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The CNA repair capabilities of rainbow trout (Salmo gairdneri) 

were studied vising the method of autoradiography. Trout were fed a 

semi-purified control diet containing 0 ppm, 50 ppm, or 300 ppm 

cyclopropenoid fatty acids (CPFA) for 6-9 weeks. Liver slices were 

prepared and exposed in vitro to a control treatment, ultraviolet 

irradiation (UV), ethidium bromide (EB), UV/EB in succession, or 

aflatoxin B^ The degree of CNA repair was analyzed in terms of 

net grains per cell. 

Except following the EB treatment, fish on the control diet 

revealed an absence of ongoing CNA repair. Trout fed 50 ppm CPFA 

exhibited a consistently lew level of repair over time following the 

in vitro control treatment. Fish fed 300 ppm CPFA revealed a 

• T ... . 
relatively higher degree of JH-Me-thymidine incorporation 

indicative of induced DMA repair following the in vitro control 

treatanent, and the degree of repair increased with time on the diet. 



UV-irradiation caused a marked increase in the degree of induced ENA 

repair in 300 ppm CPFA fish at 6 and 7.5 weeks, and in 50 ppm CPFA 

fish at 7.5 weeks. Follcwing UV-irradiation, liver slices were 

exposed to EB, a ENA intercalating agent used to inhibit normal ENA 

replication. Hcwever, in contrast to the desired effect, EB caused a 

marked decrease in the degree of repair synthesis observed in 300 ppm 

CPFA fish at 6 and 7.5 weeks. Indicative of intercalation, the in 

vitro EB treatment caused a moderate degree of H-Me-thymidine 

incorporation in fish fed the control diet. Repair was also induced 

in 300 ppm CPFA fish following exposure to EB at 6 and 7.5 weeks. 

Aflatoxin B1 induced ENA repair to various degrees in fish on all 

diets at 7.5 and 9 weeks. In ocmparison to the in vitro control 

treatment, it was observed that the degree of induced ENA repair was 

decreased significantly - "campletely" following the UV, UV/EB, and 

EB treatments - in fish fed the 300 ppm CPFA diet for 9 weeks. 

In view of the lew level of ENA repair observed in rainbow trout 

using autoradiography, the repair capabilities were studied using a 

more sensitive assay, brcmodeoxyuridine (BrdU) photolysis. Isolated 

hepatocytes were prepared from fish fed the various diets and exposed 

in vitro to a control treatment, UV-irradiation, or 

4-nitroquinoline-N-oxide. The obtained results were nonconclusive 

indicating technical improvements on the assay need to be made. 
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A STODY OF THE EXCISION REPAIR CAPABILTITES OF RAINBCW TROUT 

fSalmo crairdneri) EXPOSED TO DIETARY CYCIDPRDPENOID FATTY ACIDS 

INTRDDUCITON 

cyclopropenoid fatty acids (CPFA's) cause many adverse 

physiological and metabolic disorders when included in the diets of 

hens, rabbits, rats, and trout. Most notably, the metabolism of 

proteins and lipids is altered, consequently changing the structure 

and function of membranes. Moreover, CPFA's act as a carcinogen and 

strong cocarcinogen when fed simultaneously with AF^ to rainbow 

trout. Dietary pretreatment of trout with CPFA's alters the 

metabolism of AF^ resulting in increased levels of the more toxic 

metabolite, aflatoxicol, and decreased levels of the less toxic 

metabolite, AIM-^. One mechanism ty which cocarcinogens may induce 

the process of cancer is by increasing the occurrence and stability 

of carcinogen-ENA adducts. However, in a previous study using the 

cocarcinogen, CPFA, and the carcinogen, AFB^, this mechanism 

appeared not to be the cause of the increased occurrence of 

carcinogenesis. In contrast to the projected effect, dietary CPFA's 

compared to a control diet caused a decrease in AF^ adduct 

formation. One of the main processes by which ENA adducts and other 

types of DNA damage are corrected is through ENA repair; therefore, 

it was suggested that CPFA's may alter the capacity of rainbow trout 

to repair ENA damage. 



2 

The consequences of altered CNA repair capacities caused by 

cocarcinogens or carcinogens are realized when the three major steps 

in the progressive development of cancer are examined. These three 

steps are initiation, promotion, and progression. Initiation is the 

process whereby the CNA of certain cells is permanently altered due 

to a miscoded lesion, adduct, or otherwise altered base, 

predisposing the cell to proliferate. Expansion of the initiated 

cells into nodules or polyps is referred to as promotion. In 

reference to the effects of CPFA's on KFB^ metabolism, an 

increased occurrence of neoplasms is observed even though there is a 

decrease in the percentage of AFBQ-CNA adducts. Therefore, CPFA's 

may play a role in either the initiation or promotion steps of 

carcinogenesis. In addition to the effects of CPFA's on AFBj-DNA 

adduct formation, the physiological alterations of trout hepatocytes 

caused by CPFA's such as structurally altered endqplasmic reticulum 

may also play a role in the promotion stage of initiated cells. 

Therefore, due to the genomic and physiological alterations caused 

by CPFA's in trout and their possible consequential effects on 

membrane bound enzymes, the carcinogenic process, and the CNA repair 

system, it was decided to investigate the CNA repair process of 

rainbcw trout. 

Rainbow trout were fed various levels of dietary CPFA's. 

Follcwing liver slice preparation, the hepatocytes were exposed to 

the physical or chemical carcinogens, UV-irradiation or AFE^, 

respectively. Follcwing H-thymidine incorporation, sections of 
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liver slices were prepared for autoradiography and grain counts of 

individual hepatocytes were quantified to determine the amount of 

DNA excision repair. Liver slice preparations maintain enzyme 

activities close to in vivo levels necessary for the metabolism of 

carcinogens that require activation, i.e. AFB^. This study was 

unique due to the use of liver slices as opposed to isolated 

suspensions or cell cultures of hepatocytes. Intact liver slices 

more closely resemble intact liver, provide adequate surface area 

for gaseous exchange, and are not subjected to perfusion with 

enzymes. Thin (1 micron) sections of liver slices prepared on an 

ultramicrotome resulted in hepatocytes that were relatively easy to 

study visually, thus presenting the evidence of DNA repair 

directly. Ihe advantage of visualization became most prominent when 

the question arose' concerning the method of ENA repair analysis. 

Autoradiography was chosen as the method for studying DNA excision 

repair due to its visual nature, adaptability for use with a wide 

structural variety of carcinogens, and the high level of technical 

improvements the method has received. 

Trends revealing the effects of various levels of dietary 

CPFA's over time on the DNA excision repair capabilities of trout 

hepatocytes exposed to in vitro carcinogen treatments were 

obtained. The large size of the data file enabled a statistical 

analysis of the results. 
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A Study of the DMA Excision Repair Capabilities of 

Rainbow Trout (Salroo gairdneri) Exposed to 

Dietary Cyclqpropenoid Fatty Acids 

LTTERAIURE REVIEW 

General Characteristics of Cyclopropenoid Fatty Acids 

In the 192O's there were reports of discolored eggs laid by hens 

fed cottonseed products. This discoloration was specified as being 

in the form of two different disorders. One disorder concerned egg 

whites turning pink, and the other manifested itself as brawryolive 

discoloration of the yolk. Since cottonseed is of the plant order 

Malvales an investigation into other plants of this order was made, 

and it was revealed that ingestion of a number of them also caused 

"pink white" disorder. The pink discoloration had been seen in yolks 

whose hens had not been fed plants of the order Malvales; however, 

Malvales' plant oils accelerated formation of this discoloration 

(1). Therefore, concern was concentrated on this accelerated 

condition. 

After much testing it was found that only ccnrapounds containing 

the cyclopropene radical caused all of the effects in eggs laid by 

hens, which had been fed plants of the order Malvales (1). Two 

naturally occurring cyclopropenoid fatty acids (CPFA's), sterculic 

acid (SA) and malvalic acid (MA), have been associated with the 

multifaceted physiological disorders. 
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In 1952, Nurm (2) successfully isolated sterculic acid and 

Shenstone isolated malvalate esters from several plants (3). Nordby 

et al (4) revealed that the cyclopropene ring was the structural 

requirement for inducing 1) the convergence of the pH of yolk and 

white and 2) the pink discoloration of stored eggs. 

Two main food sources of CPFA's are the cottonplant (Gossypium 

hirsutum) in the United States and kapok (Eridendran anfractuosum) in 

many countries of the orient (5). Cottonseed meal containing oil is 

a major protein supplement for farm animals and commercial fish such 

cis rainbcw trout (6). More specifically, CPFA's existing as 

triglycerides are found in seed lipids of cotton (<1%), kapok (20%) , 

okra, limes, durain, and China Chestnuts (7). The biological role of 

CPFA's in plants may be that of an insecticide in conjunction with 

phytochemicals (7). 

Two CFFA's, SA and MA, are significant components of oils from 

these seeds and other plant tissue. The cycloprqpene ring located in 

the acids is one of the most strained structures in organic chemistry 

(6). Due to the short double bond of the ring, the single bonds of 

the ring are the weakest points of the molecule (7). Thus, in 

addition to undergoing the typical reactions of olefins, CPFA's also 

partake in reactions where the single bonds of the ring are cleaved 

(8). 
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Inhibition of 9 Fatty Acyl Desaturase 

Raju reported less conversion of stearic acid to oleic acid in 

rats fed methyl sterculate (9). Hiis observation was tracked to the 

inhibition of 9 desaturase and was believed to be specifically 

caused by a thioester linkage between active sulfhydryl groups of the 

desaturase enzyme and the cyclopropene ring (9). There was no 

inhibition when sterculqyl-CoA could not be formed; thus, it was 

assumed that sterculayl-CoA rather than sterculic acid was the 

inhibitor (10). Hcwever, CPFA's were found not to be general 

inhibitors of sulfhydryl enzymes (11); instead, the inhibition of 9 

fatty acyl CoA desaturase was caused by the large amount of 

noncovalent binding energy generated when sterculqyl CoA rather than 

stearcyl-CoA bound to the enzyme (12). The effectiveness of 

inhibition was most probably due to a polarization interaction 

dependent on the cyclqprqpene ring in the Cg, C^Q position (12). 

Greenberg had suggested a similar mode of inhibition where a 

noncovalent bond formed between the active sulfhydryl group of the 

enzyme and the double bond of the ring (6). Even though fatty acids 

other than sterculic caused partial inhibition of the desaturase 

enzyme, the inhibitor-substrate ratio was much higher in the former: 

1:50-100 vs. 1:14 (12). Inhibition was dependent on the cyclopropene 

ring in the vicinity of the C-9 and C-10 atoms, resulting in a highly 

specific, very strong, noncovalent attachment of 8,9-; 9,10; and 

10,11- CPFA's (12). 
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Incorporation of CPFA/s Into Membranes 

Alterations in the fatty acid conposition of a membrane affect 

the activity of membrane bound enzymes (13) and its permeability, 

especially to small nonionic molecules (14). It has been well 

established that CPFA's incorporate themselves into membrane 

phospholipids and hepatic lipids of fish and rats, possibly by 

inclusion of the prqpene ring itself (15, 16), thus altering the 

geometry, permeability and thus the function of the membrane (17). 

This alteration of the membrane has been related to the promotional 

effects of CPFA's, and the structural requirements necessary for the 

induction of these promotional effects include unsaturation and a 

chain length of at least 17 carbons. S.A. incorporates more readily 

into membranes than M.A., and the former has greater promotional 

activity (16). 

