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ABSTRACT 

Newborn Swiss mice were dosed IF with 25 yg of DMN or saline, 

and at weaning placed on drinking water containing 0.05% phenobarbital 

(PB), a known promoter of hepatocellular carcinomas, or water alone. 

Preneoplastic foci (F) and hyperplastic nodules (HN) were identified 

histologically by two markers: resistance to exogenous iron accumula

tion and an increase in gamma-glutamyl transpeptidase (GGT) activity. 

In the DMN and PB group, livers of affected male mice at 6, 8, 12 and 

2 
16 wk exhibited 6, 10, 17 and 12 iron resistant F/cm and 10, 13, 9 and 

2 9 GGT-F/cm , respectively. At these same time periods iron resistant-F 

2 
in affected females ranged from 5-11 F/cm , while GGT-F ranged from 

2 
9-16 F/cm . Iron resistant HN were first observed in male mice at 8 wk; 

however, GGT-HN were not noted until 12 wk. By 12 and 16 wk affected 

2 
males had 6 and 4 iron resistant HN/cm while affected females had 4 and 

2 
6, respectively. At these same time points, males had 6 and 3 GGT-HN/cm 

2 
while females only displayed GGT-HN at 16 wk (6 HN/cm ). 

x 



INTRODUCTION 

Carcinogenesis is generally considered a multistage process 

consisting of first an initiation stage, which presumably involves an 

irreversible.step in which cells are "initiated" or "altered", and a 

subsequent promotion stage which causes these cells to develop into neo

plastic cells and eventually progress to malignant cells. In contrast to 

the relatively short initiation stage, promotion is usually regarded as 

a more prolonged, highly dose-dependent, reversible process that most 

likely consists of more than one step (1-4). This two-stage process of 

cancer induction was first classically demonstrated in mouse skin by 

several groups of investigators (2,3). A low dose of an initiating 

agent (e.g. chemical) was applied to mouse skin and few or no skin 

tumors developed over the life span of,the animal. However, if a 

promoting agent was repeatedly applied to the skin over a period of 

several months, subsequent to the initiating agent, large numbers of 

skin papillomas appeared. If promotion was continued, carcinomas of the 

skin were present at one year. Promoters when applied prior to the 

initiating agent, rather than subsequent to, or when administered alone 

do not increase the incidence of tumors above background levels. 

Chemical carcinogens can generally be placed into one of two 

main classes based on their requirement for metabolic activation. These 

two classes are: 1) direct-acting or primary carcinogens which require 

no bioactivation to be effective (e.g. epoxides, nitrogen mustards) and 

1 
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2) procarcinogens or secondary carcinogens which require bioactivation 

to direct-acting ultimate carcinogens. The majority of chemical 

carcinogens fall into the second class (2,3). Even though other 

mechanistic classes of chemical carcinogens are listed by Weisburger and 

Williams (3), traditionally, most chemical carcinogens are thought of as 

belonging to one of the above classes. 

Additionally, Weisburger and Williams (3) further divided the 

mechanistic classes into two broader categories, genotoxic and epi-

genetic, which are based on the mode of action of the chemical 

carcinogens. Genotoxic carcinogens are those agents that because of 

their inherent or metabolically acquired electrophilic properties inter

act with and alter DNA. Epigenetic carcinogens are considered to be all 

those classes of carcinogens which do not appear to have any direct 

effect on DNA. Some classes included in this category are hormones, 

cocarcinogens and promoters (e.g. FB, DDT) (3). 

Presently, there are few short-term screening tests that provide 

evidence of carcinogenicity. The Ames test (5), the most popular of the 

short-term in vitro assays, is a bacterial test which predicts muta

genicity, however, not necessarily carcinogenicity. Therefore, its 

direct relationship to mammalian systems is somewhat questionable. A 

current trend in cancer research is to investigate the feasibility of 

certain animal models as potential short-term in vivo bioassays for the 

early detection as well as sequential analysis of carcinogenesis. Over 

the past few years, several new animal models have emerged that attempt 

to elucidate the steps in the carcinogenic process. Many of these 
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models make use of the liver as the target organ for the putative 

carcinogenic response. The reasons that the liver has become a con

venient tissue for carcinogenicity studies are: 1) its size, 

2) vulnerability to carcinogens, 3) manipulability of cell prolifera

tion with chemicals and surgical procedures, 4) homogeneity of cell type 

and 5) because of the considerable body of knowledge that exists on its 

biological aspects (4,6). However, most of these models require contin

uous exposure (e.g. feeding of the carcinogen) to the test agent for 

several months and/or a surgical procedure (i.e. partial hepatectomy) or 

other stimulus (e.g. CCl̂ ) of cell proliferation to produce tumors. 

Four basic types of experimental animal systems are currently 

being used to study the sequential aspects of hepatocarcinogenesis. 

These systems are summarized below. 

1) Solt-Farber Model (4,6-10) 

Adult rats are injected with one dose or multiple doses of the 

initiating carcinogen (e.g. diethylnitrosamine [DEN]). Two weeks later 

the animals receive 0.02% 2-acetylaminofluorene (2-AAF) in their diet 

for 7 days in order to create a mitoinhibitory effect (i.e. inhibition 

of cell proliferation). This is subsequently followed by a partial 

hepatectomy (PH) or an injection of CCl̂  to stimulate cell proliferation. 

This regimen inhibits regeneration in the majority of the liver. How

ever, those randomly dispersed isolated hepatocytes which were 

presumably altered by the initiating carcinogen now possess resistance 

to the cytotoxic and mitoinhibitory effects of carcinogens in general. 

They proliferate rapidly to develop histochemically altered foci and 



eventually small visible nodules within 5-10 days after PH. Cancer has 

been reported to develop by 8 months. 

2) Scherer-Emmelot Model (6,7,10) 

A single dose of DEN or other carcinogen is given to intact 

female rats or to female rats 20-24 hours after PH. Carcinogen-induced 

altered areas of hepatocytes can then be quantitatively studied as to 

number, size, and behavior patterns by use of histochemical alterations. 

No liver cancer develops under the indicated experimental conditions 

unless a prolonged continuous exposure of 1-2 years of DEN (2-4 mg/kg 

per day) is administered. Cancer development in this system is 

theorized to originate from one or more "enzyme-altered" areas; however, 

this has not yet been proven. 

3) Peraino et al. Model (6,7,10) 

Young weanling rats in which hepatocytes are rapidly pro

liferating, are fed 0.02% 2-AAF for 18 days followed in one week by 

0.05% phenobarbital (PB) in the feed for several months. This particular 

assay attempts to duplicate the classical two-stage system of carcino

genesis in mouse skin, by the use of an initiating agent (2-AAF) and a 

promoting agent (PB). DDT has also been reported to work equally well 

as a promoter in this system. In the presence of PB many more 2-AAF 

"initiated" hepatocytes grow and develop into carcinomas than would be 

observed without PB exposute (7,10). 
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4) Pitot et al. Model (6,7,10-12) 

This system represents a combination of aspects of both the 

Scherer-Emmelot and the Peralno models. Twenty four hours after PH of 

adult rats, a single oral dose of a carcinogen (e.g. DEN, 5-10 mg/kg) is 

administered. After a recovery of 2 months, the rats receive 0.05% PB 

in their diet for 6 months. At 8 months, enzyme-altered foci are 

quantitated histoenzymatically in serial frozen liver sections. 

Approximately 7 times the number of enzyme-altered foci are seen in the 

animals exposed to PB than in the controls. Hyperplastic nodules and 

hepatocellular carcinomas appear only in those animals treated with 

DEN + PH + PB. This model clearly distinguishes between the two stages 

of hepatocarcinogenesis, initiation and promotion. 

The animal models described above, in addition to those used for 

traditional cancer studies, involve a considerable amount of time before 

definitive results are obtained. Consequently, there is a real need for 

a simple short-term in vivo cancer screen and/or a simple tool for 

studying the carcinogenic process. Over the past 20 years, many reports 

have appeared in the literature that suggest that the newborn (neonatal) 

or infant animal may be a potential model for an in vivo cancer screen 

and/or for studying the sequence of events in the chemical induction of 

cancer (13-25). The major advantages bf a model using newborn or infant 

animals are an increased sensitivity and decreased time to appearance of 

tumors. Obvious reasons for these advantages are 1) rapid fixation of 

the initiation event due to rapid cell proliferation during the neonatal 

period, and 2) various endogenous growth factors which may serve as 
t 

endogenous promoting agents. 
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An example of a model in which newborn animals were used was 

recently published by Uchida and Hirono (23). They used the newborn 

mouse as a model to elucidate liver and lung tumor formation within 16 

weeks after exposure to dimethylnitrosamine (DMN). Their model examined 

the carcinogenicity of DMN when administered intraperitoneally (ip;) tb~ 

newborn inbred DDD mice within 24 hours after birth, and the effect of 

phenobarbital (PB) post-treatment (i.e. 0.05% PB in the drinking water 

from 3-16 wk of age) on tumor formation. All animals were killed at 

16 weeks of age. Greater than 10 times the average number of liver 

tumors per mouse was observed in those animals initially treated with 

DMN followed by post-treatment at weaning with 0.05% PB drinking water, 

compared with those treated with DMN only. However, they found that PB 

post-treatment did not have a promoting effect on lung tumor formation 

in this particular model. 

The practicality of this model is that tumors are formed within 

16 weeks after an ip. injection of 30 yg of DMN per mouse. In addition, 

this model is readily adaptable to testing for tumor promoting activity, 

by substituting other chemicals for PB. Another advantage of this 

particular newborn mouse model is that once the animals have received 

the injection of the carcinogen, no additional physical manipulations 

are necessary, except perhaps gross morphological examinations; there

fore limiting the exposure of the animal care personnel to the 

carcinogen. 

Within the last year, two reports (24,25) have been published 

of studies in which the newborn animal had been used as the model 
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system for the sequential analysis of hepatocarcinogenesis. In one of 

the studies conducted by Feraino et al. (24), one-day-old female 

Spargue-Dawley rats were treated with a single ip. injection of DEN, 

benzo[a]pyrene (BAP), or benzo[e]pyrene (BEP). At 3 weeks of age the 

animals were weaned and placed on a diet containing 0.05% PB until they 

were killed at 7 and 11 weeks of age. Altered foci, which were 

identified histochemically by an enhancement of GGT activity, were 

observed in rats treated with DEN or BAP, but not BEP. Tumors were seen 

at 11 weeks of age with DEN and at 19 weeks with BAP. 

The other study performed by Moore et al. (25) , used newborn 

(within 24 hr old) CD-I and B6C3F̂  mice to examine the sequential 

development of DEN-induced hepatocellular changes as a function of age. 

The newborns received a single ip. injection of DEN and were weaned at 

4 weeks of age. Beginning at 4 weeks of age, randomly selected mice 

were killed at 4-week intervals up to 48 weeks of age. The livers of 

these mice were quantitatively evaluated using glucose-6-phosphatase 

deficiency as the histoenzymatic marker for the detection of altered 

foci and nodules. DEN treatment produced altered foci, nodules and 

hepatomas in both strains of mice, with altered foci observed as early 

as 8 weeks of age. . 

Many theories currently exist as to the sequence of cellular 

events that lead to the endpoint of hepatocellular carcinoma (1,4,6,26). 

In general, it is hypothesized that the induction of altered foci in 

the initiation stage consists of at least two steps. The first step is 

a biochemical lesion in target hepatocytes. This is presumably due to 

a rapid, irreversible interaction of electrophilic reactants of the 
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carcinogen with cellular constituents, especially DNA. It is felt that 

some alteration in the informational content of DNA is important in the 

ultimate development of cancer (1). In the second step the biochemical 

lesion then becomes "fixed" by a cycle of cell proliferation (1,2,4,6) 

resulting in altered (initiated) foci. It has been shown that the role 

of cell proliferation in the initiation process is a critical event; 

i.e. if proliferation takes place 48 hours after administration of the 

initiating carcinogen no initiation is observed (1). In addition, 

recent studies have shown that cell necrosis or injury caused by the 

initiating carcinogen (e.g. DEN), plays a significant role in the 

initiation phase of liver cancer by inducing cell damage followed by 

cell regeneration (1,4,6,8). 

