control 51 1/73 1 

2 Control 55 1/68 1 

1 1000 50 5/75 7 

2 1000 53 5/70 7 

1 2000 67 6/50 12 

2 2000 65 6/52 11 

1 3000 75 3/37 8 

2 3000 80 4/30 13 

"No. of fish with at least one neoplasm/total No. of fish 
bAmong the lots receiving DEN, there was no evidence of differences due to dose 
(p=0.3937, 2df) 
cMortalities differed significantly between treatments (p< 0.0001, 3df) 
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Table 2.8.    Neoplasia and associated lesions in zebrafish taken 1 yr after embryonic 
exposure to DEN* 

Lesion types Lot       Total No. of tumors observed at each dose of DEN (ppm) 

0 1000        2000       3000 

CT* 

BH 

2 

1 5/50 

Liver lesions - altered foci 

BF 1 

2 1/68 

EF 4/75 5/37 

CF 

4/70 4/52      1/30 

1/68 2/30 

iver neoplasms 

HCA 1 1/73 4/75 3/50 1/37 

2 1/68 3/70 5/52 2/30 

HCC 1 - - 1/50 - 

2 - - - - 

CCA 1 - - - 1/37 

2 . . 
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Table 2.8 (continued) 

CCC 1 ... 1/37 

2 - - 1/52 

Other types of neoplasia 

AC (intestine) 1 - 1/75 - 

2 .... 

CH (Spine) 1 .... 

2 - 1/70 1/52 

FS (operculum)       1 .... 

2 - 1/70 

CS (gill) 1 - - 1/50 

2 .... 

UA 1 .... 

2 ... 1/30 

LS (intestine) 1 .... 

2 ... 1/30 

IP (nose) 1 ... . 

2 ... 1/30 

"Embryos given 24 hr immersion exposure to treatments at 60 hr post fertilization 
••Abbreviations used:  CT - cytotoxicity, BH - biliary hyperplasia, BF - basophilic 
foci, EF - eosinophilic foci, CF - clear cell foci, HCA - hepatocellular adenoma, 
HCC - hepatocellular carcinoma, CCA - cholangiocellular adenoma, CCC - 
cholangiocellular carcinoma, AC - adenocarcinoma (intestine), CH - chordoma 
(spine), FS - fibrosarcoma (operculum), CS - chondrosarcoma (gill), UA - 
ultimobranchial adenoma, LS - leiomyosarcoma (intestine), IP - inverted papilloma 
(nose) 
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More examples of non-hepatic neoplasms occurred in the embryo-exposed 

groups.  These included an intestinal adenocarcinoma in a fish from the 1000 ppm 

group (Fig. 2.13), two chordomas of the spine, one each in the 1000 and 2000 ppm 

groups (Fig. 2.14), a fibrosarcoma of the operculum in the 1000 ppm group (Figs. 

2.15 & 2.16), a chondrosarcoma located in the gill in the 2000 ppm group (Fig. 

2.17), an ultimobranchial adenoma in the 3000 ppm group (Figs. 2.18 & 2.19), a 

leiomyosarcoma of the intestine in the 3000 ppm group (Fig. 2.20), and an inverted 

papilloma on the skin of the nose in the 3000 ppm group (Fig. 2.21). 
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Fig. 2.13. A small adenocarcinoma of the intestine.  Invasion of the tunica muscularis 
is evident focally (arrow).  Embryonic exposure to 1000 ppm DEN.  H&E, X136. 
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Fig. 2.14. A chordoma invading the spinal cord.  Embryonic exposure to 1000 ppm 
DEN.  H&E, X136. 
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Fig. 2.15. A fibrosarcoma of the operculum.  Locally there is extensive necrosis deep 
in the neoplasm (arrows).  Embryonic exposure of zebrafish to 1000 ppm DEN. 
H&E, X54. 
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Fig. 2.16. Greater detail of the fibrosarcoma of Fig. 2.16.  Anaplastic spindloid to 
stellate fibroblasts are randomly arranged and set in a scant fibrovascular stroma. 
H&E, X340. 
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Fig. 2.17. Chondrosarcoma of the gill in a zebrafish exposed to 2000 ppm DEN as an 
embryo.  Clusters of embryonal blast cells as well as islands of more differentiated 
chondrocytes are present.  H&E, X340. 
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Fig. 2.18. Normal ultimobranchial gland in the transverse septum between the heart 
and the esophagus.  Follicles are lined by columnar epithelial cells with abundant 
eosinophilic cytoplasm and basal nuclei.  Control zebrafish.  H&E, X136. 





43 

^••Kw 

Fig. 2.20. Leiomyosarcoma forming a transmural mass in the intestine and invading 
adjacent peritoneum.  Interlacing bundles of spindloid myocytes, often with cigar- 
shaped nuclei, and scant to abundant fibrillar eosinophilic cytoplasm comprise the 
bulk of the mass, with areas of less differentiated ovoid to stellate cells containing 
pleomorphic nuclei also present.  Embryonic exposure of zebrafish to 3000 ppm 
DEN.   H&E, X340. 
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Fig. 2.21. An inverted squamous papilloma on the anterior aspect of the upper jaw. 
Multilobulated mass in dermis is comprised of well-differentiated epidermis containing 
mucous cells.  Zebrafish exposed to 3000 ppm DEN as an embryo.  H&E, X340. 
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DISCUSSION 

Dietary exposure of aquarium fish to carcinogens has been used sparingly in 

comparison to water exposures (Khudoley, 1972; Sato et al., 1973; Pliss and 

Khudoley, 1975; Hatanaka et al., 1982).  Most of these experiments have used water 

insoluble compounds such as aflatoxins, heterocyclic amines, azo dyes, or polycyclic 

aromatic hydrocarbons, and have produced significant numbers of hepatic neoplasms 

in both guppies and medakas.  Sato et al. (1973), however, did feed DMN to guppies 

at 4,800 ppm for 13 mo, and saw only a minimal response, 2 of 20 fish had what 

were described as hyperplastic nodules in the liver.  The total lack of response to 

DMN and DEN after 12 wk of exposure to high doses of these compounds may be 

the result of several factors:   1) insufficient exposure time and/or dose.  The only 

dietary exposures of fish to these carcinogens, for comparison, have been the study by 

Sato et al (1973), where both a higher dose and longer exposure to DMN gave a 

minimal response, and with rainbow trout, in which lower doses but longer exposure 

times of either 9 or 12 mo gave high incidences of liver tumors (Grieco et al. 1978; 

Hendricks et al., 1994).  The shorter exposure time used in the current experiment 

was based on the higher doses used compared to the trout studies, the shorter life 

span of zebrafish compared to trout which could translate into a shorter response 

time, and facility demands which prevented longer term exposures, 2) age of the fish 

when exposure began. The guppies used by Sato et al (1973) were less than one mo 

old.  In rainbow trout, we have observed decreasing sensitivity to carcinogen 

exposure with increasing age (unpublished observations), thus the fact that our 
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zebrafish were two mo old and near sexual maturity, may have reduced their 

sensitivity, and 3) possible pharmacokinetic differences in zebrafish that limit 

absorption and distribution of dietary-delivered carcinogens, specifically nitrosamines. 

The lack of a stomach in zebrafish may alter digestion, absorption, and delivery of 

carcinogens to the liver as compared with the rainbow trout, a fish that responds with 

high sensitivity to dietary carcinogen exposures. 

The spectrum of hepatic neoplasms produced by DEN and DMN in the water- 

borne exposures of both fry and embryos, were similar to those reported by authors 

exposing several other species of small fish to DEN (Stanton, 1965; Schultz and 

Schultz, 1982a; Parland and Baumann, 1985; Couch and Courtney, 1987; and 

Bunton, 1989).  One lesion that has been reported in medaka and sheepshead 

minnows, in response to water-borne DEN, is spongiosis hepatis (Hinton et al., 1984; 

Couch and Courtney, 1987).  This lesion has not been seen thus far in any of our 

zebrafish samples. 