Effects of Dietary CPFA's on Rats and Rainbow Trout (Salmo qairdneri) 

Effects of feeding dietary CPFA's to rats include fatty 

infiltration, degeneration of liver and renal tubules, altered lipid 

metabolism, impaired membrane integrity (17), increased mitogenesis 

in hepatocytes (18), altered lipid conposition of membranes (19), 

delayed sexual maturity and retarded growth, neonatal and postnatal 

mortality, morphologically altered endqplasmic reticulum (ER) 

membranes of hepatocytes (20, 21), 9 desaturase inhibition (9), 

lung, liver and kidney abnormalities (20, 22), enlarged livers and 

increased hepatic ENA content (18). 
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Effects of dietary CPFA's on rainbow trout (Salmo gairdneri) 

include necrosis of the liver, toxicity, lipid accumulation, cell 

striations, bile duct proliferations, altered hepatic lipids, altered 

membrane phopholipids, and altered microsomal protein contents (15, 

23, 24), increased mitogenesis (18), decreased cytodhrome P-450 

activity (24), accumulation of lipid globules and fibrous material in 

proportion to dietary levels (23, 25), altered biosynthesis of long 

chain polyunsaturated fatty acids, enlarged, firm, pale livers (23, 

26), altered protein synthesis (27), morphologically altered ER 

membranes of hepatocytes (17), reduced growth (28), increased hepatic 

ENA content, increased incorporation of 3H-thymidine into ENA, and 

enlarged nuclei (18). 

CPFA/s as Promoter and Oocarcinogen 

CPFA's are well known cocarcinogens with aflatoxin Bl (AFB1) and 

some of its metabolites such as AFML, APQ1, and AFL1 (29). By 

suppression of the hepatic mixed function oxidase (MPO) system, 

CPFA's also act as promoter and cocarcinogen with 6-napthaflavone 

(BNF), a known inducer of the MPO system (30). A decrease in general 

of MPO activities due to CPFA intake is suggested to be a primary 

cause of the CPFA's synergistic effect. It's suggested that the 

alteration of membrane structure by CPFA's may account for the 1) 

decreased microsomal P-450 concentration 2) decreased protein content 

and 3) decrease in MPO activity reported in trout (31). Through a 

number of in vivo experiments, Watteriberg has shown that the 

induction of microsomal enzymes can inhibit carcinogenesis, and this 
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induction requires new protein synthesis (32). Iherefore, due to the 

consequences of a decrease in the concentration of microsomal enzymes 

CPFA's may promote carcinogenesis (24). Moreover, since CPFA's 

decrease the amount of ENA-AFB1 binding, yet increase the occurrence 

of tumors, a second cause for the carcinogenicity lies in the 

promotion of the tumor post-initiation process by CPFA's due to their 

alteration of membrane structure and function (29). Dietary CPFA's 

also act as promoters of carcinogenesis in trout when fed after AFBl 

(33). The toxic effects of CPFA's on the membrane system such as 1) 

incorporation into phospholipids in vivo (34) 2) alteration of 

protein biosynthesis and composition of the membrane (35) and 3) 

initiation of peroxidative reactions in nonpolar environments (36) 

may all contribute to the oocarcinogenic and promotional effects of 

CPFA's (29). Lee observed the synergistic effects of CPFA's in oils 

containing different amounts of SA and MA on AFBl, and found that the 

oil containing more SA (49 vs. 2%) promoted more rapid liver tumor 

growth (25). The synergistic effects of CPFA's fed with AFBl are 

significant but smaller in rats compared to trout (37). Moreover, 

primary hepatocarcinogenicity due to CPFA's has been observed in 

trout (38, 39). 

Types of DMA damage 

Deoxyribonucleic acid (ENA) provides the hereditary code for all 

genes, from which the proteins and enzymes are translated; 

consequently, the complicated, interdependent systems of all 

organisms are dependent on it functioning properly. Hence, the 
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correct maintenance of ENA is of vital importance for the 

evolutionary survival of organisms. ENA damage is defined as a 

modification of ENA that alters the coding properties or its normal 

function in replication or transcription (40). Major base 

alterations such as dimers, seme alkylations, and a variety of bulky 

adducts distort the helical structure of ENA (40). The overall 

process in which: 1) the adducts and dimers are removed 2) the 

correct sequence of nucleotide bases are restored and 3) ENA 

replication proceeds in a normal, nearly error-free manner, is 

referred to as ENA repair. 

Ihe classic lesion causing damage to ENA is the 

cyclobutylpyrimidine dimer caused by ultraviolet (UV) radiation (40, 

41). The dimer is a four carbon ring formed by two adjacent 

pyrimidine bases, cytosine or thymidine, and is out of alignment. 

This misalignment causes a pull that breaks the hydrogen bonds 

between the pyrimidine bases and their oonplementary bases. A 

distortion of the backbone such as this prevents correct pairing by 

the two bases on each side of the dimer (41). Moreover, a number of 

carcinogens are capable of inducing ENA repair (42-45). However, 

UV-irradiation has been found to induce the ENA repair process most 

commonly studied, excision repair. Compared to control cells 25-, 

11-, and 7- fold increases in DMA repair were found using UV, 

N-hydroxyac«tylaminofluorene (N-OH-AAF), and AFB1, respectively, in 

rat hepatocytes (46). Sarasin (47) observed the maximum amount of 

repair induced by AFB1 to be about 20% of that induced by UV 

irradiation. The testing of UV, acetylaminofluorene (AAF), 
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benzopyrene (BP), and AFB1 for induction of CNA repair in mouse 

hepatocyte cultures resulted in 25-, 15-, 14-, and 15- fold increases 

in repair, respectively, compared to controls (48). 

For research purposes UV-irradiation represents a way of 

inflicting relatively uniform, reproducible ENA damage and avoids 

potential prdblems of uptake and metabolism associated with the use 

of chemicals (49). Plesko and Richardson observed a significant 

increase in unscheduled ENA synthesis (UDS) with increasing UV doses 

except in the oldest, 32 month old rats, where no UDS was observed at 

any dose (50). Furthermore, when using possible chemical 

carcinogens, often it is quite difficult to make substantial 

correlations between the number of cells exhibiting repair and the 

amount of repair in the individual cells (45). However, it is quite 

profitable to utilize both UV and chemical carcinogen treatments, 

cocperatively. Since chemical mutagens and carcinogens may be toxic 

to the primary liver cell and possibly inhibit DMA repair, the dose 

dependent induction of repair by UV should serve as a means of 

ascertaining whether the ENA repair abilities of chemically treated 

cells are altered. 

Types of Repair 

In order to be repaired damage must be recognized by a protein 

that can initiate a sequence of biochemical reactions leading to 

elimination of the damage and restoration of the intact structure 

(40). There exist a number of processes involved in the repair of 

ENA which utilize different enzymes and medhanisms. The three most 
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caramon and well studied of these systems are excision repair, 

post-replication repair, and photo-reactivation. Repair mechanisms 

for specific insults to ENA include: 1) glyoosylases, which remove 

single incorrect or altered bases and 2) the adaptive response, 

specific for methylated guanines (41). 

The best understood pathway of ENA repair involves excision 

either of nucleotides- first described by Carrier and Setlow (51) and 

Boyce and Hcward-Flanders (52)- or of bases as described by Lindahl 

(53). ENA excision repair has been proficiently demonstrated in 

mammalian cells (54). Excision repair may involve the removal of 

only 3-4 nucleotides and occur over a short time period (<60 min.) 

after the inflicted damage (55); however, the type most thoroughly 

and easily studied is termed long-type excision repair (55). 

Short-type repair inducing agents include ionizing radiation 

(X-rays), ethylmathanesulfonate (EMS), methylmethanesulfonate (MMS), 

and prqpene sultone; whereas long-type excision repair inducers 

include among others UV-irradiation, AAF (48), 2-FAA, and AFB1 (45). 

Agents inducing the short form cause many single strand breaks to 

occur along the strand of ENA. Subsequently, an exonuclease excises 

3-4 nucleotides, vfriich are quickly replaced by ENA polymerase. 

Finally, the strand is closed by ENA ligase. No local denaturation 

or distortion of base stacking occurs with this form of repair (55). 

Long-type repair is the primary repair mechanism of most 

mammalian cells (40), and requires excision of approximately 100 

bases spanning a time of 18-20 hrs (56). In contrast to short-type 

repair, long form repair inducers cause regions of local disruption 
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and/or intercalate DMA. A second diversion of long form from short 

form excision repair is causation of a single strand break by a 

specific endonuclease. Consequently, an exonuclease causes extensive 

excision of nucleotides in the damaged region, and a polymerase 

subsequently fills the gap losing the complementary strand as 

template. The terminal step is closing of the ENA strand by a 

ligase. long-type excision repair is similar in both IL Coli and 

humans (55). Research on araniocentetic-, postnatal-, and adult 

origin- cells reveal that excision repair of both types persist 

through neonatal and adult life (57). Xeroderma pigmentosum (XP) 

cells lack the function of a UV specific endonuclease; thus, they 

fail to begin the excision process necessary to remove damage caused 

by UV-irradiation (58). This initial recognition and incision step 

by the endonuclease has been determined to be the rate limiting step 

in excision repair (59). For reference, models of excision repair 

are plentiful (41, 55, 60). 

The second major repair system is post-replication repair 

(61-63). Whenever a dimer is not excised before reaching the 

replication fork, post-replication must intervene since correct base 

pairing in the conventional manner is impossible. Post-replication 

repair takes place accordingly: 1) parental strands unwind at the 

replication fork, thus leaving a gap across from a single strand 

region of ENA (the dimer) 2) RecA protein binds to the single strand 

region and aligns with an homologous region of the sister duplex, 

i.e. the old complementary parental strand 3) RecA protein carries 

out a crossed-strand exchange between the parental strand and the gap 
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4) cuts are made at the site of exchange by an enzyme 5) the 

remaining dimer is new repaired by excision repair enzymes (41). 

Photoreactivation is the third major mechanism of repair for DNA 

damage (64). It is a process requiring visible light, and it acts 

only on pyrimidine dimers. In photoreactivation an enzyme binds to 

the dimer region generating an enzyme-ENA dhromophore. The 

chrcanqphore absorbs visible light; consequently, this catalyzes 

cleavage of the dimer without breaking any phosphodiester bonds 

(40). A major feature in fish cell repair measured in cell cultures 

has been been reported to be photoreactivation of pyrimidine dimers 

in ENA (65). The induction of pyrimidine dimers has been related to 

tumour formation in fish and the process of photoreactivation to the 

resultant absence of tumorigenicity (65). It is suggested that many 

of the lewer vertebrates have well developed photoreactivation 

systems specific for repair of UV irradiation-induced pyrimidine 

dimers (66). 

Importance of Repair & its Relation to Cancer 

Damage to ENA, even though attenuated by repair, is responsible 

for most mutagenesis, carcinogenesis, and some lethality (40). The 

incorporation of an incorrect or altered base into ENA, or the 

presence of a lesion causing alterations in the secondary structure 

of ENA will tend to interfere with replication, protein synthesis and 

recombination (41, 67). Improper repair processes may lead to cell 

death or initiate the process of cancer in mammalian cells (41). 

Bacterial systems, which have been most extensively studied, reveal a 
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ascade of damage resulting from the inability of an organism to 

repair its DNA properly. Due to an increase in the frequency of DMA 

lesions there is a reduced capacity for the bacteria to identify and 

repair the lesions. Consequently, defects in recombination occur and 

unrepaired DNA enters into the replication process. This event 

favors the occurrence of mutations (42) leading to a more 

heterogenous population. Concurrently, there is a better chance for 

neqplastic cells to be selected (42). 

Increasing evidence from mammalian cell studies suggest that 

most types of repairable damage in ENA are both mutagenic and 

carcinogenic. Support includes the discovery that a deficiency in the 

repair of ENA photoproducts is correlated with a high incidence of 

sunlight induced cancer in the human hereditary disease kncwn as 

xeroderma pigmentosura (XP) (40). XP, the classic example of the link 

between ENA repair and cancer, is caused by an autosomal recessive 

mutation (68). This mutation was first linked to a repair deficiency 

by Cleaver after he observed a decrease or absence of UDS and repair 

replication in UV treated XP cells (69). Subsequently, he suggested 

that the unrepaired lesions in repair deficient XP patients might be 

responsible for the high incidence of sunlight induced skin cancer 

(70). Setlcw implicated the unexcised dimers in the oncogenicity of 

UV irradiation (58). XP patients lack the action of the 

ultraviolet-specific endonuclease involved in long-type excision 

repair (58). This deficiency results in XP patients having a much 

higher susceptibility to the dangers of UV irradiation and chemicals 

which require long-type repair (55). A comparison between XP- and 
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normal- skin fibnbblasts revealed XP cells to have 1) decreased 

cloning ability 2) 2-3X increased sensitivity to chemical carcinogens 

3) increased frequency of mutations with increasing UV dose rate. 