The altered foci may then: 1) progress further by selectively 

proliferating to a hyperplastic (neoplastic) nodule and eventually to a 

hepatocellular carcinoma, 2) persist and proceed directly to a carcinoma, 

or 3) undergo phenotypic reversion which would result in the persistence 

of latent initiated or dormant altered cells (1,26). The progression of 

altered foci or initiated hepatocytes is stimulated by additional 

exposure to the same initiating carcinogen (i.e. complete carcinogen — 

a chemical that has both initiating and promoting actions) (1,2,4,26) or 

by agents which accelerate this process, known as promotion (1,6,4,26). 

Theory has it that the promotion or selection of initiated cells to 

produce focal proliferation or hyperplasia is sufficient to maintain a 

self-generating cell population that develops into cancer (4). 
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Farber (1,4) suggests that the phenomena of promotion of altered 

hepatocytes could be the consequence of three distinct mechanisms: 

1) selective inhibition, 2) selective stimulation, or 3) selective 

recovery. 

1) Selective inhibition: A "selection pressure" is created by the 

mitoinhibitory effects that dietary 2-AAF exerts on the surrounding 

"normal" hepatocytes, but not on the "initiated" (resistant) cells which 

then proliferate when an appropriate stimulus is applied. The rapid 

appearance of foci and nodules in the Solt-Farber (4,6-10) model is 

based on this key principle. 

,2) Selective stimulation: Selective growth of a single initiated 

cell by a promoter could conceivably cause preferential development of 

that cell into a nodule (1,4). Promoters such as phenobarbital produce 

both hypertrophy and hyperplasia of normal liver as well as increases in 

certain liver enzymes. In̂ a comparative study (27) on the promoting 

effect of PB and other compounds, Peraino et al. suggest that a require

ment necessary for promoting activity is the induction of liver growth. 

Peraino et al. (28) also demonstrated that the promoting effect of PB 

was dependent on the length of continuous exposure; i.e. a 20-day 

treatment produced little promoting effect on the livers of 2-AAF 

initiated rats; however, treatment of 100 days or more caused signifi

cant promotion. From this study it was concluded that the promoting 

effect of PB was probably a result of an increase in differentiation 

rather than a stimulation of hepatocyte proliferation, which was only 

transient (28,29). 
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3) Selective recovery: This hypothetical process relates to the 

hyperplastic nodules generated in the induction of liver cancer with 

chemicals. It has been established that a majority of these nodules 

undergo a maturation (regression) or remodeling process to normal-

appearing liver. Many variations are observed in this reversion 

phenomenon. Rates of reversion range from none to rapid; the majority 

of the nodules being somewhere in between (1,4,6,30). It has been 

suggested that this process is reminiscent of the return of the liver to 

a resting state (Go) after several rounds of cell proliferation. How

ever, it has been noted that the nuclear structure of the hepatocytes in 

the hyperplastic nodules does not return to that of a normal "resting" 

hepatocyte, but appears like that of a dividing cell, even though cell 

proliferation has ended. According to Farber (1,4), blockage of the 

normal recovery of the liver (return to a resting Gq phase) is perhaps 

due to a modification in a specific "biochemical programme". 

Hyperplastic (neoplastic) nodules appear to have at least two 

choices during the promotion or selection process: 1) persistence, 

representing only a small minority of nodules, but which have an 

increased likelihood of developing into cancer, or 2) maturation 

(regression), disappearance or reversion to normal-appearing liver 

tissue. The majority of hyperplastic nodules undergo maturation (1,4, 

6,30). 

Throughout the course of cancer development, decreases (loss of) 

and increases of numerous biochemical and enzymatic markers (see 

Table 2, Ref. 4), some of which have already previously been 

mentioned, can be employed to demonstrate various hepatocellular 



alterations. The two markers used in this project were 1) resistance 

to iron accumulation (4,6,26,31-36), and 2) enhanced gamma-glutamyl 

transpeptidase (GGT) activity (4,6-9,11,24,26,30,32,35-52). Williams 

et al. (26,31,32) demonstrated through various experiments involving 

liver carcinogenesis, that after producing hepatic siderosis in rats 

with iron dextran injections prior to termination, more hepatocellular 

lesions (altered foci, hyperplastic nodules and carcinomas) could be 

demonstrated by resistance to iron accumulation (as noted by specific 

iron staining) than by any other histochemical (i.e. enzymatic) 

techniques. Williams and Yamamoto (33) suggest that this loss of the 

ability to store iron could be due to some abnormality or defect pro

duced in these cells by the carcinogen, or an altered function as a 

result of proliferation. 

When Hirota and Williams (32) examined enzymatic markers and 

compared them to their iron marker, GGT was the next most sensitive 

marker. Other investigators have also found GGT to be the most con

sistently reliable enzymatic marker of liver carcinogenesis (7,14). 

Briefly, GGT is a membrane-bound enzyme which catalyzes the 

transfer of the gamma-glutamyl moiety of glutathione (and of other 

gamma-glutamyl compounds) to an amino acid (and dipeptide) acceptor 

(39,46,53). This reaction is a significant step in glutathione 

metabolism. It has been postulated that GGT is involved in amino acid 

transport across the cell membrane, by interaction with both the 

extracellular amino acid and intracellular glutathione (or compounds 

with a gamma-glutamyl moiety). The amino acid enters the cell as a 
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gamma-glutamyl amino acid (39,53). GGT can also catalyze hydrolysis and 

autotranspeptidation reactions (39,53). GGT is located in a number 

of epithelial structures in mammalian tissues. These are generally 

believed to be associated with secretory and absorptive processes, 

ie. the brush border of the proximal renal tubule, and the epithelia of 

the jejunal villi, choroid plexus, bile duct, seminal vesicles, and 

pancreatic acini (39,44,53). 

In the liver of mice and rats , it has been shown that in 

untreated animals the GGT activity is high in fetal and neonatal animals 

up to six days after birth. The levels then dramatically fall to the 

low," nearly non-de tec table levels observed in normal adult liver. 

However, with the development of hepatocellular lesions in chemical 

carcinogenesis, a significant increase in GGT activity is observed in 

liver tissue of adult animals (38,44,46). Hlstochemically in fetal and 

neonatal untreated animals, GGT activity is localized, particularly in 

the bile canaliculi. In untreated adult animals, GGT is usually only 

seen in the periportal bile duct region (32,43,44,50). In carcinogen 

treated animals, altered foci, some hyperplastic nodules, and hepato

cellular carcinomas stain positively for GGT, most strongly in the bile 

canalicular region with diffuse staining in the cytoplasm (32,44,50). 

An interesting observation made by Jalanko and Ruoslahti (46), which was 

later confirmed by Ohmori et al. (35) and Kitagawa et al. (42), was that 

in most "spontaneous" hepatocellular neoplasms in mice no detectable 

elevation of GGT was noted either biochemically (46) or histochemically 

(35,42). This was true for benign as well as malignant tumors (46). 



Also it has been reported that GGT activity is uniformly low (i.e. like 

normal adult liver) in regenerating livers of partially hepatectomized 

rats of mice (44,45). 

Phenobarbital, a known promoter of liver cancer in rodent 

systems (11,41,51,55,56), has been shown to cause an induction of GGT 

activity in spontaneous as well as chemically induced mouse liver tumors 

(35,37,42). Pitot et al. (11) have reported that after 8 months of 

chronic feeding of 0.05% PB in the diet of rats not knowingly exposed to 

a carcinogen (uninitiated), there was no evidence of GGT-positive foci 

in any of the rat livers. In contrast to this finding, Uchida and 

Hirono (51) have recently published that long-term (16 months) feeding 

of a 0.05% PB in the diet to uninitiated rats produced small-sized 

GGT-positive foci in the "acinus-peripheral" region of the liver. Ohmori 

et al. (35) have also shown that administration of 0.1% PB to 

uninitiated mice in their drinking water for 51 weeks, resulted in liver 

neoplasms which had some observable GGT activity. 

The primary goal of this research project was to establish a 

simple and reproducible short-term in vivo animal screen for liver 

carcinogenicity, and possibly other organ systems, using the newborn 

Swiss mouse as the model. In this manuscript, the term "newborn or 

neonatal" refers to animals up to 30 hours old, the term "infant" refers 

to animals up to 3 weeks old, and "adult" signifies those animals 3 weeks 

and older. In order to elucidate and ultimately demonstrate the value 

of this animal model, the iron and GGT markers were used for the 

detection of altered (initiated) foci, hyperplastic (neoplastic) 

nodules, and hepatocellular carcinomas at various time intervals in the 



process of hepatocarcinogenesis. The initiating agent, DMN, and the 

promoting agent, PB, were used in most of the experiments conducted for 

this project. The results of this work are reported in this thesis. 

Additional studies, detailed in the 'Methods" section, were performed 

using other known or suspected initiators and promoters of carcino

genesis. These results are also indicated in this manuscript. 



MATERIALS AND METHODS 

Experimental Animals 

Timed pregnant females and 10 week old male and 10 week old 

female Swiss CFW mice were obtained from Charles River Breeding Labs, 

Inc., Wilmington, Mass. and were used to produce neonates necessary for 

experimentation. Ten week old male and female Swiss Webster mice were 

also purchased from Camm Research Institute, Wayne, New Jersey for the 

same purpose. All animals and their subsequent offspring were housed 

on -pine wood shavings in stainless steel cages in a temperature (22°C) 

and humidity (relative humidity 55%) controlled room on a 12 hour light-

dark cycle. They were fed laboratory chow (Wayne Lab-Blox, Allied 

Mills, Chicago, IL) and tap water ad libitum, unless otherwise 

indicated. 

Chemicals 

Histology and 
Histochemistry Materials 

Imferon (iron dextran injection, 50 mg elemental iron/ml) was 

purchased from Merrell-National Laboratories, Divieion of Richardson-

Merrell, Inc., Cincinnati, OH. Gamma-glutamyl-A-methoxy-2-naphthylamide 

was purchased from Vega Biochemicals, Tucson, AZ. 2-methylbutane 

(isopentane) was obtained from the Eastman Kodak Company, Rochester, NY. 
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: Fast Blue BB salt (diazotized-4'-amino-2'5'-diethoxybenzanilide 

zinc chloride salt-purified grade) glycylglycine (free base), and 

nuclear fast red were purchased from Sigma Chemical Co., St. Louis, MO. 

R O.C.T. Compound was obtained from Lab-Tek Products, Division 

R R 
of Miles Laboratories, Inc., Naperville, IL. Aqua-Mount and Pro-Texx 

were supplied by Lerner Laboratories, Stamford, CT. 

-Tris (2-Amino-2[hydroxymethyl]-1,3-propanediol) was purchased 
t 

from Matheson, Coleman and Bell Manufacturing Chemists, Norwood, OH. 

Cupric sulfate was obtained from Allied Chemical, Morristown, NJ. 

Potassium ferrocyanlde and aluminum sulfate were supplied by 

Mallinckrodt, Inc., St. Louis, MO. 

Initiating Agents 

N-Nitrosodimethylanine (dlmethylnitrosamine, DMN) was purchased 

from the Eastman Kodak Company. 1,2-dibromoethane (ethylene bromide, 

EB) was supplied by Matheson, Coleman, and Bell. Aflatoxin (AFB̂ ) 

and its vehicle, tricaprylin (trioctanoin) were obtained from Sigma 

Chemical Company. 

Promoting Agents 

Phenobarbital sodium (PB) was purchased from Mallinckrodt, Inc. 

Ethyl alcohol (USP-Anhydrous 200 proof) was obtained from U. S. 

Industrial Chemicals Co., New York, NY. 2,3,7,8-tetrachlorodibenzo-p-

dioxin (TCDD) was supplied by NIEHS. 



Special Diets 

Rat 711 Control and Rat 711-A Ethanol liquid diets were obtained 

from Bio-Serv, Inc., Frenchtown, NJ. 

Dosing Regimens and Necropsy Procedures 

The newborn mouse model was based on a procedure reported by 

Uchida and Hirono with some slight modifications (23). These modifica

tions dealt with time of dosing, a change from within 24 hours after 

birth to between 24 and 30 hours after birth; and dosage of DMN, which 

was lowered from 30 yg to 25 yg per newborn. These procedural changes 

were prompted by preliminary pilot studies, which Indicated a needed 

reevaluation in these areas to try to increase the survival rate of the 

newborns after their initial carcinogen treatment. These modifications 

were successful, with survival rates approaching 80%. 