Perhaps the most interesting result from these exposures of zebrafish to 

nitrosamines is the unusual or rare tumor types observed in the fish exposed to DEN 

as embryos.  Although few in number, the chordomas of the spine, the 

chondrosarcoma of the gill and the ultimobranchial adenoma are tumor types that have 

not been previously described from DEN exposures to aquarium fish. The only other 

known embryo exposure of aquarium fish to a carcinogen was reported by Klaunig et 

al. (1984).  They exposed medaka to DEN at concentrations of 25, 50, and 100 ppm 

for 10 days, and found liver tumors in 4, 15, and 43% of the fish, respectively, after 

six months.  It is not possible to compare the relative sensitivities of medaka and 
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zebrafish in these two studies.  However, it appears that medaka were more 

responsive to hepatocarcinogenesis, but no other tumor types were reported.  They 

used lower doses for a longer time, something we could not do with zebrafish, since 

the entire developmental period from fertilization to hatch is only 96 hr. 

The overall low response of zebrafish to the hepatocarcinogenicity of strong 

carcinogens such as DEN and DMN, may be due to inherent genetic factors in 

zebrafish and other members of the Cyprinidae family.  Other members of that family 

have demonstrated dramatic resistance to carcinogenesis in both controlled laboratory 

experiments (Pimephales promelas, the fathead minnow) and highly polluted natural 

environments (Cyprinus carpio, the common carp) (Hawkins et a/., 1988a).  It is 

possible that fish of this family have specific digestive, pharmacokinetic, metabolic, 

DNA repair, tumor suppressor gene, or other mechanisms that provide protection 

against carcinogenesis.  Future experiments will attempt to explore some of these 

unknowns. 
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ABSTRACT 

Duplicate groups of zebrafish (Brachydanio rerio) were exposed to dietary 

aflatoxin B, (AFB,) at doses of 10, 20, or 30 ppm for 3 mo and then fed either the 

control diet or the control diet plus 444 ppm dehydroepiandrosterone (DHEA) for an 

additional 6 mo.  Histological examination of tissues revealed a low but dose 

responsive incidence of hepatic neoplasms in the AFB,-exposed fish, and a slight but 

non-significant promoting effect by DHEA.  The responses are compared to results 

observed in rainbow trout and discussed with respect to AFB, metabolism in the two 

species. 
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INTRODUCTION 

Aflatoxin B, (AFB,) is a powerful hepatocarcinogen in salmonid  fishes, 

especially rainbow trout (Hendricks, 1994), but in general small aquarium fishes have 

demonstrated a resistance, relative to rainbow trout, to this strong naturally-occurring 

carcinogen.  Guppies (Lebistes reticulatus), for instance, required dietary doses in the 

mg/kg (ppm) range to initiate liver tumors (Sato et aL, 1973), whereas rainbow trout 

respond to dietary doses in the /ig/kg (ppb) range (Lee et aL, 1971). Japanese 

medaka (Oryzias latipes) also required ppm doses of dietary AFB, to produce a low 

incidence of hepatic neoplasms (Hatanaka et aL, 1982). To our knowledge, zebrafish 

have not been exposed to AFB, in the diet, but Bauer et aL (1972) failed to produce 

neoplasms in zebrafish with a water bath exposure of 2 ppm AFB, for three days. 

Extensive metabolism studies in rainbow trout have provided a mechanistic basis for 

the exquisite sensitivity of this species to AFB, (Hendricks, 1994), however, similar 

studies in small aquarium fishes are scarce.  A companion paper, to our present 

carcinogenesis studies (Troxel et aL, 199X), does provide preliminary information on 

the mechanisms of AFB, metabolism and DNA binding in zebrafish, but the 

mechanistic basis for the low sensitivity we have observed in this species is still not 

clear. 

Since carcinogenesis is of interest not only as a biological phenomenon, but 

also as one of the most serious public health concerns in the world today, nutritional 

factors that either inhibit and/or promote the process are of vital importance.  For 

instance, indole-3-carbinol (I3C), a phytochemical present in cruciferous vegetables, 
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has been shown to be a powerful inhibitor of AFB, carcinogenesis in rainbow trout 

when administered prior to or during AFBj exposure (Dashwood et al., 1988; 

Dashwood et al., 1989), but an equally potent promoter of AFB, carcinogenesis 

when fed after AFB, exposure (Bailey et al., 1987; Dashwood et al., 1991). 

Chlorophyllin, extracted from spinach, also was effective as a pre-initiation inhibitor, 

but showed no promoting properties after AFB, initiation in trout (Breinholt et al., 

1995).  Dehydroepiandrosterone (DHEA), a naturally-occurring steroid hormone in 

vertebrates, proved to be not only a promoter of AFB, carcinogenesis in rainbow trout 

but also a complete carcinogen on its own (Omer et al., 1995). 

An intermediate between pregnenolone and testosterone in the steroid 

biosynthetic pathway, DHEA is produced primarily in the adrenal cortex and is the 

steroid found in the highest concentration in human plasma (Schwartz et al., 1988). 

Beyond its function as an intermediate in steroid biosynthesis, its physiological role is 

unclear (Gordon et al., 1987).  It has been reported to have a number of beneficial 

anti-aging, anti-obesity, anti-diabetic, anti-atherogenic, and anti-carcinogenic effects 

(Cleary, 1990; Cleary et al., 1984; Cleary et al., 1983; Gordon et al., 1987; Moore 

et al., 1986; Nyce et al., 1984, Pashko et al., 1985; Schwartz, 1979; Schwartz and 

Tannen, 1981; Weber et al., 1988) in mammalian experimental animals.  Conversely, 

DHEA has been shown to give rise to hepatic neoplasms in rats (Rao et al., 1992a; 

Rao et al., 1992b; Metzger et al., 1995) and in rainbow trout as cited above. 

Our current goals are to determine the responsiveness of zebrafish to various 

classes of carcinogens, in this case aflatoxins, by multiple exposure routes, and also 

to explore the modulation of carcinogenesis by compounds which have environmental, 
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dietary, or physiological significance.  Based on the results of DHEA in rainbow 

trout, we decided to use this compound for our first experiments on modulation of 

dietary AFB, carcinogenesis in zebrafish. 
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MATERIALS AND METHODS 

Chemicals 

DHEA and AFB, were purchased from Sigma Chemical Co. (St. Louis, MO). 

Experimental animals 

Zebrafish (Brachydanio rerio) were spawned and raised at the Food 

Toxicology and Nutrition Laboratory, Oregon State University as previously described 

(Tsai et al., 199X).  Animals were maintained in 110 L glass tanks supplied with 

processed well water (Tsai et al., 199X) and a 14-hr light and 10-hr dark 

photoperiod. 

Carcinogen exposure 

Two mo after spawning, duplicate groups of 90 fish were started on Modified 

Purified Casein diet (MPC) (Tsai et al., 199X), or MPC containing 10, 20, or 30 

ppm AFB, and fed for three mo.  At that time, one of the duplicate groups from each 

treatment was started on MPC containing 444 ppm DHEA and fed this diet for an 

additional six mo. The other group from each treatment received MPC only.  At the 

end of the six-mo promotional phase of the experiment, all the fish were killed, fixed 

in Bouin's solution, and processed for histology as described in Tsai et al. (199X). 

Tumor detection was based on three histological sections per fish only.  Thus, some 

small neoplasms could have been missed. 
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Statistics 

Tumor incidence data were analyzed by logistic regression with categorical 

and/or continuous predictors in the Genmod procedure of SAS (SAS, 1996).  Further, 

for this experiment, which had no replication, there was no evidence of lack of fit 

after a linear dose response was fit, although the degrees of freedom were small. 
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RESULTS 

Mortality was low in the control groups but increased with AFB, dose (Table 

3.1).  Among those that survived, there was little evidence of a DHEA effect on 

tumor incidence (p=0.1520, 1 df), but there was a significant effect due to AFB, 

dose (p=0.0004, 2 df).  Over the three AFB, doses (10 to 30 ppm) there was a 

significant linear dose response (p< 0.0001, logistic regression, 1 df) with no 

evidence of lack of fit to linear (p>0.5, 1 df).  DHEA was not carcinogenic at the 

444 ppm level when fed to control zebrafish. 