Thus, this study directly related mutagenicity and cytotoxicity to 

the capacity for excision repair of UV-induced lesions (71). 

Moreover, compared to normal cells, human fibrdblast cultures 

derived from repair deficient cells: 1) XP cells lacking long repair 

capabilities 2) Ataxia telangiectasia cells lacking short repair 

capabilities 3) Fanconi's anemia and 4) Cockaynes syndrome are more 

sensitive to environmental agents that produce ENA damage (67). 

Additionallly, they exhibit a predisposition towards various 

degenerative diseases, including cancer (67). The potency of any 

specific chemical carcinogen appears to be inversely proportional to 

the ability of the cell to perform repair of DMA damage induced by 

that agent (67). 

DMA Repair Assays in a Battery for Testing of Chemical Carcinogens 

The premise underlying in vitro test systems for chemical 

carcinogens is that such tests may be able to detect some property of 

chemicals that is correlated with their ability to induce tumors. 

However, due to the structural heterogeneity of chemicals, it is 

unlikely that any single in vitro indicator will identify all 

carcinogens. Therefore, the reliability of a test system for 

detecting carcinogens must be judged with regard to the mechanism of 

action of the chemical carcinogen. There are two major mechanistic 

classifications of carcinogens: genotoxic and epigenetic. Genotoxic 
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refers to toxic, lethal, and heritable effects to genetic material, 

thus designating carcinogens that interact directly with DMA. 

Epigenetic carcinogens operate by other mechanisms such as chronic 

tissue injury, hormonal imbalance, and promotional effects (72). 

Most in vitro tests for chemical carcinogens have as their 

indicator some genotoxic effect such as DNA damage, ENA repair, 

rautagenesis, or transformation; therefore, most of the in vitro test 

systems are suited to detecting genotoxic oompaunds (72). For a 

variety of reasons, no single system has emerged that is sufficient 

for testing the wide variety of chemicals that require evaluation 

(73). Ttie need to develop a battery of tests has been recognized 

(74, 75). In all short term tests there are two principal 

components: the metabolizing system and the endpoint that is measured 

(73). Bacterial rautagenesis assays raust be included in this battery 

because they have been the most effective and sensitive tests to 

date. The additional tests in the battery raust offer some advantage 

in terms of metabolism or significance of the endpoint (72). 

Tests for measuring "overall" damage (ENA fragmentation, 

inhibition of ENA synthesis) to ENA are quite sensitive, but they 

depend on mammalian enzyme preparations for the activation of 

carcinogens. Therefore, they obviously don't extend the metabolic 

capability since bacterial assays are also enzyme supplemented. 

Moreover, their endpoints are subject to misinterpretation since 

dying cells display ENA fragmentation as a result of degradative 

nucleases (72). Even though tests for specific types of DNA damage 

are not quite as sensitive as those for overall damage, they 
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considerably strengthen the results of bacterial mutagenesis tests by 

providing insight into the nature of the ENA damage inflicted. The 

three major types of ENA damage: base damage, strand breakage, and 

cross-linkage, all clearly provoke ENA repair in mammalian cells 

(72). On the basis of this uniform response to different types of 

damage, ENA repair has been advocated as a screening test (72). 

Since most chemical carcinogens are electrpphiles in their 

ultimate reactive form that react with ENA, and therefore may result 

in ENA repair, the measurement of ENA repair as an indicator of 

interaction between a chemical and the DNA may be a reliable 

determinate of carcinogenic potential (45). Of the three major types 

of ENA repair: photoreactivation, post-replication, and excision, 

only excision repair has application to carcinogen screening. The 

most widely used techniques for monitoring repair measure resynthesis 

of the excised damaged segments of ENA. Tests utilizing ENA repair 

as the endpoint enhance the effectiveness of a battery that includes 

bacterial mutagenesis assays because ENA repair is a cellular 

response to ENA damage, and thus cannot be attributed to cell 

toxicity or death. Therefore, ENA repair is an endpoint of more 

certain biological significance (72). 

The "Williams" test system utilizes autoradiography for the 

measurement of ENA repair in hepatocytes, and has been shown to 

respond to carcinogens of a wide variety of structural classes (76). 

The level and specificity of the response makes it a useful probe for 

screening chemicals for their carcinogenic potential (77). Williams 

demonstrated that repair is stimulated in cultured hepatocytes by 



19 

chemicals kncwn to be carcinogens; hcwever, repair was not induced by 

weak or non-carcinogens (45). Although ENA repair is considered to 

be an indirect response to carcinogenic damage and potential, it 

represents a relatively reliable indicator of the prior occurrence of 

genetic damage caused by chemical carcinogens (78). 

Primary cell cultures of non-proliferating hepatocyte 

populations enhance the effectiveness of a battery by being intact, 

versatile, metabolizing cells (72). Additionally, hepatocytes 

contain and thus provide the endpoints of ENA damage, i.e. DNA repair 

(79-81). They retain adequate hepatic functions to allow for 

metabolic activation of premutagens and precarcinogens (82). 

Moreover, they eliminate the need to inhibit scheduled ENA synthesis 

(46). Thus, hepatocytes have been used successfully in conjunction 

with UDS to detect the interaction of ENA with direct and indirect 

acting mutagens and carcinogens (45, 49, 83). The developed in vitro 

test systems have utilized cells derived from liver because liver 

possesses the broadest capability of any organ for metabolizing 

chemical carcinogens (84). Even though the balance of liver 

metabolism of carcinogens is tcwards detoxification, the liver still 

offers the greatest potential as a source of activation enzymes for a 

broadly sensitive screening test (73). 

Historical Use of ENA Repair Assays 

ENA repair in prokaryotes and eukaryotes has been studied quite 

thoroughly since the discovery of UV-sensitive bacteria in 1958 

(85). Setlow and Carrier (51) and Boyce and Howard-Flanders (52) 
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reported evidence for excision repair of damaged areas containing 

thymidine dimers in E^ Coli. while Pettijohn and Hanawalt (86) 

reported the occurrence of non-conservative or dispersive replication 

in DNA following UV-irradiation of E^. Coli. Ihe mechanisms and 

enzymology of ENA r^jair in bacterial systems is well established; 

however, the state of knowledge pertaining to eukaryotic cells lags 

far behind (40, 87). The analysis of repair in eukaryotic systems, 

particularly mammalian, is complicated by cAiromatin structure and the 

nature of the replicon (40). Severed repair mechanisms have been 

detected in mammalian cells for a number of years with the 

examination of excision repair being the most thorough (54, 88). 

One of the earliest, most extensive works on repair in mammals 

was done by Rasmussen and Painter (89). Using five different 

mammalian cell lines: human, Chinese hamster, rabbit, mouse, and 

monkey, they measured repair by autoradiography after damaging cells 

with UV- and X-ray- irradiation. A dose response between the amount 

of UV-irradiation and the amount of 3H-thymidine (3H-JIhy) 

incorporation was found (89). The ^i-Thy incorporation was 

identified as being ENA repair based on the observation that the 

cells were in the Gl and G2 phases of the mitotic cell cycle, and not 

in the normal ENA synthesis S phase (89). They reasoned that this 

repair system must: 1) recognize and remove the damage and 2) restore 

the proper sequence of bases. It was decided that the latter 

function would best be exhibited by the presence and absence of a 

repair system in radiation resistant and radiation sensitive 

organisms, respectively (86). 
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Fibrbblasts from skins of normal and XP patients have been most 

frequently used in repair studies. XP patients lack the enzyme 

involved in the incision step of long-type excision repair; thus, 

they offer a clear oonparison for ENA repair rates using ENA damaging 

agents requiring long-type excision repair (55). Using the 

brcmodeoxyuridine (BrdU) photolysis assay Regan found a 50% 

difference in sedimentation distance and molecular weights of ENA 

from normal and XP cells (56). A multitude of methods have been used 

to measure repair in cells of humans such as alkaline cesium chloride 

(CsCl) gradient sedimentation of increased density BrdU incorporated 

ENA (47, 71, 90), BrdU photolysis and alkaline sucrose sedimentation 

(55), and autoradiography (91, 92). Rat hepatocytes (45, 46, 49, 93, 

94, 95) have been utilized extensively with a great variety of ENA 

damaging agents and techniques for ENA repair measurement. Althaus 

saw a significant increase in ENA repair after incubating primary 

cultures of adult rat hepatocytes with the hepatocarcinogen 

promoters, phenbbartoital and barbital, following treatment with the 

ultimate carcinogens, MMS, N-O^-NjN-guanidine, NAAF, and UV 

irradiation (93). 

Excision repair capabilities of lower vertebrates have been 

found to be extensively lewer than that of higher vertebrates such as 

mammals. Woodhead (96) found essentially no excision repair of ENA 

in heart cells of turtle, embryonic cells of the Amazon molly and 

gonadal cells of rainbow trout after allcwing 24 hours for repair. 

Lew amounts of excision repair have been documented in rainbow trout 

(92, 97), fathead minncw (92), and the marine fishes, tautog and 
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curmer (66), thus, extending support to the idea that cells of 

varying origins have different repair capabilities (65, 92). The 

extent of UV light-induced UDS in primary fibrbblast cultures varies 

greater than eight-fold within the plaoental mammals (human to shrew) 

for the same UV dose (67). A reasonable explanation is that rates of 

accumulation of UV and chemically caused ENA damage may vary among 

species (67). Specific explanations for differences in repair rates 

between rainbow trout and human cells include: 1) ENA quantity of 

humans is 2-3X more than in fish 2) possible phyletic differences in 

ENA structure 3) oellular repair capacity is proportional to lifespan 

maximum (92). A general explanation for lower excision repair rates 

in tissues of lewer vertebrates compared to placental mammals may be 

the evolutionary foregoing of a highly active excision repair system 

for a well developed photoreactivation system (66). This idea seems 

to be supported by greatly reduced UV excision repair capacities 

observed in cultured cells from frogs, turtles, birds, marsupials, 

and fish (66). 

DMA Excision Repair Assays 

ENA excision repair can be measured using a variety of 

techniques. The assay chosen to measure repair depends on 1) 

sensitivity desired 2) carcinogen or mutagen under observation 3) 

equipment readily accessible 4) characteristics of the cell type 

studied and 5) expertise of the researcher. In consideration of the 

preceding factors the follcwing techniques are most frequently used 

to measure ENA repair: 1) autoradiography (42, 43, 45, 46, 48, 49, 
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69, 89, 91, 92, 95, 97, 98) 2) BrdU photolysis (55, 56, 66, 99, 100) 

3) scintillation spectrophotcBmetry of acid precipitable 

macromolecules (46, 50, 88, 93, 95) 4) Nal isqpycnic gradients (49) 

5) alkaline elution (94, 101, 102) 6) enzymatic activity (103) 7) 

density labeling with BrdU and CsCl Gradients (47, 54, 60, 69, 86, 

89, 90). 

Rasmussen and Painter (88) revealed the first evidence for 

repair synthesis in cultured mammalian cells using autoradiography. 

Autoradiography detects UDS in cells due to a chemical reaction 

between the 6-particles of the decaying precursor nucleotide, usually 

H-Thy, and the silver bromide (AgBr) of the photographic emulsion, 

usually NTB-2 or Ilford (104), which produces the image of a black 

dot after photographic development. This procedure is highly 

facilitated if the cells undergoing UDS will attach to coverslips or 

a coated plastic surface in sufficient numbers. Autoradiography is 

preferably used to measure long type excision repair; however, due to 

its high sensitivity, it is often found to be the only procedure able 

to detect short type excision repair (46). 