Figure 1 represents the experimental protocols followed for all 

studies to be subsequently described. 

Dimethylnltrosamine (DMN) and 
Phenobarbital (PB) Study 

Newborn mice approximately 24 to 30 hours old received a single 

intraperitoneal (ip.) injection of 25 yl of 0.10% DMN for a total dose 

of 25 yg of DMN per mouse. The control miee-recelved-a similar Injec

tion of 25 yl of 0.9% saline. DMN was dissolved in 0.9% saline and 
I) 

injected into the newborn mice via a Hamilton gas-tight 100 yl syringe 

(Supelco, Inc., Bellefonte, PA) equipped with a 27-gauge needle. The 

ip. injection was accomplished by inserting the needle from the dorsal 
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Figure 1. Schematic representation of the protocols used for the 
various experiments performed with the newborn mouse model. 

A single ip dose of the putative initiator was administered 
between 24-30 hr after birth to Swiss mice. (See Methods for exact 
dosage levels for each initiator as well as promoters.) The promotion 
phase (indicated by heavy black line) began at 3 weeks of age (weaning) 
and continued until the mice were killed at the designated time points 
(indicated by "K" above). The promoters were given either in the 
drinking water and/or food (FB, alcohol diets) or sc once every other 
week (TCDD, corn oil/acetone). 



side of each mouse over the right thigh into the intraperitoneal space. 

This procedure was used to minimize leakage of solution after injection. 

All newborns remained with their mothers until weaning at 21 

days of age. At weaning, the babies were removed from their mothers and 

segregated by sex. The mice were permanently identified by a series 

of holes punched in their ears. They were then housed at 6 or 7 

animals per cage. At this point, the animals either started receiving 

the promoting agent, FB at 0.05% in the drinking water, or regular tap 

water ad libitum. PB was freshly prepared once a week in tap water and 

the pH adjusted to 7.1-7.2 with 1 N HC1. 

Four test groups were established: 1) DMN and FB water (52 F, 

36 M); 2) DMN and tap water (23 F, 26 M) ; 3) Saline and PB water (14 F, 

14 M); and 4) Saline and tap water (13 F, 5 M). Promotion continued' 

until the animals were killed at intervals of 6, 8, 12, 16 and 20 weeks 

of age with the exception of 16 animals (9 F, 7M) in Group #1. These 

animals were given PB from the time of weaning until 12 weeks of age 

when the PB was removed and replaced with tap water until their termina

tion at 16 weeks. The rationale behind the removal of FB several weeks 

before the time of sacrifice is based on evidence by Williams et al. (35, 

37) that indicates that such a removal results in a loss of GGT activity 

in liver tumors. Weekly body weights from the time of weaning were 

measured and recorded for each mouse. 

Two weeks prior to killing, each animal was treated with a 

50 mg elemental iron/ml solution of iron dextran. Each animal was given 

subcutaneous (sc.) Injections (0.1 ml/40 g body weight) in the inguinal 



region, alternating sides, three times per week for those 2 weeks, for a 

total of 6 injections. The total dose for a 40 gram mouse was 30 mg of 

elemental iron. To obtain a strong iron reaction histologically, 

Dr. Gary M. Williams (personal communication)(56) recommended that the 

last iron injection be administered within 24 hours of killing the 

animals. However, the majority of the animals killed prior to the dis

cussion with Dr. Willjams, received their last iron injection 24-72 

hours before termination. The basis for injecting the mice with iron 

was to induce siderosis and cause the uptake and accumulation of iron by 

normal hepatocytes. Altered (hyperplastic) foci, hyperplastic (neo

plastic) nodules and hepatocellular carcinomas which are all resistant 

to accumulation of iron could then be observed histologically as demon

strated by Williams et al. (26, 31-36). The iron staining procedure 

used was based on that of Gomorl (57). See Appendix A for complete 

procedure. 

The animals were killed by CO2 inhalation before a complete 

necropsy was performed. Body, liver, lung, and kidney" weights were 

determined for calculation of organ to body weight ratios. In addition, 

the lungs were grossly examined for nodules, and the total number per 

mouse was recorded. The median, right sublobe and the right, anterior 

sublobe were the specific liver lobes chosen for histological and/or 

histochemical evaluation. The rationale for choosing these particular 

liver lobes is based on evidence by Williams et al. (26,31). In their 

feeding studies with N-2-fluorenylacetamlde (FAA) the majority of 

altered foci occurred in these 2 lobes, even though they only comprise 
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41% of the liver. Representative samples of these lobes were either 

preserved in 10% buffered formalin or quickly embedded in a cryomold 

containing O.C.T. Compound and immediately frozen by immersion in a 

liquid nitrogen-cooled stainless steel beaker containing isopentane 

(2-methylbutane). When the tissue blocks were thoroughly frozen, they 

r> 
were kept on dry ice until they could be stored at -70°C in Ziplock 

plastic bags. Iron staining was performed on liver sections from the 

formalin-fixed tissue and on selected sections of frozen tissue. 

The frozen samples were mainly taken in order to perform a 

histochemical staining technique for the localization of the enzyme, 

gamma-glutamyl transpeptidase (GGT). The histoenzymatic method used to 

demonstrate the activity of the enzyme is based on that of Rutenburg 

et al. (58) and modifications by other investigators-(44-46). Slices of 

frozen tissue were cut serially with a cryostat (American Optical 

Cryo-Cut microtome) at 8-10y (cryostat temp. -18°C to -20°C; knife 

angle, 2°), mounted on slides, air-dried and fixed in cold acetone 30-

60 minutes prior to incubation in the enzyme reaction mixture. The 

incubation medium contained gamma-glutamyl-4-methoxy-2-naphthylamide as 

the enzyme substrate, glycylglycine as the gamma-glutamyl moiety 

acceptor, and Fast Blue BB salt as the azo dye. The azo dye couples with 

the enzyme liberated 4-methoxy-2-naphthylamine to form a red-orange 

Insoluble azo dye; which localizes the GGT (58). To produce an even 

more insoluble Intense red dye, the dye was chelated with 0.1 M cupric 

sulfate. Chelation causes an Increased affinity of the pigment for 

tissue protein (58). Control sections (i.e. mouse kidney) were 



routinely incubated in the above reaction medium that did not contain 

substrate. Sections of mouse kidney vere also used as positive 

controls for the GGT reactions because of the uniformly high levels of 

activity in the brush border of the proximal tubules (58). Intra

cellular localization of GGT was visualized as a granular red precipitate 

at the sites of enzyme activity (58). The complete detailed procedure 

for the GGT histoenzymatic reaction can be found in Appendix A. 

Selected tissue sections were additionally chosen for hema-

oxylin and eosin (H&E) staining. All tissues from the following 

studies were taken and prepared as indicated for the DMN and PB study. 

DMN and Ethanol (EtOH) Study 

The same procedure as indicated for the DMN and PB study was 

followed, except that absolute ethyl alcohol was used as the potential 

promoting agent and was incorporated into a special liquid diet (Bio-

Serv, Inc.) prepared according to Lleber and DiCarli (59). Diets were 

prepared fresh every 7-10 days and stored at 4°C. Initially only 2 

test groups were set up: 1) DMN and EtOH liquid diet (2 F, 3 M), and 

2) DMN and control liquid diet (5 F). At the time of weaning, the mice 

were allowed 10 ml of either control liquid diet or a 6.7% EtOH liquid 

diet per mouse per day. However, all of the animals in the DMN and 

EtOH group died within 9 days after initiation of the EtOH diet, 

presumably due to ethanol toxicity. Only one animal on the control diet 

died within this time period. Four animals survived until their 

termination at 20 weeks of age. 
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Due to these survival difficulties, a method of gradually 

introducing EtOH into the diet was used and was as follows: 

Age: 3 wks (weaning) -- 1% EtOH for 2 weeks 

5 wks — 2% EtOH for 2 weeks 

7 wks — 4% EtOH for 2 weeks 

9 wks -- 6.7% EtOH until sacrifice 

Using the above diet preparation 2 new groups were started: 1) DMN and 

EtOH diet (3 F , 12 M) , and 2) Untreated animals and EtOH diet (6 F, 

8 M). Problems with mice survival rates still occurred despite gradual 

EtOH introduction into the diet. In the final outcome only 2 females 

and 2 males of the DMN and EtOH group survived until killing at 

15.5 weeks of age and 5 females and 7 males of the untreated and EtOH 

group survived until killing at 17.5 weeks of age. 

DMN and 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) Study 

DMN was the initiating agent and the promoter was TCDD. 

Beginning at the time of weaning, TCDD was administered sc. (1st dose 

ip.) once every 2 weeks until the time of sacrifice, a procedure based 

on that of Pitot et al. (60). Each mouse received 1 yg/kg TCDD of a 

1 yg TCDD/ml solution or the appropriate volume of the vehicle, 

acetone/corn oil (22 yl/2 ml). Control animals received saline in 

place of DMN and either TCDD or the vehicle. Four test groups were 

established: 1) DMN and TCDD (10 F , 14 M) : 2) DMN and vehicle (14 F, 

7 M); 3) Saline and TCDD (11 F, 21 M) % and 4) Saline and vehicle (10 F, 

17 M). Animals were killed at 12 and 18 weeks of age. 



Aflatoxin (AFB̂ ) and PB Study 

AFB̂  was used as the initiating agent and 0.05% PB in the 

drinking water as the promoting agent. Each newborn mouse received a 

single ip. injection of 1 yg of AFB̂  in 20 yl of the vehicle, tri-

caprylin (trioctanoin). Control animals received 20 yl of the vehicle. 

At weaning, 3 test groups were set up: 1) AFB̂  and PB water (14 F, 

17 M)j 2) AFB̂  and tap water (8 F, 17 M), and 3) Tricaprylin and PB 

water (7 F, 6 M). Animals were killed at 8 and 16 weeks of age. 

1,2 -Dibromoethane (EB) and PB Study 

EB was used as the initiator. Three dosage levels of EB were 

chosen, 63, 315 or 630 yg in 20 yl of corn oil per mouse. All control 

animals received 20 yl of corn oil. At weaning, all EB treated and 

control animals were given 0.05% PB in the drinking water until they 

were killed. EB treated animals were killed at 16, 20 and 27 weeks of 

< 

age. Control animals were killed at 16 and 20 weeks of age. 

Quantification and Analysis of Data 

Slide Evaluation 

As previously stated, iron was demonstrated by the method of 

Gomori (57) and GGT was histoenzymatically localized by the procedure 

of Rutenburg et al. (58). Both iron resistant and GGT positive areas in 

the liver sections were divided into two groups for analysis, altered 

(hyperplastic) foci and hyperplastic (neoplastic) nodules. Foci and 

nodules were counted with the aid of a light microscope (40x) and 

2 
reported as mean number/cm of tissue. Their areas were determined by 



an ocular grid. Section areas were either calculated geometrically, or 

by projection onto calibrated graph paper, or determined with a 

planimeter. 

Both iron resistant foci and nodules were identified by meeting 

a specified size criteria and containing a minimum of two completely 

iron resistant cells. After iron staining, the cytoplasm of the 

"normal" hepatocytes appeared bright blue and the Kupffer cells 

appeared dark blue. The nuclei of all cells, normal or altered, 

appeared pink. The altered foci and hyperplastic nodules which did not 

accumulate stainable iron (4,6,26,31,36), stained only with the 

counter stain, nuclear fast red, which gave their cytoplasm a pink 

2 2 color. Foci (size 0.02 mm and <0.25 mm ) appeared either as 

irregularly bounded groups of iron resistant cells which did not disturb 

the architectural pattern of the adjacent hepatocytes or as well-

described oval to circular-shaped areas of cells which only slightly 

compressed the surrounding liver parenchyma (Fig. 2). The foci were easily 

discernible from the normal hepatocytes because of the specific staining 

2 
reactions of their cells. Hyperplastic nodules (size >0.25 mm ) were 

also identified by a well-described oval to circular shape with a 

definite dompression of the surrounding tissue (Fig. 3). Similar 

size criteria along with evidence of tissue compression were also used 

to Identify GGT positive foci and nodules (Figs. 4 and 5). 