Table 3.1. Effect of DHEA on mortality and tumor incidence when fed after dietary 
AFB, exposure" 

Dietary additionsb 

AFB, DHEA 
ppm ppm 

0 0 

0 444 

10 0 

10 444 

20 0 

20 444 

30 0 

30 444 

Lot    Mortality   Neoplastic Response 
% Inc.c,d      % 

1 0/89 0 

1 0/89 0 

12 1/78        1 

23 2/67 3 

28 3/62 5 

35 3/55 6 

30 6/60 10 

32 11/58 19 
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'Abbreviations used: AFBj - aflatoxin B,; DHEA - dehydroepiandrosterone 
bAFB, and DHEA were added to the modified purified casein diet, AFB, was fed for 
mo 1-3, DHEA for mo 4-9 
cNo. of fish with tumors/total No. of surviving fish 
*rhere is little evidence of a DHEA effect on tumor incidence (p=0.1520, 1 df), but 
there is a significant effect due to AFB, dose (p=0.0004, 2 df) 

Gill epithelial hyperplasia was the only consistent non-hepatotoxic response 

observed in the treatment groups, but was not dose-responsive (Figs. 3.1 & 3.2). 

There was no evidence of infectious agents or inflammatory reactions in any of the 

fish.  Biliary hyperplasia (Fig. 3.3) was seen sporatically throughout the treated 

groups, apparently without a dose dependence. 

W gjr mv 
&' 

urm. 

x%> sti 
Fig. 3.1.  Normal gill filaments from a control zebrafish.  The epithelium covering 
the lamellae is a single squamous layer.  H&E, XI36. 
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Fig. 3.2.  Hyperplastic gill epithelium from a zebrafish fed the 20 ppm dose of AFB,. 
Hyperplastic cells are cuboidal in shape and most numerous at the bases of the 
lamallae.  H&E, X340. 
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Fig. 3.3.  A focal area of bile duct hyperplasia along a biliary tract from a zebrafish 
fed the 30 ppm dose of AFB,.  H&E, X544. 
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The foci of altered hepatocytes and neoplastic hepatic lesions that resulted 

from AFB, or combined AFB^DHEA exposure were similar to those previously 

described in zebrafish exposed to nitrosamines (Tsai et al., 199X) (Table 3.2). 

Table 3.2.  Numbers of neoplastic and associated lesions in zebrafish taken after 3 mo 
of dietary AFB, exposure and 6 mo of dietary DHEA exposure* 

Total No. of lesions in each lot Dietary additionsb 

AFB, DHEA 
ppm ppm 

0 0 

0 444 

10 0 

10 444 

20 0 

20 444 

30 0 

30 444 

BF      EF      CF      CCA   CCC   HCA   HCC 

1/78       - - 1/78 

2/67      - 1/67 1/67 

1/62    3/62 1/62      - 1/62      - 1/62 

2/55    1/55      - - 2/55      - 1/55 

1/60    1/60      - 1/60 4/60 1/60 1/60 

4/58    2/58 1/58 1/58 5/58       - 5/58 

"Abbreviations used: AFB, - aflatoxin B,; DHEA - dehydroepiandrosterone; BF - 
basophilic foci; EF - eosinophilic foci; CF - clear cell foci; CCA - cholangiocellular 
adenoma; CCC - cholangiocellular carcinoma; HCA - hepatocellular adenoma; HCC - 
hepatocellular carcinoma 
••AFB, and DHEA were added to the modified purified casein diet, AFB, was fed for 
mo 1-3, DHEA for mo 4-9 
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Basophilic, eosinophilic (Fig. 3.4) and clear cell (Fig. 3.5) foci were observed in a 

few of the fish, some of which also had well-developed neoplasms.  Basophilic foci 

were small with cells that were normal in appearance with the exception of reduced 

glycogen and cytoplasmic basophilia.  Eosinophilic foci were the most numerous of 

the foci and occurred at all dose levels. The cells were enlarged with decreased 

glycogen and more intense eosinophilia (Fig. 3.4).  Clear cells were enlarged and had 

extensive vacuolation. Nuclei were usually centric in location (Fig. 3.5). 

Benign neoplasms included cholangiocellular adenomas and hepatocellular 

adenomas.  The cholangiocellular adenomas were small lesions of encapsulated, 

mostly normal appearing bile ducts (Fig. 3.6).  Hepatocellular adenomas were small, 

either eosinophilic or basophilic, with normal tubular structure, but with increased 

cellular size and reduced glycogen levels (Fig. 3.7). 

Malignant neoplasms were cholangiocellular carcinomas, which were large 

lesions with numerous, multilocular ducts, associated connective tissue, and were 

invasive to surrounding tissue (Fig. 3.8), and hepatocellular carcinomas.  The latter 

tumors were large, basophilic, and composed of mostly uniform, well-differentiated 

cells that proliferate within the original hepatic tubules and transform them into a 

multicellular sacs of neoplastic cells between adjacent sinusoids (Fig. 3.9).  One fish 

from the 20 ppm AFB, group had a neoplasm located in the pancreas.  It consisted 

primarily of ductal structures, and was diagnosed as an adenocarcinoma of pancreatic 

ductal epithelium, with no acinar involvement (Fig. 3.10). 
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Fig. 3.4.  An eosinophilic focus in the liver of a zebrafish fed 20 ppm AFB, and 444 
ppm DHEA.  The hepatocytes are enlarged, with irregular nuclei, reduced glycogen 
content, and granular, eosinophilic cytoplasm.  H&E, X544. 
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Fig. 3.5.  A clear cell focus in a zebrafish fed 30 ppm AFBj & 444 ppm DHEA. 
Hepatocytes are enlarged and extensively vacuolated.  H&E, X340. 
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Fig. 3.6.  A small cholangiocellular adenoma in the liver of a zebrafish fed 30 ppm 
AFB,. The biliary ducts are normal in appearance and surrounded by connective 
tissue.  H&E, X340. 
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mmW* 
Fig. 3.7.  A portion of a large cholangiocellular carcinoma from a zebrafish fed 20 
ppm AFB, and 444 ppm DHEA.  The ducts are irregular and branching, non- 
encapsulated and invasive to surrounding liver (bottom). H&E, X340. 
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Fig. 3.8.  A basophilic hepatocellular adenoma from a fish fed 30 ppm AFB,.  Cells 
are slightly enlarged, low in glycogen and still occur in a normal tubular arrangement. 
H&E, X340. 
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Fig. 3.9.   A portion of a large hepatocellular carcinoma in a zebrafish fed 20 ppm 
AFB,.  Neoplastic cells are small, uniform and have disrupted the normal tubular 
architecture.  H&E, X340. 
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r - ? 
Fig. 3.10.  A ductal adenocarcinoma in the pancreas of a zebrafish fed 20 ppm AFB,. 
Normal pancreatic acinar cells are at the right.  H&E, X544. 
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DISCUSSION 

These results confirm previous reports in the literature and preliminary 

experimental data generated in our laboratory, that zebrafish are surprisingly resistant 

to the carcinogenicity of AFB,. The work of Troxel et al. (199X) has investigated 

the metabolism and DNA-binding of AFB, in zebrafish and provides some hypotheses 

for this resistance.  Troxel et al. (199X) found that zebrafish begin to rapidly excrete 

the metabolite, aflatoxicol (AFL), within 5 min of an intraperitoneal injection of 

AFB,, and within 24 hr, 47% of the administered radioactivity had been excreted into 

the water.  After 18 hr, AFL-glucuronide became the major metabolite excreted. 

Thus, zebrafish have an extremely fast-acting cytosolic reductase system that begins 

generating AFL within 5 min and have the ability to excrete this metabolite directly 

into the water, presumably through the gills.  Later, phase II metabolism takes over 

and AFL-glucuronide is excreted, probably through the urine.  Both of these 

mechanisms could function to reduce the available AFB, that could be metabolized to 

the epoxide for binding to DNA, and provide protection against AFB, carcinogenesis. 

Supportive of this hypothesis is the 4-fold lower DNA binding of AFB, in 

zebrafish in comparison with rainbow trout (Troxel et al., 199X).  They also found 

that female zebrafish bind approximately twice as much AFB, to liver DNA as males. 