Cells undergoing normal, semi-conservative ENA synthesis 

(S-phase of the mitotic cycle) are detected in autoradiography by 

their nuclei being covered with blacdc dots. Therefore, S-phase cells 

are readily differentiated from repair cells (46, 98). However, it 

is frequently recommended to use non-proliferating cultures to avoid 

the confusion of differentiating between cells undergoing heavy 

repair and those in S-phase. 



24 

Results obtained by autoradiography are comparable with other 

techniques such as Nal isqpycnic centrifugation and scintillation 

spectroscppy (45, 49), nuclei isolation/ENA extraction (49), alkaline 

elution (94), and BrdU photolysis (70). Since S-phase cells can be 

readily identified and ignored, the sensitivity of autoradiography 

for the detection of induced UDS compared to other methods is 

increased (46). Moreover, the visual nature of this method offers 

one the ability to quantitate UDS in individual cells in addition to 

the overall percentage of cells undergoing repair (46). 

Autoradiography has been criticized for its inability to detect 

repair of damage that requires little or no resynthesis (103). 

Additionally, even though it is thought to be the most useful, 

autoradiography is the least quantitative among ENA repair detection 

methods (40). However, this procedure, whicii was originally used in 

the determination of carcinogeninduced DNA repair in hepatocytes 

(44), is still the most frequently used technique for assessing 

repair synthesis induced by carcinogens (42, 43). 

Regan was the first to use the BrdU photolysis assay to measure 

repair of damaged ENA in normal and XP cells (56). This assay 

provides excellent sensitivity and rapid quantitative estimates in 

contrast to autoradiography. This method also yields a cumulative 

incidence rather than an instantaneous rate for repair induced DNA 

strand breakage. Although BrdU photolysis was originally utilized 

after initial damage by UV-irradiation, it has proved to be a 

successful method for the study of any repair process involving the 

removal of nucleotides from regions of ENA that contain damaged bases 

(47, 55). 
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The general outline of the BrdU photolysis procedure is 1) label 

the ENA of cells with a radionucleotide 2) remove the label and treat 

the cells 3) incubate the cells in BrdU or thymidine 4) collect the 

cells and expose them to photolytic light (313 nm radiation) and 5) 

determine by sedimentation in alkali and subsequent fraction 

collection the amount of strand breakage ascribable to the photolysis 

of BrdU (100). BrdU, a thymidine analog, is incorporated into the 

regions of ENA involved in excision repair. It is advisable to use a 

suppressor of semiconservative replication such as hydroxyurea to 

limit the amount of ongoing normal ENA synthesis. When ENA 

containing BrdU is exposed to radiation of 313 nm, debromination 

followed by free radical attack of the deoxyribose or 

deoxyribosephosphate backbone occurs. This results in ENA single 

strand breaks and/or alkali-labile sites (100). Alkaline sucrose 

gradient sedimentation is used to measure the extent of DNA 

fragmentation. Hutchinson presents a more detailed review on the 

effects of UV li^it on BrdU substituted ENA (105). 

If a high intensity light source is not readily available, the 

use of a dye that absorbs at long wavelengths and transmits energy to 

BrdU, thus causing strand breaks, is suggested. The absorption 

spectrum of Hoechst dye 33258 matches the emission spectrum of black 

light lamps, and in its presence BrdU is selectively photolyzed by 

wavelengths in the neighborhood of 365 nm (106). 

Moreover, with the BrdU photolysis assay the utilization of 

equations corresponding to the weight of ENA, # of breaks assumed, 

and energy of the 254 nm and 365 nm light sources enables an estimate 
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of the average size of the repaired region as well as the number of 

repair sites made (99, 100). 

As our knowledge of the molecular biology and enzymatic 

processes of ENA repair increases, the techniques for its qualitation 

and quantitation, the assessment of hew much damage is incurred, and 

which steps or enzymes in the repair process are inhibited, will be 

specified in much greater detail. 

Hepatocytes 

Isolated hepatocyte suspensions have historically been used in a 

wide variety of biochemical studies including gluconeogenesis (107), 

glycolysis, syntheses of -protein, -lipid, -fatty acid, and -urea, 

keton body production, protein metabolism, ethanol oxidation, 

membrane transport, response to hormones, and drug metabolism (108, 

109). Hepatocyte suspensions serve as an intermediate between the 

use of solubilized enzymes or isolated organelle fractions and whole 

animal or the isolated perfused liver. Hepatocytes retain the 

majority of essential properties of the intact liver, including 

similar permeability characteristics (109). Perfusion and subsequent 

hepatocyte isolation is superior to the use of liver slice incubation 

for several reasons: 1) better perfusion of the tissue by enzymes and 

oxygen 2) decreased cell damage and less loss of cellular nucleotides 

3) better yields and lew contamination by red blood cells (110). 

It was hoped that liver tissue would represent one of the first 

cell systems to allow comparison between in vivo and cell culture 

events (49). The first high yield, successful hepatocyte isolation 
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proceeded by use of the digestive enzymes, hyaluronidase and 

oollagenase (111). Metabolically viable cells were subsequently 

isolated from rat liver by Berry and Friend (112) using the same 

enzymes. Tliis method was adapted and applied to several other 

mammalian and avian species in a successful manner (49, 107, 113). 

The effect of Ca++ in perfusion solutions on enzymatic dispersion 

of hepatocytes was studied thoroughly by Seglen (114), whose 

subsequent alterations were significant contributions to the 

hepatocyte isolation technique. Preliminary removal of Ca"1-1" by 

BGTA in the first perfusion step apparently reduces cellular 

adherence sufficiently to facilitate access by the intercellualar 

matrix dissolving enzymes (115). However, Ca"1-1" is required for 

enzymatic activity, thus, the inclusion of Ca"1-1" in the second 

perfusion solution (114). The modified technique with decreased 

perfusion time and increased yields of viable cells (116) has proven 

to be successful with fish hepatocytes (117). Isolation techniques 

utilizing the 2-step perfusion were improved upon primarily in the 

1970's (112, 116, 118, 119). Factors such as 1)concentration of 

collagenase (46, 107, 109, 120) 2) method of hepatocyte dispersion 

after perfusion and 3) force of cell pelleting have highly influenced 

the yields of hepatocytes (121). 

Assessment of the integrity of isolated hepatocytes can be done 

by microscopic appearance (separate, round, and refractile, nuclei 

clearly seen), exclusion of vital dyes, retention of intracellular 

enzymes, and the ability to carry out metabolic pathways utilizing 

enzymes in both the soluble and particulate parts of the cell (111). 
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Hcwever, no ideal viability parameter exist; they must be selected to 

fit the particular biochemical system under observation (122). 

Due to the grcwing number of toxic chemicals in our environment 

a need has developed for new, reasonably low cost biological hazard 

assessment tools. A large number of samples must be processed; 

therefore, this bioassay must have easily accessible specimens 

(123). The use of animal cells in culture has been suggested for 

this purpose (123). In vitro preparations of intact hepatocytes are 

more ethically acceptable and allcws one much greater control over 

the experimental conditions compared to in vivo (122). The in 

vivo/in vitro approach with hepatocytes has received favorable 

reviews as a potentially important tool for characterizing mechanisms 

of toxicity (122). Hepatocytes are best employed to answer specific 

questions, and the roost immediate and significant use is likely to be 

the test systems for detecting carcinigens (122). 

Ihree forms of hepatocyte preparations have been used for 

toxicity studies: 1) fresh suspensions of isolates with high 

viability, 2-6 hr (122) and 2-10 hr (109) 2) primary maintenance 

cultures demonstrating little or no mitosis, adherence to a coated 

surface, and 1-5 day usefullness 3) dividing hepatocyte-like 

populations generally from hepatectcmized livers. Preparations such 

as the latter two offer the advantage of a recovery time; however, 

the longer the period of culture persists the greater the chance of 

deviation from in vivo characteristics (122). Toxic effects may be 

examined by assessing a variety of cellular changes such as 1) 

membrane damage 2) alterations in the synthesis, degradation, 
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conformation, or availability of macromolecules 3) modifications in 

intermediary metabolism 4) changes in activity, growth, or 

morphological characteristics. Freshly isolated hepatocytes are 

ideal for use in the identification and characterization of protein 

and RNA synthesis or enzyme leakage, whereas primary maintenance 

cultures are more suited for more slcwly developing endpoints. Since 

the membrane is the first part of the cell to be exposed to toxins, 

the uptake of the polar dye, trypan blue, is frequently used to 

monitor damage of the membrane and cytotoxicity (122). Even though 

cytotoxicity may not be observed, significant alterations in the 

synthesis of protein or macromolecules may be occurring due to the 

toxicity of chemicals (122). Moreover, increased synthesis versus 

synthesis inhibition is a better indicator of selective toxicity; 

therefore, it is a major focal point when developing in vitro 

toxicity tests. Hence, the induction of increased unscheduled DNA 

repair due to DNA damage (91) is of prime interest in studies on the 

effects of carcinogens (122). 

Due to the low mitotic rate of hepatocyte suspensions in the 

absence of ENA damaging agent, they provide a very relevant model for 

the study of UDS (124). First of all, the characteristic of a low 

mitotic index eliminates the need for a ENA synthesis inhibitor such 

as hydroxyurea (44). Secondly, it is an advantage when hepatocytes 

are used for UDS studies in order to detect interactions between DNA 

and direct or indirect acting mutagens and carcinogens (45, 49, 83). 

Moreover, most carcinogens require metabolism to reactive 

electrqphilic species in order to provoke damage, and hepatocytes 
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retain the necessary metabolic activity. Non-proliferating 

hepatocyte populations also retain adequate metabolic function 

necessary to activate premutagens and/or precarcinogens (125). 

The rainbow trout and isolated suspensions of its hepatocytes 

have been used in model experiments for induced hepatocarcinogenesis 

and toxioological investigations (31, 126-128). A most common 

isolation procedure used with rainbow trout is described by Bailey et 

al (117), the technique being a modification of the one used by Hazel 

and Prosser (129). Only suspensions of rainbow trout hepatocytes 

have been used due to their tendency not to adhere to plastic or 

collagen coated dishes (107, 130). Recently, Lipsky etal (120) has 

revealed successful adherence of trout hepatocytes using plastic 

petri dishes coated with extracellular matrix (ECM). Attachment of 

cells was desired for reasons such as ease of handling and better 

comparability to mammalian hepatocyte cell culture systems (120). 

Isolated hepatocytes from rainbow trout offer promise as a useful 

vertabrate cell system for in vivo screening of suspect 

hepatocarcinogens (128). Due to technical problems encountered in 

the isolation of hepatocytes from CPFA-treated rainbow trout liver 

slices were used in the autoradiography studies. Liver slices have 

been utilized in a variety of metabolic studies including the 

synthesis of glycogen (131), oxygen uptake (132), and glucose 

metabolism (133). Kugler and Wilkinson (134) used autoradiography in 

a histochemical study to measure the incorporation of 14C-glucose 

into glycogen by liver slices in vitro. 
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ABSTRACT 

The ENA repair capabilities of rainbow trout (Salroo gairdneri) 

were studied using the itethod of autoradiography. • Trout were fed a 

semi-purified control diet containing 0 ppm, 50 ppm, or 300 ppm 

cyclopropenoid fatty acids (CFFA) for 6-9 weeks. Liver slices were 

prepared and exposed in vitro to a control treatment, ultraviolet 

irradiation (UV), ethidium bromide (EB), UV/EB in succession, or 

aflatoxin B^.    The degree of ENA repair was analyzed in terms of 

net grains per cell. 

Except following the EB treatment, fish on the control diet 

revealed an absence of ongoing ENA repair. Trout fed 50 ppm CPFA 

ejdiibited a consistently lew level of repair over time following the 

in vitro control treatment. Fish fed 300 ppm CPFA revealed a 

relatively higher degree of 3H-Me-thymidine incorporation 

indicative of induced ENA repair following the in vitro control 

treatment, and the degree of repair increased with time on the diet. 