The majority of iron-reacted tissue was preserved in 10% 

buffered formalin, whereas all of the GGT-processed tissue was fresh 

frozen. In addition, selected serial sections of frozen liver tissue 



Figure 2. Photomicrographs of liver tissue obtained from mice treated 
with DMN and PB and given iron dextran. 

Formalin-fixed sections. Gomori's iron reaction. xl60. 
(a) 8 week old mouse, (b) 12 week old mouse. Note: areas of 
altered foci (arrows). 



Figure 2. Photomicrographs of liver tissue obtained from mice treated 
with DMN and PB and given iron dextran. 
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Figure 3. Photomicrograph of liver tissue obtained from a 12 week old 
mouse treated with DMN and PB and given iron dextran. 

Formalin-fixed section. Gomori's iron reaction. xl60. 
Note: hyperplastic nodules (arrows). 



Figure 4. Photomicrograph of liver tissue obtained from a 16 week old 
mouse treated with DMN and PB. 

Frozen section. GGT reaction. xl60. Note: areas of altered 
foci (arrows). 

Figure 5. Photomicrograph of liver tissue obtained from a 16 week old 
mouse treated with DMN and PB. 

Frozen section. GGT reaction. xl60. Note: hyperplastic 
nodule (arrow). 
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Figure 4. Photomicrograph of liver tissue obtained from a 16 week old 
mouse treated with DMN and PB. 

Figure 5. Photomicrograph of liver tissue obtained from a 16 week old 
mouse treated with DMN and PB. 



reacted for GGT were also reacted for iron by the method of Ganori (57). 

The sensitivity of each marker for foci and nodules could then be 

compared for the same liver section. 

Lung Nodules 

Lung nodules ranged from less than 1 mm up to 5 mm in diameter 

and were easily distinguished from the normal-appearing lung tissue. 

They appeared as greyish white, distinct circular nodules randomly 

scattered over the lung lobes' surfaces (Fig. 6). The total number per 

mouse the number of mice affected, and the average number of nodules 

per mouse was calculated for each test group. Selected lung nodules 

were formalin-fixed and stained with H&E for histological evaluation 

(Fig. 7). 

Statistics 

Analysis of variance was performed where statistics are 

indicated. 



Figure 6. Gross appearance of lung nodules in a 18 week old mouse 
treated with DMN. 

Formalin-fixed. x2.2. 

Figure 7. Photomicrograph of lung tissue obtained from a 20 week old 
mouse treated with DMN. 

Formalin-fixed. Hematoxylin and Eoxin. xl60. Note: primary 
adenomas (arrows). 
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Figure 6. Gross appearance of lung nodules in a 18 week old mouse 

treated with DMN. 

Figure 7. Photomicrograph of lung tissue obtained from a 20 week old 
mouse treated with DMN. 
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RESULTS 

DMN and PB Study 

There was no evidence of changes in body weights as a function 

of age that would appear to indicate a treatment effect. Animals in 

both the DMN-treated and the saline treated groups showed consistent 

weight gain with time (Table 1). In all test groups, no increases in 

lung or kidney weights were apparent. Only the expected increase in 

liver weights resulting from induction by prolonged PB treatment were 

noted in the DMN and PB and the saline and PB groups (Table 2). 

At 6 weeks of age, the earliest time point examined, both males 

and females initiated with DMN and treated with PB or tap water for 

3 weeks exhibited iron resistant and GGT-positive altered liver foci 

(Tables 3 and 4, Figs. 8 and 9). It can be seen from the data in these 

tables and figures that the females in the DMN and PB group had more 

2 
foci/cm in the case of iron-resistant foci. In contrast, in the case 

of GGT-positive foci the females had the same number of foci as males 

at this age. At 8 weeks of age a decrease in the mean number of iron 

2 
resistant foci/cm was initially noted in the females in the DMN and PB 

group, with subsequent increases at 12, 16 and 20 weeks. The males 

examined at 8 weeks of age showed an increase in the mean number of 

Iron resistant foci/cm as compared to the 6 week time point. At all 

ages, except at 6 weeks, the males had consistently more iron resistant 

2 
foci/cm than the females. No males were examined at 20 weeks of age. 

However, as visualized in Figure 8, the males appeared to reach a 
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Table 1. Body weight (g) as a function of age (wk). 

Age of Mice 
Treatment Sex 3 wk 5 wk 8 wk 12 wk 16 wk 20 wk 

DMN + PB M 9.8±0.5a 22.9±0.6 29.9±0.6 33.4±0.7 35.9±1.5 
F 9.5+0.3 19.2±0.7 25.3±0.4 28.0±0.4 28.6±0.5 31.0±1.2 

DMN + tap M 12.3±0.6 27.2±0.4 30.6±0.7 35.9±0.5 36.3±0.7 35.6±0.6 
water F 9.9±0.7 22.6±0.4 26.5±0.8 29.9±0.6 30.9±0.7 31.1±0.9 

Saline + PB M 12.0±0.6 26.4±1.0 34.7±0.9 38.2±1.9 40.8±1.9 41.6±2.3 
F 11.9±0.7 23.2±0.8 28.5±0.8 30.4+1.5 32.5±1.4 33.3±1.5 

Saline + tap M 13.7±0.9 25.2±1.7 32.7±0.6 35.0±1.8 37.0±1.4 
water F 11.8±0.6 22.3±0.6 26.5±0.6 27.7±0.5 30.0±0.7 30.2±0.5 

DMN + TCDD M 
F 

DMN + corn M 
oil/acetone F 

Saline + TCDD M 
F 

Saline + corn M 
oil/acetone F 

12. 8±0. 6 29. •
 

o
 

+i CM 

8 
13. 4±0. 5 27. 0±0. 7 

13. 2±0. 5 30. •
 

o
 

+1 

7 
11. 7±0. 5 24. 7±0. 7 

10. •
 

o
 

+i en 

3 25. 8+0. 6 
9. •

 

o
 

+i o
 5 22. 2±0. 7 

10. 2±0. 3 28. 6±0. 3 
10. 4±0. 2 24. 1+0. 6 

33. 1±1. 3 33. 2±1. 1 
30. 7±0. 4 32. 4±1. ,1 

37. 5±0. 8 41. 2±0. 7 
31. 0±0. 6 33. 4±0. 5 

32. 5±1. 0 36. 3+1. 0 
29. 3+0. 5 32. 6±0. 9 

36. 6±0. 5 38. 8±0. 5 
30. 3+0. 7 31. 7±0. 8 

33. 8±1. 9 31. 9±2. 8 
35. 1±0. 3 35. 1+0. 3 

43. 2±0. 7 43. 4±0. 7 
35. •

 

o
 

+i LO 

4 36. 9±0. 5 

41. 6±1. 0 41. 7±1. 0 
35. •

 

o
 

+i rH 

7 35. 7+0. 7 

42. •
 

O
 

+1 CM 

5 43. 0+0. 7 
31. 9±1. 0 33. 2±1. 1 



Table 1. Body weight (g) as a function of age (wk).—Continued 

Age of Mice 
Treatment Sex 3 wk 5 wk 8 wk 12 wk 16 wk 20 wk 

AFB, + PB M 8.8±0.2 25.3+0.6 35.6±1.2 41.0+0.8 40.610.9 
F 8.1±0.3 19.8±1.3 26.611.3 31.211.4 30.311.2 -

AFBj + tap M 8.4±0.4 23.4±0.9 28.711.6 31.613.1 32.813.0 — 

water F 9.7+1.0 22.3±1.5 28.711.4 27.7+0.7 27.310.6 -

Trioctanoin M 10.4+0.9 25.5+1.9 27.312.5 34.510.9 36.311.2 -

+ PB F 10.2±0.6 20.1±1.8 22.911.4 27.611.1 28.411.4 

a Mean ± S.E.M. values fdr vail groups listed represent a minimum of 4 mice/group 

k 18 wk time point 

Note: All mice were treated as indicated in the "Methods" section for each respective study, 
i.e. DMN and PB, DMN and TCDD, and AFB̂  and PB studies. 



Table 2. Organ to body weight ratios (%)a as a function of age (wk) for mice in the DMN and 
PB study. 

Treatment 
Liver 

6 wk 8wk 12wk 16wk 20wk 
Lungs 

6wk 8wk 12wk 16wk 20wk 
Kidneys 

6wk 8wk 12wk 16wk 20wk 

DMN + PB 

DMN + tap 
water 

Saline + 
PB 

Saline + 
tap water 

9.1 9.2 8.0 7.9 7.9 -
±0.4 ±0.2 ±0.2 ±0.2 ±0.6 
(14)d (22) (26) (24) (5) 

[5.6 
±0.2]c 

(16) 

5.3 5.4 
±0.1 ±0.1 
(13) (7) 

6.9 8.6 
±0.6 ±0.3 
(4) (10) 

7.3 6.8 5.7 
±0.3 ±0.3 ±0.6 
(14) (13) (3) 

_ 10.5 8.6 
±0.2 ±0.4 
(9) (4) 

7.2 7.1 
±0.1b ±0.4 
(4) (5) 

5.5 
±0.̂  
(5) 

6.5 
±o.r 
(4) 

1.0 1.2 1.1 1.1 1.1 
±0.1 ±0.1 ±0.04 ±0.1 ±0.1b 

(14) (22) (26) (24) (5) 

U-1 c 

±0.1]c 

(16) 

1.0 1.2 
±0.1 ±0.1 
(13) (14) 

0.7 
±0.1 
(3) 

0.9 0.9 
±0.05 ±0.01 
(13) (8) 

1.0 1.0 0.8 i.O 
±0.1 ±0.1 ±0.1 ±0.1 
(9) (4) (4) (11) 

1.3 1.0 0.7 1.2 
±0.1b ±0.1 ±0.1 ±0.1b 

(4) (5) (5) (4) 

1.3 1.4 1.6 
±0.1 ±0.1 ±0.1 
(14) (22) (26) 

1.4 1.3 . 
±0.05 ±0.1 
(24) (5) 

U.4 
±0.1]c 
(16) 

1.5 1.6 1.6 1.4 
±0.05 ±0.1 ±0.1 ±0.1 
(14) (14) (3) (13) 

1.5 
±0.1 
(9) 

1.4 1.4 
±0.05 ±0.2 
(4) (4) 

1.5 
±0.05 
(8) 

1.4 
±0.1 
(11) 

1.4 1.4 1.4 1.5 
±0.1b ±0.1 ±0.1 ±0.1b 

J4) (5) (5) (4) 

Mean ± S.E.M. 

Only females in group 

Numbers in brackets represent values from DMN + PB regression study. 

Numbers in parentheses represent the total No. of animals in group at that time point for each 
organ listed. 



Table 3. Mean number of iron resistant altered foci per square centimeter of liver section in all 
affected3 Swiss mice in the DMN and PB study, as a function of age (wk). 

Mean No. iron resistant foci/cm̂  
Treatment Sex 6 wk 8 wk 12 wk 16 wk 20 wk 

DMN + PB M 5.5±1.0b (7/8) 9.7±2. 6 (0/8) 17. 3±2. 7 (12/13) 11.6±2.5 (7/7) _ 
F 9.0±2.4 (5/6)c 5.Oil. 1 (6/11) 9. 2±1. 9 (13/13) 11.111.6 (15/17) 19. 715.8 (5/5) 

DMN + tap M 2.0d (1/8) 0 (0/4) 14. Ô 1 - (1/1) 8.112.8 (6/9) 10. 010 (2/4) 
water F 3.7±0.3 (2/6) 0 (0/7) 3. 3±0 (2/2) 6.711.9 (2/4) 8. 413.4 (2/4) 

Saline + PB M - 0 (0/5) 0 (0/2) 0 (0/2) 0 (0/5) 
F — 0 (0/4) 0 (0/2) 0 (0/2) 0 (0/6) 

Saline + M - _ 0 (0/2) 0 (0/3) — 

tap water F - 0 (0/4) 0 (0/2) 0 (0/2) 0 (0/4) 

£ 
Affected refers to only those mice which had detectable iron resistant foci in formalin-fixed 
liver sections from the median, right and/or right, anterior sublobes. 

b Mean ± S.E.M. 

Numbers in parentheses represent total No. of mice with foci/mice in group. (1 or both liver 
sublobes examined had foci). 