We were interested to see if this increased DNA binding in females would result in a 

higher incidence of neoplasms in females than males.  However, when we noted the 

sex of the tumor-bearing fish, there was no evidence of a sex effect.  Of the 26 total 

tumor-bearing fish, 14 were males and 12 were females.  At the high dose of AFB,, 
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three males and three females had tumors, and when DHEA was added, six males and 

five females bore tumors. Buchmann et al. (1993) showed that the cytochrome P450 

isozyme (CYP2K1), thought to be responsible for bioactivation of AFB,, is 

constituitively expressed in zebrafish, providing a basis for the response that we do 

observe. 

Another variable that effects the sensitivity of rainbow trout to carcinogens is 

age.  We have found that young rainbow trout (embryos, and small fry) are much 

more susceptible to AFB, carcinogenesis than are older fish (Hendricks, unpublished 

observations).  The zebrafish used in this feeding trial were adults or subadults (2-mo- 

old) when the dietary exposure began, and thus they could possibly have been more 

responsive if they had been younger.  However, the results of Troxel et al. (199X) 

were also obtained on adult fish, so their results do directly apply to ours. 

Although there appeared to be some slight effect of DHEA as a promoter, its 

effects were much less than in rainbow trout, and DHEA demonstrated no initiating 

activity at a dose that was clearly carcinogenic to rainbow trout (Omer et al., 1995). 

In rodents, DHEA is a peroxisomal proliferator, and it is thought to exert its 

carcinogenic properties through poorly understood mechanisms involving peroxisome 

proliferation (Rao et al., 1992b).  In rainbow trout, however, which respond poorly 

to peroxisome proliferators, carcinogenesis and promotion occurred in the absence of 

this mechanism (Omer et al., 1995).  Omer et al. (1995) suggested that the 

promotional mechanism of DHEA may be due to its conversion into excess estrogens, 

which are promoters of carcinogenesis in rainbow trout (Nunez et al., 1989). We do 
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not know how zebrafish respond to peroxisome proliferators, but would assume that 

their response would be more like trout than rodents. 
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ABSTRACT 

Zebrafish (Brachydanio rerio) were exposed to methylazoxymethanol acetate 

(MAM-Ac) by three different exposure routes:  dietary, fry and embryo static water 

bath.  In addition, a comparison between zebrafish and Japanese medaka (pryzias 

latipes), with respect to carcinogenic sensitivity to dietary MAM-Ac, was made. 

With all three exposure routes, the liver was the primary target organ for 

neoplasms, and the usual array of altered foci, benign and malignant neoplasms of 

both hepatic and biliary cells was observed.  In addition to hepatic tumors, single 

tumors at diverse organ sites occurred with all the routes of exposure, but the greatest 

variety came from the embryonic water bath exposure.  In the comparative 

experiment between zebrafish and medaka, the overall tumor incidences were very 

similar, but medaka had tumors in the liver only whereas the zebrafish had fewer 

liver tumors but several extrahepatic neoplasms. 
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INTRODUCTION 

Zebrafish (Brachydanio rerio) were the first small aquarium fish to be used for 

carcinogenesis studies. Stanton (1965) reported on the carcinogenicity of 

diethylnitrosamine in this species, and also exposed zebrafish to cycad nut meal in the 

diet and cycasin in the water (Stanton, 1966).  Since these early experiments by 

Stanton, only Pliss and Khudoley (1975) and Khudoley (1984), also using 

nitrosamines, have reported on carcinogenicity experiments with zebrafish. 

We have undertaken an investigation to determine if this species has utility as 

a model for carcinogenesis, and have already reported on experiments using multiple 

exposure routes for nitrosamines (Tsai et al., 199X), and dietary exposure to aflatoxin 

B, (Tsai and Hendricks, 199X).  Methylazoxymethanol acetate (MAM-Ac), a stable 

form of MAM, the active molecule in cycasin and the cycad nut, has been used 

extensively, as a model carcinogen, with Japanese medaka (Oryzias latipes) (Aoki and 

Matsudaira, 1977; 1981; Hatanaka et al., 1982; Hawkins et al., 1985; Hawkins et 

al., 1986; Hawkins et al., 1988; Harada et al., 1988;), resulting in neoplasms in a 

number of different tissues and organs.  In zebrafish, the one report on the effects of 

cycasin and cycad nut meal reported only liver tumors (Stanton, 1966).  In this 

report, we present the results of dietary, fry and embryo water bath exposures of 

zebrafish to MAM-Ac, and compare the response of zebrafish and medaka to two 

doses of dietary MAM-Ac. 
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MATERIALS AND METHODS 

Chemicals 

Methylazoxymethanol acetate (MAM-Ac) was purchased from Sigma Chemical 

Company, St. Louis, MO. 

Animals 

Zebrafish used in this study were the progeny of stock fish obtained from 5-D 

Tropical Fish, Plant City, FL. Japanese medaka were obtained from Carolina 

Biological Supply Company, Burlington, NC.  Fish culture procedures at our 

laboratory have been previously described (Tsai et al., 199X).  Animals were fed as 

described in Tsai et al., 199X. 

Dietary Exposure 

MAM-Ac at doses of 500, 1000, or 2000 mg/kg (ppm) dry diet was dissolved 

in hot water (55 0C), and together with the lipid fraction, was thoroughly mixed with 

the dry ingredients of the modified purified casein diet (MPC) (Tsai et al., 199X). 

Duplicate groups of 90, 8-wk-old zebrafish were fed the different diets for 12 wk. 

They were then maintained on the MPC diet for another 12 wk when they were 

terminated to determine the neoplastic response.  The sampling, tissue fixation, and 

slide preparation procedures have been previously described (Tsai et al., 199X). 

Single groups of 100 medaka, 8-wk-old, were fed the MPC diet containing the 1000 

and 2000 ppm doses of MAM-Ac for 12 wk and handled the same way as the 

zebrafish. 



85 

Controls were fed the MPC diet only and also handled the same way as the 

experimental fish. 

Fry Bath Exposure 

Single groups of 100 zebrafish fry, 21 days post-hatch, were exposed to 

MAM-Ac, dissolved directly in buffered water at concentrations of 6.25, 12.5, 25, 

50, 75, or 100 ppm, under static conditions for 2 hr.  Control fish were handled the 

same way without exposure to MAM-Ac.  After exposure, the fish were placed in 

110 L tanks, fed OTD and brine shrimp for 12 mo and terminated as previously 

described. 

Embryo Bath Exposure 

Duplicate groups of 150 zebrafish embryos, 72 hr postfertilization, were 

exposed to static, buffered water solutions of 0, 10, 25, and 50 ppm MAM-Ac for 12 

hr.   After exposure they were transferred to clean, buffered water in 1.5 L beakers, 

where they were allowed to hatch and begin feeding. Finally they were placed in 110 

L tanks, fed OTD and brine shrimp for 12 mo, and terminated to determine neoplastic 

response.  Slide preparation for histological analysis has been previously described. 

Statistics 

Tumor incidence data were analyzed by logistic regression with categorical 

and/or continuous predictors in the Gen mod procedure of SAS (SAS, 1996).  For 

experiments with replicate lots, there was no evidence of overdispersion (p>0.5, all 

lack of fit tests) and residuals appeared consistent with the binomial error model. 
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Further, for the experiments which had no replication, there was no evidence of lack 

of fit after a linear or quadratic dose response was fit, although the degrees of 

freedom were small. 
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RESULTS 

Dietary Exposure - zebrafish 

Table 4.1 summarizes the results of the dietary exposure of zebrafish to 

MAM-Ac.  The fish tolerated all the doses well. Feeding behavior and growth were 

similar in all groups.  Mortalities were slightly elevated at the highest dose.  Among 

those that survived, there were highly significant differences in tumor incidence 

between treatments (p< 0.001, 3 df).  Among the three MAM-Ac doses (500 to 2000 

ppm) the response increases with dose and the large increase between 1000 and 2000 

ppm results in significant curvilinearity in the dose response (p=0.0047, quadratic 

term). 