UV-irradiation caused a marked increase in the degree of induced ENA 

repair in 300 ppm CPFA fish at 6 and 7.5 weeks, and in 50 ppm CPFA 

fish at 7.5 weeks. Follcwing UV-irradiation, liver slices were 

exposed to EB, a ENA intercalating agent vised to inhibit normal ENA 

replication. However, in contrast to the desired effect, EB caused a 

marked decrease in the degree of repair synthesis observed in 300 ppm 

CPFA fish at 6 and 7.5 weeks. Indicative of intercalation, the in 

vitro EB treatment caused a moderate degree of JH-Me-thymidine 

incorporation in fish fed the control diet. Repair was also 
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induoedin 300 ppro CPFA fish follcwing exposure to EB at 6 and 7.5 

weeks. Aflatoxin B^  induced ENA r^air to various degrees in fish 

on all diets at 7.5 and 9 weeks. In comparison to the in vitro 

control treatment, it was observed that the degree of induced ENA 

repair was decreased significantly - "completely" following the UV, 

UV/EB, and EB treatments - in fish fed the 300 ppm CPFA diet for 9 

weeks. 

In view of the lew level of ENA repair observed in rainbow trout 

using autoradiography, the repair capabilities were studied using a 

more sensitive assay, brcmadeoxyuridine (BrdU) photolysis. Isolated 

hepatocytes were prepared from fish fed the various diets and exposed 

in vitro to a control treatment, UV-irradiation, or 

4-nitroquinoline-N-oxide. The cibtained results were nonconclusive and 

technical improvements on the assay need to be made. 



33 

INTROEUCnCN 

Cyclqprqpenoid fatty acids (CPFA's) cause many adverse 

physiological and metabolic disorders when included in the diets of 

hens, rabbits, rats, and trout. Most notably, the metabolism of 

proteins and lipids is altered, consequently changing the structure 

and function of membranes (17). Moreover, CFFA's act as a carcinogen 

and strong cocarcinogen when fed simultaneously with AF^ to 

rainbow trout (30). Dietary pretreatment of trout with CPFA's alters 

the metabolism of AF^ resulting in increased levels of the more 

toxic metabolite, aflatoxicol, and decreased levels of the less toxic 

metabolite, AFMQ^ (128). One mechanism by which carcinogens induce 

the process of cancer is by increasing the occurrence and stability 

of carcinogen-CNA adducts. However, in a previous study using the 

cocarcinogen, CPFA, and the carcinogen, AFE^, this mechanism 

appeared not to be the cause of the increased occurrence of 

carcinogenesis. In contrast to the projected effect, dietary CPFA's 

compared to a control diet caused a decrease in AFB^ adduct 

formation (128). One of the main processes by which ENA adducts and 

other types of DNA damage are corrected is through DNA repair; 

therefore, it was suggested that CPFA's may alter the capacity of 

rainbow trout to repair damage. 

The consequences of altered ENA repair capacities caused by 

cocarcinogens or carcinogens are realized when the three major steps 

in the progressive development of cancer are examined. These three 
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steps are initiation, promotion, and progression. Initiation is the 

process whereby the ENA of certain cells is permanently altered due 

to a miscoded lesion, adduct, or otherwise altered base, predisposing 

the cell to proliferate. Expansion of the initiated cells into 

nodules or polyps is referred to as promotion. In reference to the 

effects of CPEA's on AFE^ metabolism, an increased occurrence of 

neoplasms is observed even though there is a decrease in the 

percentage of AF&j-ENA adducts (128). Iherefore, CPFA's may play a 

role in either the initiation or promotion steps of carcinogenesis. 

In addition to the effects of CPFA's on AFB^-DNA adduct formation, 

the physiological alterations of trout hepatocytes caused by CPFA's 

such as structurally altered endoplasmic reticulum may also play a 

role in the promotion stage of initiated cells. Therefore, due to 

the genomic and physiological alterations caused by CPFA's in trout 

and their possible effects on membrane bound enzymes, the 

carcinogenic process, and the nth repair system, it was decided to 

investigate the DMA repair process of rainbow trout. 

Rainbow trout were fed various levels of dietary CPFA's. 

Following liver slice preparation, the hepatocytes were exposed to 

the physical or chemical carcinogens, UV-irradiation or AFB^ 

T    ... 
respectively. Following H-thymidine incorporation, sections of 

liver slices were prepared for autoradiography and grain counts of 

individual hepatocytes were quantified to determine the amount of DNA 

excision repair. Liver slice preparations maintain enzyme activities 

close to in vivo levels necessary for the metabolism of carcinogens 
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that require activation, i.e. AFB^. This study was unique due to 

the use of liver slices as opposed to isolated suspensions or cell 

cultures of hepatocytes. Intact liver slices more closely resemble 

intact liver, provide adequate surface area for gaseous exchange, and 

are not subjected to perfusion with enzymes. Thin (1 micron) 

sections of liver slices prepared on an ultramicrotome resulted in 

hepatocytes that were relatively easy to study visually, thus 

presenting the evidence of ENA repair directly. The advantage of 

visualization became most prominent when the question arose 

concerning the method of ENA repair analysis. Autoradiography was 

chosen as the method for studying ENA excision repair due to its 

visual nature, adaptability for use with a wide structural variety of 

carcinogens, and the high level of technical improvements the method 

has received. 

Trends revealing the effects of various levels of dietary CPFA's 

over time on the ENA excision repair capabilities of trout 

hepatocytes exposed to in vitro carcinogen treatments were obtained. 

The large size of the data file enabled a statistical analysis of the 

results. 
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MATERIALS AND METHODS 

Chemicals and Supplies 

5-brc(mo-2,-deoxyuridine (B-5002) (BndU), Collagenase (C-0130, 

Type 1), diethyl pyrocarbonate, ethyleneglyc»l-bis-(J5-aminoethyl 

ether) N, N, N', N'-tetraacetic acid (EGTA), 

ethylenediamine-tetraacetic acid (EDEA), ethidium bromide (0.01 M 

working solution in isqprqpanol), fetal bovine serum (F-4884), 

glutaraldehyde (grade 1, E.M. grade, 25% aqueous solution), 

Dulbecco's Modified Eagle's Medium Nutrient Mixture F-12 Ham -with 

L-glutamine and 15 irM Hepes -vithout phenol red and sodium 

bicarbonate (D-2906) (HF12DEM), heparin (sodium salt), Hoechst dye 

#33258 (bisbenzimide), hyaluronidase (H-3506, Type 1-S), L-15 medium 

Leibovitz, 4-Nitroquinoline-N-oxide (N-9131), proteinase K (P-0390), 

and thymidine were obtained from Sigma Chemical Co., St. Louis, MO. 

The ultraviolet light source was a model EF-280C obtained from 

Spectronics Corp., Westbury, NY. Aflatoxin B^ produced from 

Aspercfillus flavus. was obtained from Calbiochem Brand Biochemicals, 

San Diego, CA, and was used at a working concentration of 1 ug/ml. 

H-Me-Thymidine was obtained from ICN Biomedicals Inc., Irvine, 

CA. Sodium cacodylate was obtained from Aldrich Chemical Co., Inc., 

Milwaukee, WI. NTB-S emulsion, D19 developer, and Kodak fixer were 

obtained from Eastman Kodak Co., Rochester, NY. Osmium tetroxide 

(E.M. grade) was purchased from Stevens Metallurgical Corp., New 

York, NY. D.E.R. 736 Embedding Medium Kit (Spurr's plastic) was 

obtained from Tousimis Research Corp., Rockville, MD. Toluidine 



37 

Blue-G was obtained from K-Med, Inc., Beaverton, OR. Casamino Acids 

and Bacto-Agar were obtained from Difoo Laboratories, Detroit, MI. 

All chemicals were reagent grade. Gradient tubes were pollyallomer 

centrifuge tubes obtained from Beckman Instruments Inc., Palo Alto, 

CA. 

Analysis of ENA Repair in Rairibcw Trout Using Autoradioqraphv 

Sampling of fish. Fish used in this study were one-year old 

Mt. Shasta strain rainbow trout (Salirto qairdneri) spawned and raised 

at the Oregon State University Fish Toxicology and Nutrition 

Laboratory (135). Three separate tanks of 30 fish (mean wt. of 296 g) 

each were fed one of the following diets for eight weeks; control, 50 

ppm CPFA, or 300 ppm CPFA. Fish were sacrificed at 6, 7.5, and 9 

weeks for ENA repair studies. Fish from two of the three diets were 

utilized on each sampling day. There was an equal ratio of both 

sexes used in the study, and 90% of the fish used were still 

immature. 

Preparaticn of liver slices. Fish were stunned with a blow to 

the head and weighed. An incision was made on the ventral side 

anterior to the ventral fin up to the anterior side of the heart. 

The liver was removed, rinsed in PBS, and weighed. Thick slices (0.5 

mm) were made using a Stadie-Riggs tissue slicer (136). Slices were 

placed immediately in sterile 60 mm dishes containing 13 ml of L-15 

/10% fetal bovine serum media, and weighed. All L-15 media used in 

these studies contained 10% fetal bovine serum (FBS). In general, 



38 

five large, undamaged slices weighing approximately 0.25 g each were 

obtained from each liver. These five dishes were placed in a 21 0C 

shaking water bath for a one hour preincubation. At this time the 

slices were subjected to one of the follcwing treatments: 

1) Control: Slices incubated for one hour in D-IS media. 

2) Ultraviolet irradiation: Media removed and slices treated for 

30 min with 216 J/m2 of UV-irradiation. 

3) Same as #2, followed by one hour of 25 uM ethidium bromide. 

4) Aflatoxin B-^ treatment: Slices were incubated for one hour 

in 0.05 ug/0.25 g liver slice in 13 ml L-15. 

5) Ethidium bromide treatment: Slices were incubated for one 

hour in 25 uM ethidium bromide in L-15 media. 

The concentrations of aflatoxin B^ and ethidium bromide used were 

the same as that described by Green et al (39) and Yager et al (49), 

respectively. 

Inoozporaticn of ^-^ie-thymidine. Following the treatments 

with the apprcpriate chemical or physical carcinogen, the slices were 

washed in phosphate buffered saline (PBS), and 13 ml of fresh I/-15 

media added in addition to 12.5 ul of 3H-Me-thymidine (S.A. of 59 

Ci/mmole) per 0.25 g liver. A three hour incubation period was 

allowed for CNA repair to take place. Subsequently, slices were 

washed twice in cold 0.85% NaCl, 1 mM thymidine, and once in PBS, pH 

7.4. 
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Fixing and embedding. Immediately after the wash in PBS, the 

slices were fixed for four hours in 2.5% glutaraldehyde in 0.1 M 

sodium cacodylate, pH 7.4, and then buffer washed overnight in PBS. 

Ihe slices were cut with a razor blade into 4 mm2 pieces, placed in 

a 5 ml screw cap vial, and fixed in 1% osmium tetroxide in PBS for 

one hour. Dehydration was accomplished by a 15 min soaking in 50% 

acetone, a 20 min soaking in 70% acetone, and three 15 min changes of 

100% acetone. Infiltration of the sections of slices into plastic was 

begun by mixing 1 ml. of Spurrs plastic (137) with 1 ml of 100% 

acetone, and thereafter allowing the plastic to infiltrate into the 

tissue sections for 4-5 hours. Subsequently, an additional 1 ml of 

Spurr's medium was added for a final mixture of 66% Spurr's, 33% 

acetone, and this mixture was left overnight. Sections were pellet 

embedded in 100% Spurr's and placed in a 70 0C oven overnight. 

Sectioning was done on a Sorvall Porter-Blum, model Mr2, 

ultramicrotame. All sections were 1 u thick. Three slides of 

sections from each treatment were made, and each slide contained 

10-15 sections. 