 ̂Represents liver sublobe section of only 1 animal. 
* 
Note: All mice in each test group received a single ip injection of either 25 yl of 0.10% DMN 
(25 yg DMN/mouse) or 25 yl of 0.9% saline at 24-30 hours old. At 3 weeks of age (weaning), the 
mice received either 0.05% PB drinking water or tap water continuously until they were killed at 
the designated time points [indicated in the above Table by age (wk)]. 



Table 4. Mean number of GGT-positive altered foci per square centimeter of liver section in all 
affected3 Swiss mice in the DMN and PB study, as a function of age (wk). 

2 
Mean No. GGT-positive foci/cm 

Treatment Sex 6 wk 8 wk 12 wk 16 wk 20 wk 

DMN + PB M 9.6±1.9b (5/7)c 12. 7+2. 2 (8/8) 9.212.2 (7/8) 8. 9±2.3 (7/7) _ 

F 9.012.6 (6/6) 15. 9±4. 1 (10/11) 16.4±3.4 (8/8) 15. 7±2.8 (16/17) 23.017. •5 (5/5) 

DMN + tap M 11.0±2.6 (4/8) 6. 3±3. 7 .(2/4) 0 (0/1) 3. 4±0.9 (3/6) 2.410. •4 (2/4) 
water F 2.0d (1/6) 3. 3d (1/7) 0 (0/2) 0 (0/4) 0 (0/4) 

Saline + PB M - 0 (0/2) 0 (0/2) 0 (0/2) 0 (0/2) 
F 0 (0/2) 0 (0/2) 0 (0/2) 0 (0/2) 

Saline + M - — 0 (0/2) 3. 3d . (1/3) — 

tap water F 0 (0/4) 0 (0/3) 0 (0/2) 0 ( (0/4) 

Affected refers to only those mice which had detectable GGT-positive foci in frozen, liver 
sections from the median, right and/or right, anterior sublobes. 

b Mean ± S.E.M. 

C Numbers in parentheses represent total No. of mice with foci/mice in group. (1 or both liver 
sublobes examined had foci). 

d Represents 1 liver sublobe section of only 1 animal. 
* 
Note: All mice in each group were treated as indicated for Table 3. 



Figure 8. Comparison of the mean number of iron resistant altered foci 
per square centimeter of liver section in all affected male 
and female Swiss mice in the DMN and PB treated group, as a 
function of age (wk). 

All mice were treated at 24-30 hours old with a single ip 
injection of 25 yl of 0.10% DMN (25 yg DMN/mouse). At 3 weeks of age 
evening), the mice received 0.05% PB in the drinking water contin
ue asly until they were killed at 6, 8, 12, or 16 weeks of age. Points 
are the means of all affected male or female mice at a given time point. 
Affected refers to only those mice which had detectable iron resistant 
liver foci in formalin-fixed liver sections from the median, right 
and/or right, anterior sublobes. Groups of males and females at each 
time point consisted of at least 6 mice. Bars are S.E.'M. 
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Figure 8. Comparison of the mean number of iron resistant altered foci 
per square centimeter of liver section in all affected male 
and female Swiss mice in the DMN and PB treated group, as a 
function of age (wk). 



Figure 9. Comparison of the mean number of GGT-positive altered foci 
per square centimeter of liver section in all affected male 
and female Swiss mice in the DMN and FB treated group, as a 
function of age (wk). 

All mice were treated at 24-30 hours old with a single ip 
injection of 25 yl of 0.10% DMN (25 yg DMN/mouse). At 3 weeks of age 
(weaning), the mice received 0.05% PB in the drinking water 
continuously until they were killed at 6, 8, 12, or 16 weeks of age. 
Points are the means of all affected male or female mice at a given 
time point. Affected refers to only those mice which had detectable 
GGT-positive liver foci in frozen liver sections from the median, 
right and/or right, anterior sublobes. Groups of males and females at 
each time point consisted of at least 6 mice. Bars are S.E.M. 
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Figure 9. Comparison of the mean number of GGT-positive altered foci 
per square centimeter of liver section in all affected male 
and female Swiss mice in the DMN and PB treated group, as a 
function of age (wk). 



2 
maximum mean number foci/cm at 12 weeks of age. The females, on the 

other hand, showed a constant rise in mean number of foci with time. 

An opposite profile was observed relative to sex-dependent 

differences when GGT-positive foci were quantitated in the DMN and PB 

group. In this instance, the females had consistently more GGT-positive 

2 
foci/cm than the males at 8, 12 and 16 weeks (Table 4, Fig. 9). As 

with iron, no males were examined at 20 weeks for GGT-positive foci. 

A definite pattern of GGT-positive foci development was noted in both 

the males and females. The males appeared to reach a maximum number of 

GGT-positive foci at 8 weeks. This was in contrast to 12 weeks with 

iron resistant foci. A decrease and leveling out of GGT-positive foci 

incidence was noted at 12 and 16 weeks, respectively. A definite 

2 
increase in the mean number of GGT-positive foci/cm was observed in the 

females from 6-8 weeks of age. An apparent plateau was reached 

between 8 and 16 weeks, with another increase in number of foci at 

20 weeks of age (Table 4, Fig. 9). In the DMN and tap water group, iron 

resistant and GGT-positive foci were noted in both sexes (Tables 3 and 

4). In Figure 10, the incidence of altered foci in all affected 

animals of each test group is represented as a function of time. In the 

case of iron resistant foci development, the DMN and tap water group 

showed a pattern similar to that of animals treated with DMN and FB. 

In contrast, when these 2 groups were compared as to sequential 

development of GGT-positive foci, two different patterns were apparent. 

No Iron resistant foci were noted in either sex of the saline control 

2 groups at any age. One small GGT-positive foci (0.03 mm ) was found in 



Figure 10. Incidence of iron resistant and GGT-positive altered liver 
foci in all affected Swiss mice of the DMN and PB study, 
as a function of age (wk). 

All mice were treated at 24-30 hours old with a single ip 
injection of either 25 yl of 0.10% DMN (25 jig DMN/mouse) or 25 yl of 
0.9% saline. At 3 weeks of age (weaning), the mice received either 
0.05% PB in the drinking water or tap water continuously until they 
were killed at 6, 8, 12 or 16 weeks of age. Points are the means of 
all affected mice in that group at a given time point. Affected 
refers to only those mice which had detectable iron resistant and/or 
GGT-positive foci in liver sections from the median, right and/or 
right, anterior sublobes. Groups of mice at each time point consisted 
of at least 14 mice for the DMN and PB group (closed diamonds), 3 for 
the DMN and tap water group (open diamonds), and 4 for both the 
saline and PB group (closed circles) and the saline and tap water 
group (closed stars). Bars are S.E.M. a Represents 1 liver sublobe 
section of only 1 animal. 
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Figure 10. Incidence of iron resistant and GGT-positive altered liver 
foci in all affected Swiss mice of the DMN and PB study, 
as a function of age (wk). 

* 



one male at 16 weeks of age (Table 4) In the saline and tap water 

control group. Also indicated in both Tables 3 and A are the 

percentages of the animals of each group that were affected at each time 

point. It is apparent, judging from the percentage of animals affected 

in the DMN and PB group compared to those affected in the DMN and tap 

water group, that PB significantly (p <0.001) increased the overall 

incidence of altered foci (both iron resistant and GGT-positlve) in the 

livers of those animals treated initially with DMN followed by promotion 

with PB. 

The distribution of altered foci and hyperplastic nodules 

between the 2 liver sublobes (i.e. median, right and right, anterior" 

sublobes) that were selected for this study was also evaluated. As 

indicated in Tables 5, 6, and 7, the highest incidence of 
\ 

either iron resistant or GGT-positlve foci and nodules was consistently 

noted in the right, anterior sublobe of the liver, in the DMN and PB 

group. However, this lobar difference did not prove to be statistically 

significant. The results for the DMN and tap water group were not 

consistent. 

The size or area of the altered foci was also calculated, for 

only the most responsive group, DMN and PB treated. These results are 

indicated in Tables 8 and 9. A trend in the size distribution of iron 

resistant and GGT-positlve foci was noted between the early time 

points (6 and 8 wk) in their course of development and the later time 

points (12, 16 and 20 wk). At the early time points, the smaller 

2 
size iron resistant and GGT-positlve foci (area 0.02-0.13 mm ) were the 



Table 5. Comparison of the mean number of iron resistant altered foci per square centimeter of 
liver section in two different sublobes of the liver in all affected3 Swiss mice in the 
DMN and PB study, as function of age (wk). 

2 
Liver Mean No. of iron resistant foci/cm 

Treatment* Sex Lobe 6 wk 8 wk 12 wk 16 wk 20 wk 

DMN + PB M MR 2.2±0.2b 6.2±1.5 10.4±1.4 8.3±1.4 _ 

M RA 7.2±0.9 18.614.6 25.6±4.6 15.6±4.9 -

DMN + PB F MR 4.2+1.3 3.6±1.0 4.8±0.7 6.9±1.1 10.5+1. 9 
F RA 12.5±2.9 7.5±1.4 14.8±2.1 15.012.4 27.0+7. 8 

DMN + Tap water M MR 2.0C 0 0 2.610.4 0 
M RA 0 0 14.0C 11.312.8 10.010 

DMN + Tap water F MR 3.3C 0 0 5.0+1.7 7.7+5. 7 
F RA 4.0C 0 3.3+0 10.0G 10.0c 

Saline + PB M MR 0 0 0 0 
F RA - 0 0 0 0 

Saline + PB F MR _ 0 0 0 0 
F RA - 0 0 0 0 

Saline + tap water M MR 0 0 — 

M RA - - 0 0 -

Saline + tap water F MR 0 0 0 0 
F RA - 0 0 0 0 

MR • Median, right sublobe of liver; RA = Right, anterior sublobe of liver. 
£ 
Affected refers to only those mice which had detectable iron resistant foci in a formalin-
fixed liver section from a particular sublobe. 
b e *  
Mean ± S.E.M. Represents only 1 animal. 

* 
Note: All mice in each group were treated as indicated for Table 3. 



Table 6. Comparison of the mean number of GGT-positive altered foci per square centimeter of 
liver section in two different sublobes of the liver in all affected3 Swiss mice in 
the DMN and FB study, as a function of age (wk). 

Treatment Sex 
Liver 
Lobe 

2 Mean No. of GGT-positive foci/cm 
Treatment Sex 

Liver 
Lobe 6 wk 8 wk 12 wk 16 wk 20 wk 

DMN + PB M MR 6.8±1.6b 7.5±1.4 4.3+1.0 7.3±2.0 _ 

M RA 14.1+2.9 18.0±3.3 16.0±2.9 11.6±4.1 -

DMN + PB F MR 6.7±2.5 14.3±6.6 12.812.4 10.7±4.0 12.5±2.1 
F RA 15.0±5.0 17.4±5.2 25.0±7.1 21.3±3.6 37.5±14.4 

DMN 4- tap water M MR 6.4±2.2 6.3±3.7 0 3.3C 2.4±0.4 
M RA 15.6±2.9 0 0 3.5±1.5 0 

DMN + tap water F MR 2.0C 3.3° 0 0 0 
F RA 0 0 0 0 0 

Saline + PB M MR — 0 0 ' 0 0 
M RA - 0 0 0 0 

Saline + PB F MR - 0 0 0 0 
F RA - 0 0 0 0 

Saline + tap water M MR — — 0 0 
M RA - 0 0 -

Saline + tap water F MR - 0 0 0 0 
F RA - 0 0 0 0 

MR • Median, right sublobe of liver; RA = Right, anterior sublobe of liver. 

Affected refers to only those mice which had detectable GGT-positive foci in a frozen 
liver section from a particular sublobe. 

|) £ 
Mean ± S.E.M. Represents only 1 animal. 

* 
Note: All mice in each group were treated as indicated for Table 3. 



Table 7. Comparison of the mean number of hyperplastic nodules per square centimeter of 
liver section in two different sublobes of the liver in all affected3 Swiss mice 
treated with BMN and PB*, as a function of age (wk). 