Table 4.1. Carcinogenic response of zebrafish to dietary MAM-Ac*. 

Lot MAM-Ac dose 
ppm 

Mortality 
% 

Neoplastic response 
Inc.c              %d 

1 0 8 0/82 0 

2 0 9 0/81 0 

3 500 17b 0/73 0 

4 500 25b 0/65 0 

5 1000 7 5/83 6 

6 1000 8 8/82 9 

7 2000 11 23/79 29 

8 2000 17 16/73 22 
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•Fish were fed MAM-Ac diets for 12 wk and terminated 24 wk after the start of the 
exposure 
••Unexplained loss of fish 
cNo. of tumor bearing fish/total No. of fish 
•There were highly significant differences in tumor incidence between treatments 
(p< 0.0001, 3df) 

Livers in the control fish were normal (Fig. 4.1) as previously described (Tsai 

et a/., 199X).  Most of the pathological effects were observed in the liver, but a few 

neoplasms were found in the intestine, pancreas, and body wall.  Lesions in the liver 

included cytotoxicity, biliary hyperplasia, foci of cellular alteration, and both benign 

and malignant neoplasms.  These are enumerated in Table 4.2.  Cytotoxicity was only 

Ti *\ 

Fig, 4.1.  Normal liver from control zebrafish. The two-cell-wide nature of the 
hepatic tubule cut longitudinally is clearly evident. Note also the uniform size and 
shape of hepatocyte nuclei, prominent single nucleolus, and moderate level of 
glycogen vacuolation.  H&E, X544. 
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Table 4.2. Neoplasia and associated lesions in zebrafish taken 24 wk after the start of 
dietary exposure to MAM-Ac*. 

Lesion types   Lot    Total No. of tumors observed at each dose of MAM-Ac (ppm)b 

0 500 1000 2000 

Non-neoplastic lesions 

CT 1 - - - 3/79 

2 - - - - 

BH 1 - 1/73 - 7/79 

2 - - 3/82 2/73 

Liver lesions - altered foci 

CF 1 

2 

EF 1 

2 

BF 1 

2 

Liver neoplasms 

HCA 1 1/79 

2 - - - 2/73 

HCC 1 - - 3/83 9/79 

2 - - 5/82 13/73 

2/73 - 5/79 

1/65 3/82 2/73 

- - 7/79 

- - 6/73 

1/73 2/83 2/79 

1/65 3/82 5/73 
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Table 4.2 (continued) 

CCA 1 

2 

CCC 1 

2 

MC 1 

2 

HB 

1/82 

1/80 4/79 

3/82 5/73 

- 8/79 

1/80 2/73 

. 1/79 

1/73 

Other types of neoplasia 

AC 1 - - - 1/79 

(intestine) 2 

LS 1 - - - 2/79 

(intestine) 2 

FS (body 1 - - - 1/79 

wall) 2 - - - - 

AC 1 - - - 1/79 

(pancreas)    2 

"Fish were fed MAM-Ac diet for 12 wk then control diet for an additional 12 wk 
bSome fish had more than one lesion 
""Abbreviations used:  CT - cytotoxicity, BH - biliary hyperplasia, CF - clear cell foci, 
EF - eosinophilic foci, BF - basophilic foci, HCA - hepatocellular adenoma, HCC - 
hepatocellular carcinoma, CCA - cholangiocellular adenoma, CCC - cholangiocellular 
carcinoma, MC - mixed carcinoma, HB - hepatoblastoma, AC - adenocarcinoma 
(intestine), LS - leiomyosarcoma (intestine), FS - fibrosarcoma (body wall), AC - 
adenocarcinoma (pancreas) 
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observed in fish fed the highest dose of MAM-Ac, and then in only a few fish. It 

consisted of cellular swelling (megalocytosis) and focal areas of necrosis.  Biliary 

hyperplasia was seen in all groups but primarily in the highest dose group.  Profiles 

of immature bile ducts occurred in higher numbers than are normally seen along 

biliary tracts. 

As with other exposures to hepatocarcinogens, foci of altered hepatocytes 

increased in a dose-responsive manner.  These consisted of eosinophilic, basophilic, 

and clear cell variants. The eosinophilic focus was most common.  These foci had 

enlarged cells with little or no glycogen and a distinctly granular eosinophilic 

cytoplasm.  The organization of these cells into hepatic tubules was normal (Fig. 4.2). 

Basophilic foci appeared essentially normal except for the distinct basophilic staining 

and lack of glycogen in the cells (Fig. 4.3).  Clear cell foci were composed of 

enlarged cells that were completely vacuolated by what appears to be glycogen. 

Nuclei were compressed and in either centric or eccentric positions (Fig. 4.2). 

Few hepatocellular adenomas were observed.  One from the high dose level 

group was eosinophilic and similar to the eosinophilic foci only larger.  The cells 

occupied well defined hepatic tubules, were larger than normal, and had distinct pink 

granular cytoplasm and few glycogen vacuoles (Figs. 4.4 & 4.5).  Hepatocellular 

carcinomas (HCC) were the most abundant neoplasms observed with this treatment. 

Figs. 4.6 & 4.7 present a large HCC with distinct basophilia, slightly enlarged, 

somewhat irregular nuclei, frequent mitotic figures, tubules with increased numbers of 

cells in longitudinal profile, and invasiveness to normal liver.  One fish in the 2000 

ppm group had a neoplasm that was tentatively identified as a hepatoblastoma (Figs. 
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4.8 & 4.9).  It occurred adjacent to a HCC, but its cells were more poorly 

differentiated or embryonal, mitotic figures were numerous, and its apparent 

aggressive growth pattern had outstripped its blood supply, leading to a large central 

necrotic zone.  Hepatic tumors of similar appearance in mummichog (Vogelbein et 

al., 1990) and rainbow trout (Bailey et a/., 1996), have been assigned this tentative 

classification. 

'•   V..      •* >   '^^.•.•^••riSfl »fif   * • 

Fig. 4.2. An eosinophilic focus (upper right) and two clear cell foci in the liver of a 
zebrafish exposed to 75 ppm MAM-Ac in a fry water bath. An area of normal liver 
occurs between the foci.  H&E, X340. 
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Fig. 4,3,  A basophilic focus in the liver of a zebrafish exposed to 2000 ppm dietary 
MAM-Ac,  Hepatic tubular structure is normal, but staining is distinctly basophilic, 
H&E, X340, 
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Fig. 4.4.  An eosinophilic adenoma in a zebrafish exposed to 75 ppm MAM-Ac in a 
fry water bath.  Normal liver is present at the far left.  H&E, X136. 
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Fig. 4.5.  A higher magnification of Fig. 4, showing the enlarged hepatocytes, 
granular cytoplasm, and reduced glycogen compared to the normal tissue on the left. 
H&E, X544. 
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Fig. 4.6.  A large hepatocellular carcinoma in a zebrafish exposed to 2000 ppm 
dietary MAM-Ac.  Hepatic tubules are multiple cells wide between adjacent 
sinusoids, cells are deeply basophilic, devoid of glycogen and mitotic figures are 
common.  Normal liver is on the left H&E, X340. 
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Fig. 4.7.  Detail of Fig. 6, mitotic figures are easily seen (arrows) and the broad 
hepatic tubules are clearly evident.  H&E, X544. 
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Fig. 4.8.  A portion of the liver from a zebrafish fed 2000 ppm MAM-Ac.  On the 
left is a hepatocellular carcinoma, next to it is a band of non-neoplastic liver, and on 
the upper right is a unique neoplastic mass with some features resembling a 
hepatoblastoma.  At the far upper right is a large necrotic area which is part of the 
putative hepatoblastoma.  H&E, X340. 
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Fig. 4.9.  Greater detail of Fig. 4.8. The cells are less differentiated, mitoses are 
numerous and liver architecture is completely disrupted.  H&E, X544. 
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Biliary neoplasms included both benign, small, encapsulated cholangiocellular 

adenomas (Fig. 4.10), and malignant, large, invasive cholangiocellular carcinomas 

(Figs. 4.11 & 4.12).  One large neoplasm from the 2000 ppm exposed groups was 

clearly a mixed carcinoma, with both hepatocellular and cholangiocellular components 

intermingled (Fig. 4.13). 