Autoradiography. NTB-3 emulsion was diluted 1:1 with 

millipore filtered water and glycerol was added to a final 

concentration of 2%. This emulsion was maintained at 44 0C during 

the processing of the slides. The emulsion was pipeted onto the 

slides, and the excess was allowed to drip from the slide. Excess 

emulsion was wiped off the edge of the slide, and the slide was layed 

horizontal on a flat plastic container packed with ice for ten 

minutes. The slides were placed back to back to dry in a dark room 
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for two hours. At the end of this time the slides were placed in 

black slide boxes containing silica gel dessicant, tightly sealed 

with tape, and placed at 4 0C for seven days. On the seventh day 

the slides were removed and developed. Development consisted of four 

sequential steps: 1) immersion in a solution of Kodak D19 Developer 

in distilled water (1:1 v/v) at 19-21 0C for five min; 2) washed in 

distilled water for one min; 3) fixed in a solution of Kodak Fixer in 

distilled water (1:4 v/v); 4) washed in running tap water for 10 min. 

Staining. Ihe slides were heated on a stir plate for 

approximately 30 seconds. Subsequently, the slides were flooded with 

Toluidine Blue-G and heated until the stain was dry around the edges 

(20-30 sec). The slides were immersed in cold running water until 

excess stain was removed. 

Counting. Net grains from 25 randomly selected cells from 

each treatment were counted using the 100X oil immersion lens of a 

light microscope. Net grains are defined by subtracting the number 

of grains in the average (among 3) nucleus-size cytoplasmic area from 

the number of grains in the nucleus. All slides were counted using a 

blind test system. 

Statistics. A quadratic model was fit to the data from each 

dose of CPFA according to time on the diet losing the method of least 

squares regression (138). For each dose the hypotheses tested were 

1) whether a pattern existed over the time course of the study and 2) 

if a pattern existed, a quadratic or linear model ^whidiever fit the 

data roost accurately- was used to explain the data pattern. 
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Analysis of DNA Repair in Escherichia Coli Using Bromodeoxvuridine 

Photolysis 

Preparaticn of E. ooli. The BrdU photolysis assay was first 

tested with E^ coli due to the better kncwn excision repair 

capabilities of this organism. In principal, the method of Ley and 

Setlcw (139) was used. Stored sairples of E. coli (D-10, RNase", Met 

requiring) frozen at -20 0C were removed and used to innoculate 80 

ml of S-M-9 solution overnight. M-9 agar slants were prepared from 

the S-M-9 innoculum, and were grcwn at 37 0C for 2 days. All E^ 

coli slants were stored at 4 0C until vised. Solutions used in 

studies involving E. ooli are listed in Appendix #1. 

Radiolabeling of E. ooli. For experimental vise 50 ml of S-M-9 

was innoculated with a loqpful of E. coli from the agar slants and 

incubated at 37 0C for 15 hr. Ihe S-M-9 innoculated broth (0.5 ml) 

was transferred to 50 ml of S-M-9 broth containing 4 uCi/ml of 

3H-Me-thymidine (S.A. of 6.7 Ci/mmole), and incubated at 37 0C in 

a shaking water bath for 3.5 hours. In preliminary experiments 

growth of the E. coli was measured by absorbance at 525 nm, and it 

was determined that 3.5 hrs. was middle log-phase growth. Cells were 

centrifuged at 7650 x g, washed in 10 ml U-M-9 and centrifuged as 

before. 
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UV damage, incxarporation eind photolysis of RrdLJ. The cells 

were resuspended in 50 ml U-M-9 medium, and 8.68 ml aliqouts were 

transferred to three separate 30 mm petri dishes. Ihe following 

treatment schedule was used: 

Petri Dish 1. no UV-irradiatior\/no BrdU incubation. 

Petri Dish 2. UV-irradiatioiyBrdU incubation. 

Petri Dish 3. no UV-irradiatioiVBrdU incubation. 

Lids were removed and dish 2 was irradiated with 300 J/m2 of 254 nm 

irradiation at an incident dose rate of 0.12 J/nrsec for a period 

of 4.25 minutes. Dishes 1 and 3 were kept in the same room under 

foil during the irradiation treatment. 

Nutrients required for growth were added at the same final 

concentrations as the S-M-9 medium, and BrdU was added to flasks 2 

and 3 at a final concentration of 5 ug/ml. All three flasks were 

wrapped in foil in order to negate photoreactivation repair as a 

significant factor, and the flasks were pat  in a 37 0C shaking 

water bath for 45 min. The flasks were removed, set on ice, and KCN 

was added for three minutes at a final concentration of 0.01 M in 

order to terminate growth of the E^  coli. 

Cells were harvested by centrifugation as previously described, 

washed once in U-M-9, and resuspended in 5.0 ml 0.05 M Tris buffer, 

pH 7.5. In order to sensitize the BrdU-incorporated regions to 365 

nm irradiation, Hoechst dye  #33258 was added at a final concentration 

of 10 ug/ml, and the cells incubated for 10 min at roan tenperature 

in a shaking water bath. Cells were harvested by centrifugation, 

resuspended in 5.0 ml Tris buffer, and 0.4 ml of cell suspension was 

transferred to 30 mm petri dishes. Lids were removed from the 
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dishes, and while on ice flasks 2 and 3 were irradiated with 365 nm 

irradiation frcm a 15 W fluorescent black lamp at a distance of 4 cm 

for one hour. Flask 1 was kept under foil on ice in the same 

darkroom during the 365 nm irradiation. 

lysis of opflls and gradient analysis. Cell suspensions were 

poured into 5 ml polycarbonate tubes and lysozyme added at a final 

concentration of 300 ug/ml. After a 5 min 37 0C incubation, 1 ul 

of the nuclease inhibitor, diethyl pyrocarbonate, was added and the 

cells were incubated for an additional 10 min. Cell suspensions (100 

ul) were pipeted onto 3.6 ml of 5 to 20% continuous alkaline sucrose 

gradients layered with 0.2 ml lysis buffer. These gradients remained 

5 at room temperature for 0.5 hr before centrifugation at 2.3 x 10 g 

in a SW50 rotor for 65 min at 20 0C. Fractions (3 drops/fraction) 

were collected frcm the gradients using an ISCO fractionator 

(Lincoln, NE) and a Beckman automated fraction collector (Fullerton, 

CA). Millipore filtered water (0.5 ml) was added to each fraction in 

order to solubilize the sucrose and aqueous counting scintillation 

fluor. Disintegrations per minute were determined using a Beckman 

model 153801 Scintillation Counter. 

Analysis of DNA Repair in Trout Hepatocytes Usim Bromodeoxyuridine 

Photolysis 

Hepatocyte isolation. Hepatocytes were prepared as described 

by Hazel and Prosser (129). The solutions used in studies with trout 

hepatocytes are listed in Appendix #2. Perfusion solutions I and II 
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were freshly prepared and acclimated to 23 0C in a water bath prior 

to use. All perfusion solutions and the wash solution were gassed 

with 100% O2 at 10 psi prior to and during use. A Buchler 

duostaltic pump was used to pump the perfusion solutions at a speed 

of approximately 3.5 ml/min. Fish were stunned with a blow to the 

head just above the eyes with a blunt metal rod. One incision was 

made on the ventral side starting anterior to the caudal fin and 

ending anterior to the heart. Two small incisions were made on the 

sides just posterior to the pectoral fins. Heparin (0.2 ml of a 2800 

U/ml heparin, 0.9% NaCl solution) was injected into the heart. A 

hemostat was used to pull back the fatty mass posteriorly in order to 

ease visualization of the area between the heart and liver. A string 

was looped under the hqpatic vein(s), and the hepatic vein was 

cannulated with a 20 gauge hypodermic needle. Correct positioning of 

the needle and selection of the major hepatic vein was tested by 

turning the Buchler pump on. If immediate clearing of the liver did 

not occur, it was generally best to adjust the needle, select another 

vein, or select another fish. The pump was turned to the "off" 

position while the string was tied securely around the cannulator. 

Once the liver swelled and appeared to be perfusing efficiently the 

posterior portal vein was severed. The liver was perfused for 10 min 

with perfusion solution 1 and 20 min with perfusion solution 2. 

Successful digestion of the liver by the enzymes, hyaluronidase 

and oollagenase, was detected by a frothy appearance on the outer 

surface of the liver. The liver was gently removed and placed in a 

30 mm Falcon petri dish containing wash solution. Two stir rods were 

used to tease the liver open, releasing millions of hepatocytes. 
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Hepatocytes were filtered through four layers of cheesecloth and 

centrifuged at 4 0C at 50 x g for 2 min. The supernatant was 

decanted and the cells resuspended in 5 ml of wash solution. Cells 

were centrifuged as before and resuspended in 5-10 ml of HF12DEM (10% 

FBS) depending on the estimated number of cells obtained. Aliquots 

(0.2 ml) of cell suspension were mixed with 1.0 ml of 0.4% trypan 

vlue (in 0.9% NaCl) for a final dilution of 1:6. Following a five 

minute shake in the water bath the cells were counted using a 

hemacytometer in order to calculate the number of cells per 

milliliter. 

Viability of hepatocytes was tested at 18 and 38 hours using the 

II3H activity assay of Kbrhberg (140). The LCH activity of the cells 

was measured after disrupting the cells in a nitrogen cavitation bomb 

for 15 min at 750 psi. 

^-Me-thymidine inoorparaticxi. Hepatocytes were distributed 

among four flasks containing 5-10 ml of HF12DEM (10% FBS) for a final 

cell density of 1.0 x 106 cells/ml. 3H-4Ie-thymidine (S.A. of 74 

Ci/rmole)  was added at a final concentration of 10 uCi/ml. The cells 

were incubated in a shaking water bath (90 cycles/min) at 16 0C for 

18 hours, and continuously gassed with a 95:5 air/OC^ mixture at 10 

psi. 

Treatments. The 18 hour incubation was terminated by adding 

typsin at a fined concentration of 0.16%, which expediated the 

process of releasing the hepatocytes attached to the sides of the 

flasks. Hepatocytes were centrifuged for 2 min at 50 x g at 4 0C 
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and then washed once in wash solution. The remaining pellets were 

resuspended in HF12DEM (10% FBS) at the same concentration as before, 

and flasks were incubated for four hours (only 3 hr for flask 4) in 

this nonradioactive medium. 

The four treatments were: 

flask 1) control, receiving no physical or chemical damage 

flasks 2 and 3) 30 J/m2 (4.25 min) of UV irradiation 

flask 4) 1.5 hr incubation in 10"5 M 4-NQO (97) 

After three hours in the nonradioactive medium flask 4 was 

removed, and BrdCJ and 4-nitroquinoline-N-oxide were added at final 

concentrations of 10~4 M and 10~5 M, respectively. Flasks 1, 2, 

and 3 were removed from the water bath after four hours in 

nonradioactive medium. At that time flasks 2 & 3 were irradiated 

with UV irradiation and flask 1 was kept under foil on ice in the 

same darkroom. 

Proceeding these treatments the cells were reincubated for 16 

hours in HF12DEM (10% FBS) media containing BrdU, thymidine, or 0.1 M 

NaP04 buffer. Flask 1 contained the latter, while flasks 2 & 4 

contained BrdU and flask 3 contained thymidine at final 

concentrations of 10  M. At the end of the 16 hr incubation cells 

were released from the sides of the flasks with trypsin, washed IX in 

wash solution, and centrifuged as before. Hepatocytes from flasks 2, 

3, and 4 were resuspended in 0.1 M NaP04 buffer containing Hoechst 

dye #33258 at a final concentration of 10 ug/ml. NaP04 buffer 

without the dye was added to flask 1. All flasks were incubated for 

15 min in a shaking water bath. Cells were centrifuged as before, 

resuspended in 160 ul of 0.1 M NaP04, and transferred with a 
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pcisteur pipet to 30 ran petri dishes. Dishes 2, 3, and 4 were set on 

ice and exposed to 365 ran light frcan a 15 W black light bulb at a 

distance of 4 an for one hour. A square of lead glass was placed in 

between the petri dishes and the 365 ran light source in order to 

absorb light of wavelengths other than 365 ran. The cells were 

transferred to microfuge tubes, and sodium dodecyl sulfate (SDS) and 

proteinase K were added at final concentrations of 1% and 200 ug/ml, 

respectively. 