2 h " 2 a 
Liver Mean No. iron resistant nodules/cm Mean no. GGT-positive nodules/cm 

Sex Lobe 8 wk 12 wk 16 wk 20 wk 8 wk 12 wk 16 wk 20 wk 

M MR 2.0° 

(1) 
5.8±0a8 
(19) 

3.9±1.7 
(9) 

— 0 1.7C 

(1) 
0 — 

M RA 0 6.7±1.0 
(9) 

5.3±0.3 
(5) 

— 0 7,5+2.5 
(3) 

2.6+0.6 
(2) 

— 

F MR 0 3.3° 

(1) 
4.210.9 
(10) 

5.013.0 
(5) 

0 0 2.710.7 
(2) 

1.7+0.2 
(3) 

F RA 0 
c 

5.0 
(1) 

7.510.7 
(6) 

10. oc 
(1) 

0 0 7.511.3 
(4) 

0 

MR =» Median, right sublobe of liver; RA = Right, anterior sublobe of liver. 

Affected refers to only those mice which had detectable iron resistant and/or GGT-positive 
nodules in a liver section from a particular sublobe. 

k Mean ± S.E.M. Test groups consisted of at least 5 mice per time point. 
c Represents only 1 animal. 

 ̂Numbers in parentheses represent the total actual number of nodules counted in all of the 
liver sublobe sections from animals in that age group. The criteria used for nodule 
identification is specified in the 'Methods" section. 

* 
Note; All mice were treated as indicated in Table 7. 



Table 8. Size distribution of iron resistant altered foci observed in liver sections of all 
affected3 Swiss mice treated with DMN and PB.* 

Actual total No. iron resistant foci counted with 

Age of mice % of animals Area „ Area _ Area'k 
(wk) Sex w/foci 0.02-0.13 mm 0.16-0.28 mm 0.31-2.1 mm 

6 M 88 (8)° 10 2 0 

6 F 83 (6) 12 2 0 

8 M 75 (8) 22 2 0 

8 F 55 (11) 13 2 0 

12 M 92 (13) 95 12 9 

12 F 100 (13) 51 7 4 

16 M 100 (7) 33 15 9 

16 F 88 (17) 48 16 4 

20 M — (0) — — — 

20 F 100 (5) 24 12 8 

8 Affected refers to only those mice which had detectable iron resistant foci in formalin-fixed 
liver sections from the median, right and/or right, anterior sublobes. 

k Foci counted with this area would otherwise be nodules except thes altered areas only contained 
a few completely iron resistant cells; however, one could still see the outline of the nodule . 
even though most of the cells now accumulated iron (Mean area ± S.E.M. = 0.51 ± 0.07 mm̂ ). 

£ Numbers in parentheses represent total No. of animals in group. 
* 
Note: All mice were treated at 24-30 hours old with a single ip injection of 25 yl of 0.10% 
DMN (25 yg DMN/mouse). At 3 weeks of age (weaning), the mice received 0.05% PB in the 
drinking water continuously until they were killed at the designated time points [indicated in 
the above Table by age (wk)]. 



46 

Table 9. Size distribution of GGT-positive altered foci observed in 
liver sections of all affected3 Swiss mice treated with 
DMN and PB.* 

Actual total no. GGT-positive 
foci counted with 

Age of mice % of animals Area" » Area -
(wk) Sex w/foci 0.02-0.13 mm 0.16-0.28 

6 M 71 (7)a 22 0 

6 F 100 (6) 13 1 

8 M 100 (8) 55 0 

8 F 91 (11) 57 1 

12 M 88 (8) 26 0 

12 F 100 (8) 46 1 

16 M 100 (7) 34 1 

16 F 94 (17) 66 0 

20 M — (0) — — 

20 F 100 (5) 42 1 

a Affected refers to only those mice which had detectable GGT-positive 
foci in frozen liver sections from the median, right and/or right,, 
anterior sublobes. 

k Numbers in parentheses represent total No. of animals in group. 

Note: All mice were treated as indicated in Table 7. 
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most prominent, with very few or none of the larger size foci (area 

2 0.16-0.28 mm ) evident. These findings were fairly consistent between 

males and females. At the later time points, a dramatic increase in the 

smaller size iron resistant foci as well as in the larger foci was 

observed in both sexes. With the GGT-positive foci, the increases at 

the later time points were less dramatic (Table 9) with only the smaller 

foci being affected. When the overall incidences of altered foci in 

'11 affected animals in the DMN and PB group were compared relative to 

me technique used for their detection, the general pattern appeared 

somewhat similar (Fig. 11). 

Hyperplastic liver nodules were also detected by the use of 

resistance to iron accumulation and enhanced GGT activity as indices of 

altered areas. These nodules were grossly visible as grey-white to 

cream-colored areas which rose above the surface of the intact liver 

< 

(Fig. 12). In some cases, all or a major portion of a liver lobe had 

been replaced by nodular tissue. When the liver lobes were sliced 

through with a razor blade prior to fixation of selected sections, it 

was noted that some gross nodules were only found within the interior 

of a lobe, in addition to those nodules which had broken through one or 

both lobe surfaces. Grossly the size of the nodules varied considerably 

from barely visible up to 1-2 cm in diameter in the most extreme cases. 

These nodules which were observed only in the DMN and PB group, were 

evaluated by size, sex and liver lobe with time, all relative to the 

detection technique used. In general, with the exception of one 

animal at the 8 week time point, similar patterns of nodule incidence 



Figure 11. Comparison of the incidence of iron resistant and GGT-
positive altered liver foci in all affected Swiss mice 
treated with DMN and PB, as a function of age (wk). 

All mice were treated at 24-30 hours old with a single ip 
injection of 25 yl of 0.10% DMN (25 yg DMN/mouse). At 3 weeks of age 
(weaning), the mice received 0.05% PB in the drinking water 
continuously until they were killed at 6, 8, 12 or 16 weeks of age. 
Points are the means of all affected mice at a given time point. 
Affected refers to only those mice which had detectable iron resistant 
and/or GGT-positive foci in liver sections from the median, right 
and/or right, anterior sublobes. Groups of mice at each time point 
consisted of at least 13 animals. Bars are S.E.M. 

1 
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Figure 11. Comparison of the incidence of iron resistant and GGT-
positive altered liver foci in all affected Swiss mice 

. treated with DMN and FB, as a function of age (wk). 



Figure 12. Gross appearance of liver nodules in 19 week old mice 
treated with DMN and FB. 

Formalin-fixed, xl.7. (a) Whole liver containing many 
nodules, (b) nodules on sections of left liver lobes. 
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Figure 12. Gross appearance of liver nodules in 19 week old mice 
treated with DMN and PB. 
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were noted in all affected animals with each histochemical marker 

(Fig. 13). 

Sex-dependent differences were also identified in nodule distri

bution using both marker systems (Figs. 14 and 15). Detection of 

nodules in males was first indicated by iron resistance at 8 weeks and 

by enhanced GGT at 12 weeks of age. By contrast, in the females iron 

resistant nodules were not noted until 12 weeks and GGT-positive nodules 

2 not until 16 weeks. The maximum mean number of nodules/cm detected by 

iron resistance and enhanced GGT activity was observed at 12 weeks of 

age in the males and at 20 and 16 weeks, respectively, in the females. 

A decline in mean number of iron resistant and GGT-positive nodules was 

evident in the male mice at 16 weeks of age. The female mice also 

showed a decrease in mean number of GGT-positive nodules within 4 weeks 

(20 wk of age) after having reached a maximum. Because 20 weeks of age 

was the longest time point examined, no comment can accurately be made 

regarding the future course of iron-resistant nodule incidence in the 

female mice. Overall, the male mice treated with DMN and FB had a 

significantly (p <0.05) higher incidence of liver nodules than similarly 

treated females when selected liver sections were histochemically 

evaluated by the iron method. 

Before discussing size (area) distribution of the nodules, it 

2 
should be briefly mentioned that nodules (mean area • 0.51±0.07 mm ) 

which appeared to be in some state of regression or maturation back to 

normal-appearing liver tissue were noted when using resistance to iron 

accumulation as a marker. These nodules were counted and quantified as 

foci (see Table 7) because in their regression state they contained 



Figure 13. Comparison of the incidence of iron resistant and GGT-
positive hyperplastic liver nodules in all affected Swiss 
mice treated with DMN and PB, as a function of age (wk). 

All mice were treated at 24-30 hours old with a single ip 
injection of 25 yl of 0.10% DMN (25 yg DMN/mouse). At 3 weeks of age 
(weaning), the mice received 0.05% PB in the drinking water < 
continuously until they were killed at 6, 8, 12 or 16 weeks of age. 
Points are the means of all affected mice at a given time point. 
Affected refers to only those mice which had detectable iron resistant 
and/or G6T-positive nodules in liver sections from the median, right 
and/or right, anterior sublobes. Groups of mice at each time point 
consisted of at least 13 animals. Bars are S.E.M. a Represents 
1 liver sublobe section of only one animal. 
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Figure 13. Comparison of the incidence of iron resistant and GGT-
positive hyperplastic liver nodules in all affected Swiss 
mice treated with DMN and FB, as a function of age (wk). 



Figure 14. Comparison of the mean number of iron resistant hyper
plastic nodules per square centimeter of liver section 
in all affected male and female Swiss mice in the DMN 
and PB group, as a function of age (wk). 

All mice were treated at 24-30 hours old with a single ip 
injection of 25 yl of 0.10% DMN (25 pg DMN/mouse). At 3 weeks of age 
(weaning), the mice received 0.05% PB in the drinking water 
continuously until they were killed at 6, 8, 12 or 16 weeks of age. 
Points are the means of all affected male or female mice at a given 
time point. Affected refers to only those mice which.had detectable 
iron resistant nodules in formalin-fixed liver sections from the 
median, right and/or right, anterior sublobes. Groups of males and 
females at each time point consisted of at least 6 mice. Bars are 
S.E.M. a Represents 1 liver sublobe section of only 1 animal. 
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Figure 14. Comparison of the mean number of iron resistant hyper
plastic nodules per square centimeter of liver 
section in all affected male and female Swiss mice in 
the DMN and FB group, as a function of age (wk). 



Figure 15. Comparison of the mean number of GGT-positive hyperplastic 
nodules per square centimeter of liver section in all 
affected male and female mice in the DMN and FB treated 
group, as a function of age (wk). 

All mice were treated at 24-30 hours old with a single ip injection of 
25 yl of 0.10% DMN (25 yg DMN/mouse). At 3 weeks of age (weaning), 
the mice received 0.05% PB in the drinking water continuously until 
they were killed at 6, 8, 12 or 16 weeks of age. Points are the means 
of all affected male or female mice at a given time point. Affected 
refers to only those mice which had detectable GGT-positive nodules in 
frozen liver sections from the median, right and/or right, anterior 
sublobes. Groups of males and females at each time point consisted of 
at least 6 mice. Bars are S.E.M. 

4 
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Figure 15. Comparison of the mean number of GGT-positive hyperplastic 
nodules per square centimeter of liver section in all 
affected male and female mice in the DMN and PB treated 
group, as a function of age (wk). 



only a few completely Iron resistant cells which fell into the size 

limitations of foci. It was determined that these were Indeed nodules 

because a faint outline of the nodule could still be seen where it had 

at one time compressed the surrounding liver parenchyma. The majority 

of the cells within these nodular areas had lost the property of iron 

resistance and had now accumulated iron. Use of GGT to identify 

regressing nodules was not possible under the staining conditions 

employed (i.e. no counterstain was used to identify nuclear changes). 

Some hyperplastic nodules were also noted to have areas of necrosis 

and/or cystic change which indicated a degenerative or regressive 

modification, even though these nodules still exhibited the property of 

resistance to iron accumulation. It was also found that the nuclei of 

the hepatocytes in both the non-regressive nodules and in the nodules 

in some state of remodeling appeared very similar to nuclei of 

proliferating or regenerating hepatocytes (Dr. R. Nagle, personal 
I 

communication [61]). 