V—r 

Fig. 4.10.  A small encapsulated cholangiocellular adenoma in a zebrafish fed 1000 
ppm MAM-Ac.  H&E, X544. 
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Fig. 4.11.  A large cholangiocellular carcinoma from a zebrafish exposed to the 75 
ppm MAM-Ac fry water bath.  Note the branching biliary ducts and invasion of liver 
at upper right.  H&E, X136. 



102 

:.ZM 

Fig. 4.12.  A higher magnification photograph of the carcinoma in Fig. 4.11.  H&E, 
X340. 
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Fig. 4.13.  A mixed carcinoma having hepatocellular (far right) and biliary 
components intermixed. The individual parts are similar those in either hepatocellular 
or cholangiocellular carcinomas.  H&E, X340. 
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Other, nonhepatic neoplasms originating in the groups fed the diet containing 

2000 ppm MAM-Ac included, 1) a fibrosarcoma, arising from the dermis and 

invading through the muscle wall into the peritoneal cavity (Figs. 4.14 & 4.15). The 

tumor was made up of whorls and bundles of fibroblasts, with plump nuclei and 

occasional mitotic figures, 2) a leiomyosarcoma originating in the tunica muscularis of 

the intestine.  This tumor was large, invasive and had interlacing bundles of smooth 

muscle cells, with large nuclei and occasional mitotic figures (Fig. 4.16), 3) a ductal 

adenocarcinoma originating in the pancreas (Fig. 4.17).  Although well differentiated, 

this tumor showed tendencies to invade the intestine and liver, and had replaced most 

of the pancreatic acinar tissue, and 4) an adenocarcinoma of the intestinal mucosa, 

with poorly differentiated, basophilic nests of cells invading the deeper levels of the 

intestinal wall (Fig. 4.18). 
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Fig. 4.14. A fibrosarcoma arising from the dermis of the skin, penetrating through 
the muscle wall and into the peritoneal cavity. On the far right is the liver. H&E, 
X136. 
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Fig. 4.15.  Higher magnification of the tumor mass in Fig. 4.14, showing whorls and 
bundles of fibroblasts.  H&E, X340. 
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Fig. 4.16.  A leiomyosarcoma arising in the tunica muscularis of the intestinal wall, 
with mucosa at upper right.  Zebrafish was fed 2000 ppm MAM-Ac. Bundles of 
fibroblasts, having relatively large nuclei, have replaced some of the mucosa and 
invaded and destroyed the entire intestinal wall. H&E, X340. 
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Fig. 4,17,  Pancreatic ductal adenocarcinoma in a zebrafish fed 2000 ppm MAM-Ac. 
The pancreas has been replaced by the neoplastic ducts (central region), Normal 
intestine is on the right, liver at lower left, H&E, XI36, 
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Fig. 4.18.  An intestinal adenocarcinoma in a zebrafish exposed to 2000 ppm dietary 
MAM-AC.  Poorly differentiated nests of neoplastic cells are invading downward into 
the intestinal wall. H&E, X340. 



110 

Dietary Exposure - medaka 

The data comparing the response of zebrafish and medaka to dietary MAM-Ac 

at 1000 and 2000 ppm is presented in Table 4.3.  As shown, the responses of the 

two species were very similar.  There was no evidence of a difference between 

species of fish (p>0.5, 1 df) or interaction lack of fit (p>0.5, 1 df). The incidence 

of liver neoplasms was slightly higher in medaka than zebrafish, but medaka did not 

develop neoplasms in other tissues as did the zebrafish.  A lesion that was commonly 

seen in medaka but not in zebrafish was spongiosis hepatis (Fig. 4.19).  The status of 

this lesion is still controversial, but it is interesting that it occurs regularly in 

carcinogenesis studies with medaka, and to date we have not observed it in zebrafish. 

The other hepatic neoplasms in medaka have been illustrated numerous times in the 

literature and photographs of these lesions will not be included in this paper. 

Table 4.3.  Carcinogenic response of zebrafish and medaka to dietary MAM-Ac,b 

Species MAM-Ac dose 
ppm 

Mortality 
% 

Neoplastic i 
Inc.c 

respo 

Zebrafish 0 9 0/163 0 

Zebrafish 1000 8 13/165 8 

Zebrafish 2000 16 39/152 26 

Medaka 0 0 0/100 0 

Medaka 1000 5 6/95"' 6 

Medaka 2000 28 20/72e 28 
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•Fish were fed MAM-Ac diet for 12 wk then control diet for an additional 12 wk 
bData for zebrafish exposed to 1000 and 2000 ppm MAM-Ac were pooled from Table 
4.1 
cNo. of tumor bearing fish/total No. of fish 
^Tumors were diagnosed as follows: three cholangiocellular carcinomas, two 
hepatocellular carcinomas, three hepatocellular adenomas 
'Tumors were diagnosed as follows: one hepatocellular adenoma, one 
cholangiocellular adenoma, seven hepatocellular carcinomas, nine cholangiocellular 
carcinomas, and two mixed carcinomas 
•There was a highly significant difference between the two MAM-Ac doses (0.0001, 
df) but no evidence of a difference between the two species (p>0.5, Idf) 
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Fig. 4.19.  A spongiosis hepatis lesion from a medaka fed the 2000 ppm dose of 
MAM-Ac.  H&E, X136. 
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Fry Water Bath Exposure 

The results of this part of the study are included in Tables 4.4 and 4.5.  Both 

the mortalities and neoplastic response were dose related, but the overall response was 

low, only 12 and 14% at the two highest doses, respectively.  Since neoplasms were 

observed only at the three highest doses, and all these doses produced treatment 

related mortalities, there appears to be a very narrow range between lethality and 

carcinogenicity with this exposure route.  The spectrum of lesions resulting from this 

route of exposure was very similar to that seen with dietary exposure, and the liver 

was once again the primary target organ.  Since the neoplasms were essentially the 

same as with dietary exposure, photographs of these lesions will not be included, with 

the exception of an osteosarcoma of the gill in a fish exposed to 75 ppm MAM-Ac 

(Fig. 4.20).  This photo shows the proliferation of chondrocytes, differentiation into 

bone, and invasion and disruption of the gill arch. 
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Table 4.4.  Carcinogenic response of 21-day post-hatch zebrafish fry exposed to static 
water solutions of MAM-Ac* 

Lot     MAM-Ac dose    Mortality       Neoplastic response 
ppm % Inc.b % 

1 0 0 0/100 0 

2 6.25 0 0/100 0 

3 12.5 0 0/100 0 

4 25 0 0/100 0 

5 50 15 4/85 5 

6 75 26 9/74 12 

7 100 35 9/65 14 

"Zebrafish fry were exposed to MAM-Ac solutions for 2 hr and terminated 12 mo 
later 
bNo. of tumor bearing fish/total No. of fish 
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Table 4.5.  Numbers of neoplastic and associated lesions of zebrafish terminated 1 yr 
after a 2 hr exposure of fry to MAM-Ac 

Total No. of tumors observed at different doses of MAM-Ac (ppm)1 

Lesion types 

0      6.25     12.5        25 50       75      100 

Non-neoplastic lesions 

CT* 0/100 0/100   0/100     0/100    0/85   2/74 10/65 

BH 0/100 0/100   0/100      0/100    0/85    1/74   2/65 

Liver lesions - Foci of altered cells 

BF 

EF 

CF 

Liver Neoplasms 

HCA 

HCC 

CCA 

CCC 

Other tissues 

OS (gill) 

0/100 0/100   0/100     0/100    3/85    1/74    1/65 

0/100 0/100   0/100     0/100    0/85   4/74   3/65 

0/100 0/100    1/100      0/100     0/85   4/74    1/65 

0/100 0/100   0/100     0/100     1/85   5/74   4/65 

0/100 0/100   1/100     0/100    0/85   4/74   5/65 

0/100 0/100   0/100     0/100     1/85    1/74    1/65 

0/100 0/100   0/100     0/100    0/85   0/74   3/65 

0/100 0/100   0/100     0/100    0/85    1/74   0/65 

"Some fish had more than one lesion 
••Abbreviations used: CT - cytotoxicity, BH - biliary hyperplasia, BF - basophilic 
foci, EF - eosinophilic foci, CF - clear cell foci, HCA - hepatocellular adenoma, 
HCC - hepatocellular carcinoma, CCA - cholangiocellular adenoma, CCC - 
cholangiocellular carcinoma, OS - osteosarcoma 
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Fig. 4.20. An osteosarcoma of the gill in a zebrafish exposed to 50 ppm MAM-Ac in 
a fry water bath. Note the proliferation of cartilage, differentiation into bone, and the 
disruption of the gill arch.  H&E, X340 
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Embryo Water Bath Exposure 

Zebrafish exposed to MAM-Ac as embryos suffered high mortalities 

particularly in the early stages of the experiment (Table 4.6). This occurred in the 

controls, but there was also an obvious treatment effect as well.  When an experiment 

is started with embryos, and losses are based on the initial number of embryos, 

mortalities run higher than if the initial number is based on fry or adults that have 

survived the more vulnerable stages of hatching, swimup, and the onset of feeding. 