Alkaline sucrose gradients. Continuous alkaline sucrose 

gradients of 5 to 20% were prepared in 5 ml pollyallcmer centrifuge 

tubes. Tubes contained 3.8 ml alkaline sucrose layered on top with 

0.3 ml lysis buffer. The microfuge tubes containing the cells were 

inverted three times to insure mixing of the contents prior to 

pouring the contents onto the gradients. The gradients remained at 

room temperature for one hour before being centrifuged at 30,000 rpm 

for 3 hours at 20 0C in swinging buckets on a SW50 rotor. 

Following centrifugation the gradients were collected in four 

drop aliqouts as described above. Millipore filtered water (0.45 ml) 

was added to each fraction and the fractions were counted as 

previously described. 
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RESUIITS AND DISCUSSION 

Growth Measurements 

As shown in Table 1, 300 ppm of CPFA caused a marginal decrease 

in body weight after 9 weeks; whereas, body weights of control and 50 

ppm CPFA-fed trout remained relatively stable over time. Dietary 

CPFA's also caused an increase in the hepatosomatic index over time. 

Effect of CPFA on DNA Repair Measured by Autoradioqraphy 

The degree of DNA repair was analyzed in terms of percent of 

cells shewing repair and number of net grains per cell. The data was 

tested by statistical methods for fit to a linear model. The 

statistical design was established to determine differences in the 

amount of repair induced by the individual dietary treatments and if 

the length of time on the diets affected the amount of induced 

repair. 

In vitro control treatment. Liver slices from fish fed 

various diets were exposed to incubation media without a damaging 

agent in order to determine if 1) hepatocytes of rainbow trout could 

incorporate 3H-^fe-thymidine during the cell cycle and if 2) 

autoradiography could be used as the method to measure the 

incorporation vising liver slices. At all time points studied fish on 

the control diet did not incorporate any radiolabel (Figure 1). Fish 

fed 50 ppm CPFA incorporated some 3H-Me-thymidine and did so at a 
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constant rate over time (Figure 1). The 300 ppm CPFA diet had a 

significant effect (p = .05) on the amount of induced DMA repair 

following the in vitro control treatment. Fish on the 300 ppm CPFA 

diet incorporated an appreciable amount of 3H-Me-thymidine compared 

to fish on the other two diets, and the degree of incorporation 

increased with time (Figure 1). To explain this incorporation 

dietary CFFA's may be acting as a genotoxic carcinogen in vivo. In 

this role the CPFA's activate the ENA excision repair enzymes, and in 

the case of 300 ppm CPFA fish, the CPFA's increasingly stimulate the 

repair system as time on the diet increases. In a study similar to 

the one used in our laboratory, Mirsalis and Butterworth (141) 

treated rats by oral gavage with the genotoxic carcinogens, 

dimethylnitrosamine (EMN) and acetylaminofluorene (AAF). 

Dose-related increases in UDS were observed for the hepatocarcinogens 

EMN and AAF while controls produced no response. 

A second possible explanation for the H-Me-thymidme 

incorporation may be increased mitogenesis due to the dietary CPFA's. 

Scarpelli (18) observed increases in the mitotic index and nuclear 

3H-thymidine incorporation in hepatocytes from rats fed 500 ppm 

CPFA and trout fed 200 ppm CPFA. However, Scarpelli's data indicate 

a decrease in the mitotic index of rat hepatocytes as time on the 500 

ppm CPFA diet increased from 2 to 4 weeks. Our laboratory results 

reveal an increase in 3H-Me-thymidine incorporation in 50 ppm- and 

300 ppm- CPFA-fed trout as time on the diet increased. Thus, our 

data suggest that the uptake of 3H-Me-thymidine is due to in vivo 

chemically induced ENA repair as opposed to simply an increase in the 

mitotic index. 
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In vitro ultraviolet irradiation treatment. Once it was 

established that autoradiography could be used to monitor the uptake 

of ->H-^fe-thymidine in liver slices of rauibow trout, the question 

arose of whether UV-irradiation could induce ENA excision repair in 

hepatocytes, and secondly, if the CPFA diet would affect the 

induction. The 300 ppm CPFA diet had a significant effect (p = .05) 

on the amount of ENA repair induced follcwing UV-irradiation. 

Following in vitro UV-irradiation treatment (Figure 2) hepatocytes of 

300 ppm CPFA trout incorporated twice the amount of 3H-Me-thymidine 

as they did following the in vitro control treatment (Figure 1). A 

similar increase was seen at 7.5 weeks in 50 ppm CPFA trout following 

UV-irradiation (Figure 2). Other than a small level of incorporation 

seen in control fish at 7.5 weeks following UV-irradiation there was 

-5 ... .      . . . 
no H-Me-thymidine incorporation in control fish (Figure 2). The 

two fold increase in net grains seen in 300 ppm trout at 6 and 7.5 

weeks following UV-irradiation (Figure 2) compared to ixi vitro 

control incubation (Figure 1) further supports the idea that the 

thymidine incorporation is in fact due to induced ENA excision repair 

as opposed to increased mitogenic activity. Moreover, trout 

hepatocytes appear to react to the ENA damage caused by 

UV-irradiation by activating the ENA excision repair enzymes. Walton 

et al (92) reported induced UDS in cultured raihbcw trout gonad cells 

following UV exposure. Utilizing the BrdU photolysis assay Regan et 

al (66) observed excision repair in two species of fish, cunner and 

tautog, following UV-irradiation. 

After 9 weeks on the 300 ppm CPFA diet there was no induction of 
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ENA repair following UV-irradiation (Figure 2). In contrast to the 

increased levels of 3H-Me-thymiciine incorporation over time in 300 

ppm CPFA trout follcwing the in vitro control treatment (Figure 1) 

the levels of repair following UV treatment have increased from 6 to 

7.5 weeks but then decreased dramatically at 9 weeks (Figure 2). The 

absence of ENA repair at 9 weeks in 300 ppm CPFA trout is seen 

following the UV treatment (Figure 2), UV/EB treatment (Figure 3), 

and the EB treatment (Figure 4); whereas, repair in 300 ppm cells 

persist at 9 weeks in the in vitro control studies (Figure 1). It is 

suggested that this absence of repair may be the result of the many 

morphological, physiological, and enzymatic changes observed in 

rairibcw trout hepatocytes exposed to dietary CPFA's. Following a 

three week dietary treatment of 300 ppm CPFA's, liver wt./body wt. 

ratios (15), microsomal protein contents, and cytodhrame P-450 enzyme 

levels decreased, while the amount of the MPO system enzyme, aryl 

hydrocarbon hydroxylase, increased (15, 24). The microsomal protein 

and cytochrame P-450 levels remained decreased after 10 weeks (24). 

After 20 weeks on a 300 ppm CPFA diet, Selivonchick et al (27) 

observed altered membrane protein compositions, including a decrease 

in many high molecular weight proteins. Scarpelli (21) observed 

peculiar cleft-like striations in the cytoplasm of hepatocytes 

exposed to a 200 ppm CPFA diet for 4 weeks, and the striations 

increased in number as time on the diet increased. After 8 weeks of 

the 200 ppm CPFA diet the ribosomal endoplasmic reticulum contained 

many parallel arrays and whorled profiles of membrane material (21). 

It is suggested that the alterations listed above may adversely 

affect the ability of hepatocytes to repair DMA damage after 
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prolonged dietary CPFA treatment as our results would indicate. 

In vitro ultraviolet irradiaticrv/ethidium brtmide treatment. 

In order to enharK3e the detection of the lew amount of ENA excision 

repair observed in rairibcw trout hepatocytes following 

UV-irradiation, an inhibitor of semiconservative ENA synthesis, 

ethidium bromide (EB), was utilized. It was hypothesized that the 

background grain counts due to normal ENA replication would be 

reduced by the inhibitor EB, thus enhancing the nuclear grain counts 

resulting from ENA repair. Following the 30 min UV-irradiation 

treatment the slices were incubated in L-15 medium containing 25 uM 

EB for one hour. Ihe degree of ENA repair observed in hepatocytes of 

trout fed 300 ppm CPFA after the in vitro UV/EB treatment (Figure 3) 

was much lower than that observed in the same hepatocytes following 

the UV-irradiation treatment (Figure 2). In hepatocytes of trout fed 

300 ppm CPFA the net grain counts were 0.6 and 1.0 following 

UV-irradiation at 6 and 7.5 weeks, respectively (Figure 2). However, 

following the UV/EB treatment the net grain counts for 300 ppm CPFA 

trout were reduced to 0.0 and 0.5 at 6 and 7.5 weeks, respectively 

(Figure 3). Repair levels for the control and 50 ppm CPFA-fed trout 

remained relatively constant between the UV (Figure 2) and UV/EB 

(Figure 3) treatments. Thus, if the levels of ENA repair observed in 

trout hepatocytes following UV and UV/EB treatments are compared, it 

is bbvious that the EB incubation did not enhance the degree of 

repair observed. In contrast, the EB incubation after the UV 

treatment appears to have reduced the DNA repair capabilities of the 

hepatocytes. 
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EB is an intercalating agent capable of inhibiting ENA 

replication in bacterial and animal cells; however, at the high doses 

used in this experiment, 25 \Mf  EB tends to inhibit repair synthesis 

of UV damage equally as well (49). Kbmberg (142) and Glide (143) 

reported that 20 uM EB inhibits the activity of CNA polymerase in rat 

liver by 60%, and this enzyme is active in ENA replication, DMA 

repair, and ENA recombination. Therefore, even though EB may 

decrease the amount of background 3H-Me-thymidine incorporation due 

to inhibition of ENA synthesis, it also has the ability to decrease 

the degree of ENA repair induced. 

In vitro ethidium branide treatment. Since it was known that 

EB affects the ENA repair process, liver slices were incubated for 

one hour in Ii-15 media containing 25 uM EB. lew levels of ENA repair 

were observed in control and 50 ppm CPFA hepatocytes following EB 

treatment at 6 and 7.5 weeks (Figure 4). ENA was also induced in 300 

ppm CPFA hepatocytes following EB treatment at 6 and 7.5 weeks 

(Figure 4); however, the degree of repair was less than that observed 

following the UV treatment (Figure 2). Once again, no repair was 

observed at 9 weeks in the CPFA-fed trout. Acridine dyes such as EB 

bind to ENA by intercalation between neighboring base pairs in a 

plane perpendicular to the helix axis. In order to provide space for 

intercalation the helix axis must extend and locally untwist (144). 

This type of damage is also corrected by ENA excision repair (142). 

The intercalation of EB induced the excision repair process in 

hepatocytes on all diets at 6 and 7.5 weeks (Figure 4). In summary, 

EB appears to have 1) reduced the capabilities of ENA polymerase to 
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repair UV-irradiation damage and 2) induced the ENA excision repair 

process by intercalation of ENA in hepatocytes treated solely with 

EB. 

In vitro aflatcodn B^ treatment. The influence of dietary 

CPFA's on the the excision repair process of trout follcwing in vitro 

exposure to AFB^ was studied by incubating liver slices for one 

hour in L-15 media containing AFR^. After 6 weeks on the various 

diets no ENA excision repair was observed in any of the trout (Figure 

5). After 7.5 weeks on the respective diets a marginal induction of 

repair was observed in hepatocytes from control and 50 ppm CPFA trout 

(Figure 5). However, at 7.5 weeks 300 ppm CPFA hepatocytes revealed 

a marked induction of ENA repair with an average grain count per cell 

of 0.57 (Figure 5). Similar to the amount of ENA repair observed 

following the UV treatment (Figure 2), a decrease in the repair 

response from 7.5 to 9 weeks was observed in 300 ppm CPFA-fed trout 

following in vitro AFE^ treatment (Figure 5). Bailey et al (128) 

reported an increase in the concentration of the more toxic 

metabolite, aflatoxicol, and a decrease in the concentration of the 

less toxic metabolite, AFM^ in trout exposed to PiFB^  in vitro 

following a dietary pretreatment of 300 ppm CPFA. The CPFA 

pretreatment reduced ENA adduct formation significantly (128); 

however, CPFA's are powerful synergists of KFB^ carcinogenesis in 

trout (145). Alterations in membrane structure (27) and reductions 

in MP0 activities may act in promoting the probability of 

transformation of the reduced numbers of lesions. Our results 

support the idea that lew levels of excision repair in trout exposed 
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to AF&L h\ vitro after dietary pretreatment with CPFA's may play a 

role in the persistence of ENA adducts (128). 