The hyperplastic nodules were classified into 3 different size 

(area) ranges, 1) 0.3-1.5 mm̂ , 2) >1.5 mm̂ , and 3) -3.0 mm̂ . Overall 

the majority of iron resistant and GGT-positive nodules fell into the 

smallest size range, which also included the putative regressing 

nodules (Tables 8, 10, 11). When the total number of nodules counted 

for each time point, size and sex were evaluated, a definite pattern 

was evident. At 12 weeks of age, the maximum number of nodules 

(Tables 10 and 11) was observed in the males which corresponded to the 

2 
time point in which the maximum mean number of nodules/cm was also 

seen in the male mice. By 16 weeks, a decline in actual numbers of 



Table 10. Size distribution of Iron resistant hyperplastic nodules observed In liver sections of 
all affected3 Swiss mice treated with DMN and PB. 

iron resistant nodules 

Age of mice % of animals 
Mean No. /cm2 Mean No. /cm2 

2 
Mean No. /cm 

(wk) Sex w/nodules w/area ̂ 0.3̂ -1.5mm w/area >1.5mm 2 w/area ̂ 3.0mm 

6 M 0 [0/8]b 0 0 0 

6 F 0 [0/6] 0 0 0 

8 M 12.5 [1/8] 2.0C (1) 0 0 

8 F 0 [0/11] 0 0 0 

12 M 69.2 [9/13] 5.9+0.9d (21) 5.3+1.3 (2) 3.411.0 (5) 

12 F 15.4 [2/13] 4.2±0.8 (2 f 0 0 

16 M 85.7 [6/7] 5.1±0.9 (9) 5.0:C (2) 2.511.2 (3) 

16 F 41.2 [7717] 5.1±0.7 (13) 6.3±1.3 (2) 5.0C (1) 

20 M — — — — 

20 F 60.0 [3/5] 5.312.4 (4) 4.0:C (2) 0 

£ 
Affected refers to only those mice which had detectable iron resistant nodules formalin-fixed 
liver sections from the median, right and/or the right, anterior sublobes. 

Numbers in brackets represent total No. of mice with nodules/mice in group. 

Represents 1 liver sublobe section of only 1 animal. 

 ̂Mean + S.E.M. 
0 
Numbers in parentheses represent the actual total No. of nodules counted in all of the liver 
sublobe sections from animals in that age group. The criteria used for nodule identification 
is specified in the "Methods" section. 

* 
Note: All mice were treated as indicated in Table 7. 



Table 11. Size distribution of GGT-positive hyperplastic nogules observed in liver sections of 
all affected3 Swiss mice treated with DMN and PB. 

GGT-positive nodules 

% of animals 
Mean No./cm Mean No./cm Mean No./cm 

(wk) Sex w/nodules w/area -0.3-•1.5mm w/area >1.5mm w/area 

6 M 0 [0/7]b 0 0 0 

6 F 0 10/6] 0 0 0 

8 M 0 [0/8] 0 0 0 

8 F 0 [0/11] 0 0 0 

12 M 37.5 [3/8] 7.5±1.8C (3)d 1.7e (1) 0 

12 F 0 [0/8] 0 0 0 

16 M 28.6 [2/7] 3.1e (1) 0 2.0e 

16 F 35.3 [6/16] 6.4±1.5 (5) 3.3e (1) 0 

20 M -- — — — 

20 F 60.0 [3/5] 1.7±0.2 (3) 0 0 

Affected refers to only those mice which had detectable GGT-positive nodules frozen liver 
sections from the median, right and/or the right, anterior sublobes. 

Numbers in brackets represent the total No. of mice with nodules/mice in group. 

Mean ± S.E.M. 

Numbers in parentheses represent the actual total No. of nodules counted in all of the liver 
sublobe sections from animals in that age group. The criteria used for nodule identification 
is specified in the "Methods" section. 

Represents 1 liver sublobe section of only 1 animal. 

Note: All mice were treated as indicated in Table 7. 
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nodules In the male mice was apparent, which also coincided with the 

2 drop in mean number of nodules/cm at that time point (Figs. 13 and 14, 

Tables 10 and 11). 

In the female mice a pattern similar to the males was observed. 

At 16 weeks of age, the total number of nodules counted was at the 

maximum (Tables 10 and 11), which in the case of GGT-positive nodules 

2 
correlated well with the maximum number of nodules/cm calculated for 

this time point. However, with iron resistant nodules, even though the 

maximum total number of nodules counted was highest at 16 weeks, the 

2 
maximum number of nodules/cm was slightly higher at 20 weeks, pre

sumably due to differences in the number of nodules distributed within 

certain liver section areas (Figs. 14 and 15). 

The results of DMN and FB regression study are shown in Table 

12. A decrease in the incidence (%) of animals with iron-resistant and 

GGT-positive foci and nodules was apparent in animals treated with DMN 

followed by 9 weeks of FB and 4 weeks of tap water, when compared to 

the incidence seen with those animals treated with DMN followed by PB 

for 13 weeks. The most striking results were seen with the percentage 

of animals affected with nodules. The animals removed from PB for 

4 weeks showed a decrease in nodule incidence of 50-80% in the males 

and 42-50% in the females. 

The results from an experiment which compared the sensitivity of 

iron resistance and enhanced GGT activity as markers for altered foci 

and hyperplastic nodules in selected adjacent serial frozen liver 

sections from 12- and 16-week-old mice treated with DMN and PB are 



g 
Table 12. Incidence of altered foci and hyperplastic nodules in the livers of all affected 

Swiss mice at 16 weeks of age in the DMN and PB regression study. 

_ * 
Treatment Sex 

No. of Time 
animals on PB 
in group (wk) 

Time 
off PB 
(wk) 

Mean No.foci/cm^ ^ 
2 b 

Mean No. nodules/cn 

_ * 
Treatment Sex 

No. of Time 
animals on PB 
in group (wk) 

Time 
off PB 
(wk) Iron Resistant GGT-Positive Iron Resistant GGT-Positive 

DMN + PB M 2 13 0 13.7+6.0 (100)C 9.3+2.5 (100) 3.1+1.9 (100) 3.1d (50) 

F 12 13 0 11.9±2.1 (83) 12.6±2.8 (100) 5.8+0.8 (50) 5.1+1.2 (42) 

DMN + PB M 10 9 4 11.8+2.5 (50) 14.3+5.0 (70) 8.6+2.6 (20) 0 
(Regression) 

F 6 9 4 3.310.6 (67) 12.9+6.8 (67) 0 0 

4 Affected refers to only those mice which had detectable foci and/or nodules in liver sections 
from the median, right and/or right, anterior sublobes. 

b Hean ± S.E.M. 

c Numbers in parentheses represent the X an totals affected in group (1 or both liver sublobes 
examined had foci and/or nodules). 

^ Represents 1 liver sublobe section of only 1 animal. 

* Note: All mice were treated at 24-30 hours old with a single ip injection of 0.10% DMN 
(25 tig DMN total dose/mouse). At 3 weeks of age (weaning), the mice began receiving 0.05 X PB 
in the drinking water for the times indicated in the above Table. 



shown in Tables 13 and 14. Also shown are values obtained from 

formalin-fixed iron stained liver sections from the same liver lobes as 

the frozen tissue; however, they were not serially related. When iron 
f 

resistance versus enhanced GGT activity in the selected serial frozen 

sections were compared it was found that both markers identified equal 

or nearly equal numbers of liver sections that positively contained 

altered foci as well as similar incidences (%) of affected mice. 

Formalin-fixed iron stained liver sections gave results quite similar 

to those indicated above (Table 13). 

A noticeable difference in hyperplastic nodule detection by the 

2 markers was evident (Tables 13 and 14). The serial frozen and the 

formalin-fixed iron stained sections both gave similar results relative 

to percentage of animals that showed a positive response. The number of 

nodules detected by iron resistance was used as the standard with which 

to compare the number of nodules detected by enhanced GGT activity. 

The majority of nodules which were identified by iron resistance were 

completely negative or only weakly positive for GGT activity (Fig. 16). 

In addition to liver tumors noted in the animals treated with 

DMN, lung nodules (as described in "Methods") were observed (Table 15). 

Selected lung nodules were evaluated with H&E staining and primary 

adenomas were found (Fig. 7). As early as 6 weeks in both sexes in the 

DMN and tap water group and at 12 weeks in the DMN and FB group lung 

nodules were apparent. The percentage of mice that possessed lung 

nodules increased with time in both DMN-treated groups. Overall, the 

percentage of females affected with lung nodules appeared slightly 



Table 13. Comparison of the detection capabilities of iron resistance and increased GGT activity 
in the livers of Swiss mice treated with DMN and PB. 

No. of liver sections with No. of liver sections with 
foci identified by nodules identified by 

Age of mice No. of liver rrTb Iron Iron 
(wk) Sex sections a Serial Fixed Serial Fixed 

12 M 15 11 (73)d 12 (80) 14 (93) 3 (20) 4 (27) 5 (33) 

12 F 16 13 (81) 12 (75) 14 (88) 0 2 (13) 0 

16 M 10 9 (90) 9 (90) 9 (90) 1 (10) 6 (60) 6 (60) 

16 F 20 16 (80) 16 (80) 16 (80) 5 (25) 10 (50) 7 (35) 

£ 
Represents a total of Median, right and Right, anterior sublobe sections for each group. 

k GGT reactions were performed on frozen liver sections. 

(• 
Iron reactions were performed on selected adjacent serial frozen liver sections of the 
corresponding GGT section. Iron reactions were also performed on formalin-fixed non-serial 
liver sections from the same lobe. 

 ̂Numbers in parentheses represent the % positively responding liver sections detected by the 
marker. 

o 



Table 14. Comparison of altered foci and hyperplastic nodule incidence in the livers of mice 
treated with DMN and PB as detected by resistance to iron accumulation and increased 
GGT activity. 

Mean Mo. altered foci/a Mean No. nodules/cm' 
2 a 

1 1 
Age of Mice liver 

no. oi 
animals GGT-Positiveb Iron Resistant0 GGT-Fositive Iron Resistant 

(wk) Sex Lobe in Group Serial Fixed Serial Fixed 

12 M MR 8 3.8±1.0 
(88) 

7.5+1.6 
(88)d 

7.3+1.8 
(88) 

1,7® 

(13) 
4.1±2.1 
(38) 

3.3±0.5 
(38) 

12 M RA 7 10.0+3.9 
(57) 

15.0+5.3 
(71) 

20.0+7.8 
(71) 

7.5+2.5 
(29) 

10.0e 

(13) 
6.7+0 
(29) 

.12 R MR 8 12.8+2.4 
(100) 

7.5+1.5 
(88) 

5.0+1.0 
(100) 

0 4.8+1.5 
(25) 

0 

12 F RA 8 25.0+7.1 
(63) 

10.4±3.3 
(63) 

12.1+3.6 
(75) 

0 0 0 

16 M MR 5 6.3+2.7 
(100) 

9.6+2.5 
(100) 

9.6±1.3 
(100) 

0 6.1±1.0 
(80) 

4.6+2.0 
(80) 

16 M RA 5 9.4+5.3 
(80) 

7.6+2.1 
(80) 

9.7+5.3 
(80) 

2.0® 

(20) 
5.7+2.3 
(40) 

5.5+0.5 
(40) 

16 F MR 9 11.9+6.3 
(78) 

7.2+1.2 
(100) 

4.6±1.6 
(67) 

2.0e 

(11) 
2.9+0.5 
(56) 

4.0+0.9 
(44) 

16 r RA 11 19.2+4.2 
(82) 

9.5+3.1 
(64) 

13.2+2.9 
(91) 

7.5+1.3 
(36) 

12.8±1.2 
(45) 

7.8+1.3 
(27) 

8 Mean * S.E.M. , MR « median, right sublobe of liver; RA - right, anterior sublobe 
b of liver. 
GGT reactions were perfomed on frozen liver sections. 

£ 
Iron reactions were performed on selected adjacent serial frozen liver sections of the corres
ponding GGT frozen section. Iron reactions were also performed on formalin fixed random liver 
sections from the same lobe. 

d Numbers in parentheses represent the Z of animals responding. 

e Represents only 1 animal 

ON 



Table 15. Incidence of grossly visible lung nodules in all affected Swiss mice in the DMN and FB 
study, as a function of age (wk). 