At termination, there was no evidence of tissue damage that could have explained the 

earlier mortalities.     Although there were few survivors at the highest dose, tumor 

incidences were the highest (11/20, and 12/17) of all the exposure routes tested. 

Among those that survived, there were highly significant differences in tumor 

incidence between treatments (p< 0.0001, 2 df).  Over the three MAM-Ac doses (10 

to 50 ppm) there was a significant linear dose response (p< 0.0001, logistic 

regression, 1 df) with no evidence of lack of fit to linear (p>0.5, 1 df).  Liver 

lesions and neoplasia were similar to those observed in the other exposures to MAM- 

Ac (Table 4.7). 

Of particular interest, was the wide variety of neoplasms that developed in 

extrahepatic tissues.  Some of these were also epithelial tumors, but most were 

mesenchymal or neural in origin.  In all cases, only single tumors in single fish 

resulted from the treatment with this direct-acting carcinogen.  Thus, although these 

neoplasms were clearly the result of MAM-Ac exposure, no single extrahepatic tissue 

or organ was more susceptible to MAM-Ac than another.  The tumors observed were 

as follows.  Two fish developed seminomas in the testis in the groups exposed to 10 
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ppm MAM-Ac.  Four separate fish in the 25 ppm groups developed the following 

tumors:  A seminoma in the testis, a leiomyosarcoma in the intestine, a 

chondrosarcoma in the gill, and an adenoma in the exocrine pancreas.  In the 37 

survivors of the 50 ppm MAM-Ac embryo treatment, there were the following 

neoplasms: one ductal adenoma in the pancreas, one osteochondroma in the scleral 

layer of the eye (Fig. 4.21), one neurofibroma in the skeletal muscle of the trunk 

region, one hemangioma in the pharynx, one hemangioma in the ovary, one 

hemangioma on the tail (Fig. 4.22), one hemangioma in the gill, one 

Table 4.6.  Carcinogenic response of zebrafish, exposed to MAM-Ac for 12 hr as 72- 
hr embryos, and terminated 12 mo later 

Lot MAM-Ac dose    Mortality 
ppm % 

Neoplastic response 
Inc.* %b 

1 0 35 0/97 0 

2 0 52 0/72 0 

1 10 51 4/73 5 

2 10 55 2/67 3 

1 25 62 8/57 14 

2 25 77 4/35 11 

1 50 87 11/20 55 

2 50 89 12/17 71 

"No. of fish with tumors/total No. of fish 
•There were significant differences in tumor incidence between treatments 
(p < 0.0001, 2 df) 
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Table 4.7.  Numbers of neoplastic and associated lesions in zebrafish liver exposed to 
MAM-Ac as embryos 

Lesion      T ot 
types* 

Total No. i Df tumors observed at different doses of MAM-Ac (ppm) 

0 10 25 50 

Non-neoplastic 
lesions 

ME           1 0/97 0/73 0/57 0/20 

2 0/72 0/67 1/35 0/17 

BH            1 1/97 0/73 2/57 6/20 

2 3/72 2/67 3/35 4/17 

Foci of altered 
hepatocytes 

CF            1 0/97 1/73 1/57 1/20 

2 0/72 0/67 0/35 1/17 

EF              1 1/97 0/73 7/57 1/20 

2 0/72 0/67 1/35 1/17 

BF             1 0/97 1/73 0/57 0/20 

2 0/72 0/67 0/35 0/17 

Neoplasms 

HCA         1 0/97 3/73 4/57 5/20 

2 0/72 1/67 1/35 3/17 

HCC         1 0/97 0/73 1/57 2/20 

2 0/72 0/67 0/35 5/17 
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Table 4.7 (continued) 

CCA 1 0/97 0/73 2/57 1/20 

2 0/72 0/67 0/35 1/17 

CCC 1 0/97 0/73 0/57 1/20 

2 0/72 0/67 0/35 1/17 

MA 1 0/97 0/73 0/57 1/20 

2 0/72 0/67 0/35 0/17 

MC 1 0/97 0/73 0/57 0/20 

2 0/72 0/67 0/35 1/17 

'Abbreviations used:  ME - megalocytosis, BH - biliary hyperplasia, CF - clear cell 
foci, EF - eosinophilic foci, BF - basophilic foci, HCA - hepatocellular adenoma, 
HCC - hepatocellular carcinoma, CCA - cholangiocellular adenoma, CCC - 
cholangiocellular carcinoma, MA - mixed adenoma, MC - mixed carcinoma 
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medulloepithelioma in the retina of the eye (Fig. 4,23), one renal adenoma (Fig. 

4.24), one neurofibrosarcoma of the spine (Fig. 4.2S), one neuroblastoma in cranial 

area (Figs. 4.26 & 4.27), and one rhabdomyoma in the heart (Figs. 4.28 & 4.29). 

All these neoplasms were single lesions in separate fish. 

\ A 

Fig. 4.21,  Osteochondroma in the scleral layer of the eye.  Mass is comprised of 
well-differentiated cartilage and bone.  Embryonic treatment with 50 ppm MAM-Ac 
for 12 hr.  H & E, X136. 
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Fig. 4.22.  Cavernous hemangioma in the caudal peduncle.  Multicystic subcutaneous 
mass contains variably-sized, ovoid, blood-filled spaced lined by well-differentiated 
endothelium.  Hemorrhage, hemosiderin-laden macrophages and associated fibrosis 
surround the largest cyst.  Embryonic exposure to 50 ppm MAM-Ac for 12 hr. 
Moribund fish sacrificed at 7 mo post-treatment. H & E, XI36. 
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Fig. 4.23.  MeduUoepithelioma in the retina.  Mass consists predominately of well- 
differentiated neuroepithelial cells in a haphazard arrangement set in abundant 
neuropil.  A smaller component of the neoplasm is comprised of cords of less well- 
differentiated columnar neuroepithelium with basally oriented nuclei.  Embryonic 
exposure to 50 ppm MAM-Ac for 12 hr.  H & E, X544. 
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Fig, 4.24.  Renal tubular adenoma in trunk kidney.  Mass is formed by well- 
differentiated tubules composed of cuboidal epithelium.  Most tubules are moderately 
dilated and filled with lightly basophilic fluid.  Embryonic exposure to 50 ppm MAM- 
Ac for 12 hr.  H & E, X136. 
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Fig. 4.25.  Neurofibrosarcoma of the spine.  Mass surrounds spine and multifocally 
invades vertebrae.  Neoplasm consists of spindloid to stellate cells arranged in a 
storiform pattern, set in moderate amounts of neuropil.  Verocay body formation and 
nuclear palisading is evident. Embryonic exposure to 50 ppm MAM-Ac for 12 hr. 
Moribund fish sacrificed at 7 mo post-treatment.  H & E, X136. 
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Fig. 4.26.  Neuroblastoma of skull.  Extensive mass grossly distorting skull, 
surrounding brain and infiltrating optic nerve and anterior vertebrae.  Embryo 
exposure to 50 ppm MAM-Ac for 12 hr.  Moribund fish sacrificed at 7 mo post- 
treatment.  H & E, X34. 
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Fig. 4.27.  Higher magnification of the neuroblastoma of Fig. 4.26.  Neoplasm 
consists of tightly packed, uniform round neuroblasts with negligible cytoplasm, set in 
scant neuropil.  Definitive neuroepithelial rosettes are not evident.  H & E, X340. 
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Fig, 4.28.  Rhabdomyoma in the ventricle of the heart, surrounding the atrio- 
ventricular valve.  Mass consists of plump, densely-packed ovoid myocytes with 
central oval nuclei and abundant granular to vacuolated cytoplasm lacking clear 
striations.  Embryonic exposure to 50 ppm MAM-Ac for 12 hr.  H & E, X136. 