It is apparent f ran these autoradiography studies that rainbow 

trout on a control diet exhibit lew levels of DNA excision repair 

(Figures 1-5). Previous studies have found that the excision repair 

capabilities of lewer vertebrates such as fish are relatively less 

than that of higher vertebrates such as mainmals. Woodhead et al (96) 

used an endonuclease repair assay with cell strains from three 

species of cold blooded vertebrates, terrapene heart cells of the 

Caroline box turtle, gonad cells of rainbow trout, and embryonic 

tissue cells of the Amazon molly, and detected no excision repair in 

any of these cells. Walton et al (97) used primary liver, stomach, 

and intestinal cells isolated from rainbow trout. Using 

autoradiographic methods they reported a maximum of 5 grain counts, 

with average grain counts being 2-3, after exposing cells in vitro to 

AFB]^. In similar studies reviewing the excision repair 

capabilities of divergent genera by autoradiography Walton et al (92) 

observed marked differences in grain counts following UV irradiation 

of three cell lines: human fibrbblast-92, Chinese hamster ovary-58, 

rainbew trout gonad-22. Regan et al (66) established primary 

fibrdblast cultures from connective tissue of the two fishes, tautog 

and cunner. Using the BrdU photolysis assay very low levels of DNA 

excision repair were detected by Regan following UV irradiation. A 

five fold increase in the amount of ongoing excision repair was 

detected when repair capacities of human f ibroblasts were corrpared to 

those of the tautog and cunner (66). 
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Measurement of DMA Repair by the BrdU Photolysis Assay 

In view of the lew levels of ENA excision repair detected in 

rairibcw trout using the method of autoradiography it was decided to 

attempt to use a more sensitive method, the BrdU photolysis assay. 

Regan et al (66) used this assay to meassure repair in two species of 

fish as described above. Ihe experimental outline is as follows: 1) 

label the DNA of cells with a radionucleotide; 2) remove the label 

and treat the cells with a physical (UV-irradiation) or chemical 

(4-NQO) carcinogen; 3) incubate the cells inBrdU or thymidine; 4) 

collect the cells and expose them to photolytic light (313 nm); and 

5) determine by sedimentation in alkali and subsequent fraction 

collection the amount of strand breakage ascribable to to the 

photolysis of BrdU (100). BrdU, a thymidine analog, is incorporated 

into the regions of ENA involved in excision repair. When DNA 

containing BrdU is exposed to 313 nm irradiation, debromination 

followed by free radical attack of the deoxyribose or 

deoxyribosephosphate backbone occurs. Ihis results in ENA single 

strand breaks and/or alkali-labile sites (100). Alkaline sucrose 

gradient sedimentaion is used to measure the extent of DNA 

fragmentation. BrdU is much more sensitive to 313 nm light; however, 

to determine background strand breakage cells are incubated in 

thymidine as a control. 

Measurement of ENA repair in E± ooli by BrdU photolysis. The 

BrdU photolysis assay was initially tested using E^. coli to ensure 

that the our methods would detect ENA excision repair. Ley and 
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Setlcw (139) successfully detected ENA excision repair in E^ coli 

following UV-irradiation using the BrdU photolysis assay. Cells 

eu^osed to UV-irradiation and subsequent BrdU photolysis result in 

ENA of lew molecular weights (Figure 6). In contrast, control cells 

that were not exposed to UV-irradiation nor photolysis result in DNA 

of high molecular weights (Figure 6). Cells that were not exposed to 

UV-irradiation but were exposed to BrdU photolysis result in a peak 

representative of lew and high molecular weight ENA due to background 

BrdU incorporation and subsequent strand breakage (Figure 6). Thus, 

it is evident from Figure 6 that ENA excision repair was induced in 

E. coli treated with UV-irradiation, and the BrdU phtolysis methods 

were capable of detecting this repair. 

Measurement of ENA repair in trout hepatocytes by BrdU 

photolysis. Viability of hepatocytes was determined using the 

method of Komberg (140), and found to be 87% and 57% at 18 hr and 38 

hr, respectively. Ihe BrdU photolysis assay was used to measure DNA 

excision repair in rainbow trout hepatocytes following ENA damage by 

UV-irradiation or 4-NQO. The eaqperiment was repeated multiple times 

resulting in inconsistent and nonconclusive data. The assay requires 

technical improvements before anything definite can be stated 

concerning its potential for future use with hepatocytes of rainbow 

trout. 



58 

Table 1. Effect of Dietary CPEA's on the Grcwth of Rainbow Trout. 
Body and liver weights were determined before 

treatment of the slices. Values pertain to fish used in 
autoradiography studies. 



TABLE 1 
Effect of Dietary CPFA's on Growth of Rainbow Trout 

6 

WEEKS ON DIET 

7.5 9 

PPM CPFA 
0      50      300 0      50      300 0    50    300 

Body Wt. (g)a 

338    334      293 

(308-383)(274-393) (240-316) 

310    300      245 

(235-390) (230-356) (211-275) 

285   307    263 

(187-335)(168-396)(222-333) 

Hepatosomatic 

1.13    1.03    0.91 0.93    1.08    1.13 
Index 

1.29  0.92    0.77 

a. 
Values represent means for 

b. 
Hepatosomatic Index = Livei 

6 fish, and values in parentheses 

■ Weight * 100 / Body Weight. 

represent the range of the values 

en 
to 
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Figure 1. Control Treatment. 
Effect of dietary CFFA's on ENA excision repair 

follcwing in vitro control treatment of hepatocytes 
vising liver slices from rainbow trout. Vertical 
axis is the net grain count: the number of grains in 
the nucleus minus the average number of grains in 
3 nucleus-size cytoplasmic areas. Bars represent 
the mean of the means of 4-5 fish, 25 cells per fish 
counted. The value for the 9 week, 0 ppm CPEA fish 
was obtained using only 3 fish. 
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Figure 2. UV Treatment. 
Effect of dietary CPEA's on ENA excision repair 

following in vitro ultraviolet irradiation treatment 
of hepatocytes using liver slices frcm rainbow trout. 
Vertical axis is the net grain count: number of grains 
in the nucleus minus the average number of grains in 3 
nucleus-size cytoplasmic areas. Bars represent the 
mean of the means of 4-5 fish, 25 cells per fish counted. 



UV  TREATMENT 

en 

cc 
or 
CD 

1.0 

0.8 

0.6 

□ 0 ppm  CPFFIB 50 ppm CPFfl 

LU    0.4 

0.2 - 

0.0 6 WEEKS 

B 300 ppm  CPFR 

Tl 

? 
-I 
(0 

ro 

7.5  WEEKS 

WEEKS  ON  DIET 

9  WEEKS 
j i 

en 
GO 



64 

Figure 3. UV/EB Treatment. 
Effect of dietary CPEA's on ENA excision repair 

follcwing in vitro ultraviolet irradiation and 
ethidium bromide treatment of hepatocytes using liver 
slices fran rainbcw trout. Vertical axis is the net 
grain count: number of grains in the nucleus minus 
the average number of grains in 3 nucleus-size 
cytoplasmic areas. Bars represent the mean of the 
means of 4-5 fish, 25 cells per fish counted. 
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Figure 4. EB Treatment. 
Effect of dietary CPFA's on ENA excision r^air 

following iji vitro ethidium brcsnide treatment of 
hepatocytes using liver slices from rainbow trout. 
Vertical axis is the net grain count: number of 
grains in the nucleus minus the average number of 
grains in 3 nucleus-size cytqplasmic areas. Bars 
represent the mean of the means of 4-5 fish, 25 cells 
per fish counted. Ihe value for the 7.5 week, 300 ppm 
CPEA. fish was obtained vising only 3 fish. 
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Figure 5. APBj^ Treatment. 
Effect of dietary CPEA's on ENA excision repair 

following in vitro aflatoxin ^ treatment of 
hepatocytes using liver slices from rainbow trout. 
Vertical axis is the net grain count: number of 
grains in the nucleus minus the average number 
of grains in 3 nucleus-size cytoplasmic areas. 
Bars represent the mean of the means of 4-5 fish, 
25 cells per fish counted. Ihe value for the 9 week, 
0 ppn CPFA fish was obtained using only 3 fish. 
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Figure 6. E^ ooli/BrdU Fhotolysis. 
Effect of loltraviolet irradiation on ENA excision 

repair measured by the BrdU-photolysis method using 
coli. Vertical axis represents percent dpm's of 

I-thymidine. Left to right on horizontal axis 
represents sucrose gradient fractions containing 
small to larger ENA fragments, respectively. 

h 
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APPENDIX #1 

Solutions used in E. coli BrdU Riotolvsis Assay 

1) Unsupplemented M-9 Media (U-M-9)   grams 
a) Na2HP04 3 
b) KH2P04 1.5 
c) (NH4)2S04 3.67 
d) NaCl 0.25 
e) dH20 VP to 500 ml volume 

2) Supplemented M-9 Media (S-M-9) 
a) 44.0 ml U-41-9 
b) 50 ul 1 M MgS04*7H20 
c) 0.50 ml 0.01 M CaCl2 
d) 0.50 ml 20% Glucxse 
f) 5.0 ml of 0.025 g/ml Casamino Acids soln. 
g) 0.50 ml of 0.002 g/ml Methionine soln. 

3) M-9 Agar 
a) Bacto Agar in Millipore filtered water (22:1000 w/v) 

4) Sucrose Gradients (139) 
a) 0.5 M NaCl 
b) 0.2 M NaOH 
c) 0.01 M EDIA 
d) 5% and 20% Sucrose solns. 
e) Lysing soln. on top: 

1) 0.5 M NaOH 
2) 0.05% N-lauroylsarcosine, sodium salt 
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Appendix #2 

Chemicals and Solutions used in the Rainbow Trout BrdU Photolysis 
Assay 

1) Perfusion Buffer 
a) 100 ml 10X salt soln. 

1) 10X salt soln.: 
a) 1.1 M NaCl 
b) 2) 3.125 ml 0.1 M CaC^ 

2) Perfusion Solution 1 
a) 75 ml Perfusion Buffer 
b) 135 mg Glucose 
c) 0.75 ml of 2,800 U/ml Heparin in 0.9% NaCl 
d) 0.0138 g BGTA (52) 

3) Perfusion Solution 2 
a) 122 ml Perfusion Buffer 
b) 225 mg Glucose 
c) 125 mg Hyaluronidase 
d) 62.5 mg Collagenase 
e) 3.125 ml 0.1 M CaCl2 

4) Wash Solution 
a) 45 ml 10X salt soln. 
b) 45 ml 0.4 M Hepes, pH 7.4 
c) 11.13 ml of 0.1 M CaCl2 
d) 0.81 g Glucose 
e) 360 ml Millipore HjO 

5) Protease soln. (146) 
a) 2 mg/ml Proteinase K (14.7 U/mg protein) 
b) 0.1% SDS 
c) 25 itiM Tris 
d) 192 mM glycine 
e) 0.1 M NaCl 
f) a-e in 0.1 M NaP04 

6) Sucrose Gradients (100) 
a) 0.3 M NaOH (57) 
b) 2 M NaCl 
c) 5% and 20% Sucrose solns. 
d) Lysis soln. on top 

1) 1 M NaOH 
2) 10 mM EDTA 