128 

Fig. 4.29.  Higher magnification of the rhabdomyoma of Fig. 4.28.  The transition 
between rhabdomyoma (right) and normal ventricular tissue (left) is demonstrated. H 
& E, X544. 
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DISCUSSION 

Previous experiments with zebrafish at our laboratory have shown a trend 

towards relative insensitivity to the carcinogenicity of nitrosamines and aflatoxin B, 

(Tsai et a/., 199X; Tsai and Hendricks, 199X), however, we had not conducted any 

side-by-side comparisons with other species.  In this study, dietary exposure of 

zebrafish and medaka to the same MAM-Ac-containing diets revealed an almost 

identical carcinogenic response in the two species.  Khudoley (1984) compared 

zebrafish and guppies with respect to nitrosamine carcinogenicity and concluded that 

zebrafish were more sensitive than guppies.  Hawkins et al. (1985) compared seven 

species of aquarium fish and concluded that the medaka and guppy were both 

desirable models but did not make any quantitative comparisons.  Additional species 

to species comparisons in the same laboratory would be useful for ranking the various 

species with respect to sensitivity. 

Route of exposure can have a pronounced effect on target organ response, 

especially with a direct-acting carcinogen (Hendricks et al., 1980; Hendricks et al., 

1995; Omer et al., 1995).  In the present experiment, the effect was not as variable 

as expected.  With all three routes of exposure, the liver was the major target organ, 

and the response at other organ sites was so low and scattered, there was no 

secondary target organ.  With the embryo water exposure, there was also a relatively 

narrow dose range in which carcinogenicity occurred without mortality being 

excessively high. 

There was a distinct difference between zebrafish and medaka with respect to 
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the occurrence of spongiosis hepatis.  This putative neoplasm of perisinusoidal cells 

or cells of Ito occurs frequently in carcinogenesis studies with medaka (Hinton et al., 

1984) and sheepshead minnow (Couch and Courtney, 1987), but we have never 

observed it in our carcinogenesis studies with zebrafish.  It also has never been 

described in rainbow trout (Hendricks, Unpublished observations). 

Although other carcinogens need to be tested with the zebrafish, there are 

several characteristics of this species that would limit its usefulness as an 

environmental monitor or even as a laboratory model.  First, there is the apparent 

lack of responsiveness to certain carcinogens.  For this reason this species may not 

detect carcinogenic problems in the environment as well as a more sensitive species 

might.  Second, and probably most important, is its inability to survive at temperate 

water temperatures, limiting its use to tropical or sub-tropical waters only. We have 

found that temperatures below 10oC completely immobilize zebrafish, and their 

activity is greatly reduced between 10 and 150C.  For prolonged periods of exposure, 

water temperatures would probably need to be 180C or higher for zebrafish to sustain 

normal bodily functions.  Third, the location of the zebrafish liver, entwined around 

the intestine, makes the removal of liver tissue for metabolic studies very difficult and 

time-consuming.  On the other hand, this species is easy to rear, produces eggs all 

year long, and has a very short development time (96 hr). Although zebrafish have 

proven to be advantageous for other biological research, we believe their negative 

characteristics outweigh their positive ones for carcinogenesis.  Perhaps this is why no 

one has perpetuated Stanton's early work with zebrafish.  These features may have 

been known but were never discussed. 
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SUMMARY 

The goal of this research was to evaluate zebrafish, on the basis of their 

sensitivity to several known carcinogens, as a model for both laboratory and field 

carcinogenesis studies.  We have looked at four different carcinogens, and three 

routes of exposure.  We realize that this is not a broad basis on which to evaluate a 

model, but these studies do provide us with sufficient evidence to form a hypothesis. 

While it is probably inaccurate to compare sensitivities based on dose levels in diets 

or in exposure waters, at this time these are the only comparisons we have to work 

with.  On this basis, zebrafish are definitely more resistant to neoplasia than are 

rainbow trout (the most established fish model) (Bailey et al., 1996), by as much as 

three orders of magnitude with respect to dietary aflatoxin B, (AFB,), and to lesser 

degrees with other carcinogens.  This was not surprising since comparisons between 

rainbow trout and other aquarium fishes have usually shown the trout to be more 

sensitive on an administered dose basis.  Although space and time constraints 

prevented more comparative studies between zebrafish and medaka, the one 

comparison we made using dietary methylazoxymethanol acetate (MAM-Ac), revealed 

similar sensitivities in these two species.  Thus, with the possible exception of AFB,, 

where zebrafish appear to be particularly resistant, the sensitivity of zebrafish to 

carcinogens may be relatively similar to other small aquarium fishes. 

These experiments have also revealed some important features about the 

suitability of various exposure routes.   For small fish, the involuntary water bath 

exposures are preferable to dietary exposure for several reasons.    First, the protocol 
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that we have used for starting newly hatched zebrafish on food requires the use of 

either live food or food that comes in very small particle size.  Neither of these food 

sources are amenable to accurate incorporation of a toxin or carcinogen.  Thus and 

secondly, the extremely small size of the young fish make it almost mandatory that 

dietary exposures be delayed until the fish achieve some minimal size that will allow 

acceptance of a minimal dietary particle size of a diet into which the toxin can be 

incorporated, whereas with bath exposures, size of the fish is immaterial. Third, we 

have found that the delay to increase the fish size required about two months for 

zebrafish, a delay which may lower their sensitivity due to age, based on information 

gained from rainbow trout experiments (unpublished results from our laboratory). 

Conversely, bath exposures give the scientist complete flexibility on the timing of the 

exposure.  Fourth, this delay in time also results in the zebrafish being close to or 

already at sexual maturity, a change that can introduce another variable into the 

neoplasia formula.  And fifth, we have found that zebrafish tend to eat over an 

extended period of time rather than the aggressive, all-at-once feeding behavior of 

rainbow trout.  This tendency makes it more difficult to know how much diet to feed, 

and some of it may lay on the bottom for extended periods of time, and either not 

being eaten at all or leach an unknown amount of toxin into the water. 

The final, most obvious, most important, and yet completely overlooked 

characteristic of zebrafish that determines their suitability and versatility as a model 

for field monitoring of carcinogenic hazards, is their tolerance for the range of 

temperatures that would be encountered in such monitoring experiments.  The 

extensive literature review on the biology and use of zebrafish by Laale (1977), did 
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not discuss temperature tolerance as a limiting factor, and as a result we failed to 

realize the importance of this parameter.  In brief, we know from limited experiments 

that zebrafish cannot tolerate temperatures less than or equal to 10oC, since these 

temperatures have an almost immediate anesthetic, immobilizing, effect on the fish. 

Temperatures between 10 and 15"C greatly reduce the fish's activity within the first 

minute, and although we do not know what the long-term effects would be, we 

assume the fish would be under severe stress, would not feed normally, and their 

ability to withstand chemical and/or biological (infectious) assault would be greatly 

compromised.  Thus, based on this very basic requirement, zebrafish are unsuitable as 

a field monitoring species in temperate or colder climates.  Their usefulness is 

restricted to laboratory and/or tropical or subtropical field studies only. 

Since we have not discovered any compelling advantages of zebrafish over 

some of the other models, (i.e. the guppy) currently being used in support of the 

Japanese medaka, we do not recommend thrusting the zebrafish into this role. 
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