Mean No. nodules/affected mouse 
Treatment* Sex 6 wk 8 wk 12 wk 16 wk 20 wk 

DMN + PB M 0 (0/8) 6.0 (1/8) 5.7±0.9C (3/13) 5.5±2.5 (2/7) — 

F 0 (0/6) 0 (0/11) 3.3±1.1 (4/13) 

00 • 

o
 

+1 SO • 

<3-

(13/17) 3. 3±1.7 (4/5) 

DMN + tap M 1.0±0 (2/8) 14.0 (1/4) 0 (0/1) 1.0±0 (2/9) 10. 5±7.5 (2/4) 
water 

F 1.0 (1/6) 1.5±0.5(2/7) 0 (0/2) 3.0 (1/4) 4.3±2.0 (4/4) 

Saline + PB M — 0 (0/5) 0 (0/2) 0 (0/2) 0 (0/5) 

F — 0 (0/4) 0 (0/2) 0 (0/2) 0 (0/6) 

Saline + M — — 0 (0/2) 0 (0/3) 
tap water 

F — 0 (0/4) 0 (0/2) 0 (0/2) 0 (0/4) 

Affected refers to only those mice which had grossly visible lung nodules, 

k Numbers in parentheses represent the total No. of mice with nodules/mice in group. 

c Mean ± S.E.M. 
* 
Note: All mice were treated as indicated in Table 7. 



Figure 16. Photomicrographs of liver tissue obtained from a 16 week 
old mouse treated with DMN and PB and given iron dextran. 

Frozen sections. xl60. (a) Hyperplastic nodule (arrow), 
Gomori's iron reaction, (b) Serial section of (a), hyperplastic 
nodule (arrow). GGT reaction. Note: presence of iron resistance (a) 
but lack of GGT activity (b). 
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Figure 16. Photomicrographs of liver tissue obtained from a 16 week old 
mouse treated with DMN and PB and given iron dextran. 



higher than in the males; although in many cases the males had a higher 

mean number of nodules per affected mouse in a group. Lung nodule 

formation did not appear to have been influenced by the use of FB as a 

promoter. 

DMN and TCDD Study 

Consistent weight gain with age was noted in all experimental 

and control groups of animals, except in the case of males treated with 

DMN and TCDD (Table 1). A plateau in weight gain was observed by 12 

weeks of age in these animals, with a slight decrease noted at 18 weeks. 

No plateau in weight gain was evident in the appropriate controls until 

16 weeks of age. Overall, the DMN and TCDD treated males were 8-12 

grams lighter than the males of the DMN and com oil/acetone group and 

3-10 grams lighter than the saline and TCDD treated males. In all test 
\ 

groups, no increases in lung or kidney weights were evident, and only 

the expected increases in liver weights resulting from induction with 

TCDD were noted (Table 16). 

The results of the DMN and TCDD study are shown in Table 17. 

Under the test conditions stated in the "Methods" section, TCDD had 

only very weak, if not questionable, promoting properties in the newborn 

mouse model. The percentage of animals affected at 12 and 18 weeks of 

age as determined with the iron resistance marker, was essentially the 

* same in both the DMN and TCDD and the DMN and corn oil/acetone groups 

for altered foci as well as hyperplastic nodules of the liver. In 

addition, no difference in the percentage of animals affected with 

GGT-positlve foci or nodules was noted between the DMN and TCDD and the 



Table 16. Organ to body weight ratios3 (%) as a function of age. (wk) for mice in the DMN and TCDD, 
and the AFBi and PB studies. 

Liver Lungs Kidneys . 
Treatment 8 wk 12 wk 16 wk 18 wk 8 wk 12 wk 16 wk 18 wk 8 wk 12 wk 16 wk 18 wk 

DMN + TCDD — 7.6 
±0.2 
(12)b 

— 7.6 
±0.3 
(9) 

— 1.3 
±0.1 
(12) 

— 1.1 
±0.04 
(10) 

— 1.3 
±0.1 
(12) 

— 1.5 
±0.1 
(11) 

WIN + corn 
oil/acetone 

7.1 
±0.2 
(9) 

5.9 
±0.1 
(10) 

0.9 
±0.1 
(9) 

0.9 
±0.1 
(10) 

1.4 
±0.1 
(9) 

1.3 
±0.1 
(10) 

Saline + TCDD 7.6 
±0.2 
(14) 

7.4 
±0.2 
(17) 

1.2 
±0.1 
(15) " 

1.0 
±0.1 
(17) 

1.2 
±0.04 
(15) 

1.3 
±0.04 
(17) 

Saline + corn 
oil/acetone 

6.4 
±0.1 
(13) 

6.4 
±0.2 
(14) 

1.0 
±0.02 
(13) 

0.8 
±0.1 
(14) 

1.4 
±0.04 
(13) 

1.4 
±0.1 
(14) 

AFB̂  +PB 10.0 
±0.2 
(13) 

- 7.9 
±0.2 
(18) 

- 1.0 
±0.1 
(13) 

- 1.0 
±0.1 
(18) 

- 1.4 
±0.05 
(13) 

- 1.3 
±0.03 
(18) 

-

AFB̂  + tap 
water 

6.8 
±0.2 
(13) 

6.8 
±0.2 
(11) 

1.2 
±0.1 
(13)' 

1.3 
±0.2 
(11) 

1.5 
±0.1 
(13) " 

1.8 
±0.1 
(11) 

Trloctanoin 
+ PB 

8.8 
±0.2 
(7) 

8.4 
±0.3 
(6) 

1.0 
±0.1 
(7) 

1.4 
±0.2 
(6) 

1.4 
±0.1 
(7) 

1.9 
±0.05 
(6) 

3 Mean ± SEM. 

 ̂Numbers in parentheses represents the total No. animals in group at that time point. 
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Table 17. Incidence of altered foci and hyperplastic nodules In the livers of all affected Swiss 
mice in the DMN and TCDD study, as a function of age (wk). 

2 k' ' ' 2 |) 
Mean Wo. focl/cm Mean Ho. nodules/cm 

Iron KesiBtant GGT-Positive Iron Resistant GGT-Positive 
Treatment* 

DMN + TCDD 

DMN + corn 
oil/acetone 

Saline + 
TCDD 

Saline + 
corn oil/ 
acetone 

Sex 12 wk 18 wk 12 wk 12 wk 18 wk 12 wk 

M 6.6±2.5 (3/7)C 12.9+3.1 (6/6) 7."341.7 (3/3) 0 6.4±2.3 (2/6) 0 

F 0 (0/5) 14
 

© 00
 

(3/5) 4.9+1.3 (1/3) 0 0 0 

M 5.6d (1/2) 

N 41 0\ 

(3/3) 2.8d (1/2) 0 7.1d (1/3) 0 

F 10.0d (1/3) 6.4+1.3 (6/7) 4.6+1.4 (3/4) 7.1d (1/3) 3.0+0 (2/7) 0 

M 0 (0/3) 0 (0/4) 0 (0/2) 0 0 0 

F 0 (0/3) 6.3d (1/4) 0 (0/2) 0 0 . 0 

M 0 (0/3) 0 (0/3) 0 (0/2) 0 0 0 

F 0 (0/2) 0 (0/3) 0 (0/2) 0 0 0 

Affected refers to only those nice which had detectable foci and/or nodules in liver sections 
froa the median, right and/or right, anterior sublobes. 

b Mean * S.E.M. 
£ 
Numbers in parentheses represent the total No. of mice having foci and/or nodules/mice in group. 

Represents 1 liver sublobe section of only 1 animal* 
* 
Note: All nice were treated at 24-30 hours old with a single ip injection of 25 ul of 0.10* 
DMN (25 tig DMN/souse) or 25 ill of 0.9Z saline. At 3 weeks of age (weaning)* the mice received 
sc Injections of TCDD (1.0 ug/kg) or an appropriate volume of the vehicle, corn oll/acetonet 
biweekly until they were killed at 12 and 18 weeks of age. 

ON 
o\ 



DMN and coin oil/acetone groups at 12 weeks of age. However, when the 

9 
2 DMN-treated groups were compared by mean number of foci or nodules/cm 

some possible promoting effects were noted in the males of the DMN and 

TCDD group at both 12 and 18 weeks of age. These effects were 

restricted to iron resistant and GGT-positive foci; no nodule promotion 

effect was observed with TCDD. 

Lung nodules were quite evident in animals treated initially 

with DMN (Table 18). However, at 12 weeks of age 2 small nodules were 

noted in the lungs of one male mouse treated initially with saline 

followed at weaning by TCDD. Interestingly, the percentage of all 

animals in a test group affected with lung nodules was the highest at 

both 12 and 18 weeks of age in the DMN and corn oil/acetone group. At 

12 weeks, in the DMN and TCDD group, the males had 4.5 times the average 

number of lung nodules per affected mouse compared to the males in the 

DMN and corn oil/acetone group. In contrast, the female mice of the DMN 

and corn oil/acetone group had approximately 2.0 times the average 

number of lung nodules per affected mouse as did the females in the DMN 

and TCDD group at this time point. However, by 18 weeks of age, the 

males of both DMN-treated groups possessed nearly the same average 

number of lung nodules per affected mouse; whereas, a noticeable 

difference in the females of each group was observed. The females of 

the DMN and corn oil/acetone group now had approximately 6.4 times the 

mean number of lung nodules per affected mouse as did the females of the 

DMN and TCDD group. Gross observations were made of the lung nodules 

upon necropsy at the 18 week time point, which indicated overall size 
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Table 18. Incidence of grossly visible lung nodules in all affected9 

Swiss mice in the DMN and TCDD study, as a function of age 
(wk). 

Mean no. nodules/affected mouse 
Treatment* Sex 12 wk 18 wk 

DMN + TCDD M 9.0+3.313 (4/7)C 

C
M

 

• 

+
1
 m
 • 

00 

(4/5) 

F 4.3±3.3 (3/5) 2.0+0.6 (3/5) 

DMN + corn M 2.0 (1/2) 9.0±3.2 (3/3) 
oil/acetone 

F 9.2±4.4 (5/7) 12.7±2.6 (7/7) 

Saline + TCDD M 2.0 (1/10) 0 (0/11) 

F 0 (0/5) 0 (0/6) 

Saline + corn M 0 (0/8) 0 (0/9) 
oil/acetone 

F 0 (0/5) 0 (0/5) 

8 Affected refers to only those mice which had grossly visible 
lung nodules. 

b Mean ± S.E.M. 

Numbers in parentheses represent the total No. of mice with 
nodules/raice in group. 

* 
Note: All mice were treated as indicated in Table 17. 
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(diameter) differences in the 2 DMN-treated groups. It was noticed that 

the nodules in the DMN and corn oil/acetone group were from <1 mm to 

3 mm in diameter, with an occasional nodule up to 6 mm in diameter. The 

nodules observed in the DMN and TCDD group were on the average 

approximately 1 mm in diameter. TCDD did not act as a promoter of lung 

nodule formation under the test conditions specified in the "Methods" 

section. 

AFB̂  and PB Study 

Body weight gain with age was consistent in both the experimental 

groups and the control group (Table 1). In all test groups, no 

increases in lung or kidney weights were obvious, and only the expected 

increases in liver weights resulting from induction with PB were noted 

(Table 16). 

At 8 weeks of age, both iron and 6GT were used to evaluate the 

liver sections of the AFB̂  and PB group. No altered foci or nodules 

were detected in any of the animals by either identification system. A 

representative sample of liver sections from 6 animals of the AFB̂  and 

tap water group were stained for iron, which revealed that no iron 

resistant altered foci or nodules were present. Tissue samples although 

saved from the control group, trioctanoin and PB, were not processed at 

either 8 or 16 weeks. 

By 16 weeks of age, virtually no differences in iron resistant 

foci or nodule incidence were detected from the 8 week time point in 

either the AFB̂  and PB group or the AFB̂  and tap water group. However, 

2 2 
one small iron resistant focus (area » 0.06 mm ; 2.0 foci/cm ) was 
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found In the median, right sublobe of a liver from a male mouse In the 

AFBj and PB group. 

Lung nodules were observed In only 2 female mice of the AFB̂  and 

PB group, one at 8 weeks and the other at 16 weeks of age, with 2 and 1 

nodules, respectively. 

DMN and EtOH and EB and PB Studies 

Because of the considerable amount of time spent performing 

these 2 studies, they will at least be briefly mentioned, even though 

the number of animals that ultimately survived was quite small. The 

following results indicated for each study will not be discussed to any 

extent elsewhere in this thesis. 

Only 20% of the animals treated initially with DMN followed by 

promotion at weaning with EtOH in a liquid diet survived long enough to 

be killed at 15.5 weeks of age; however, 80% of those animals treated 

initially with DMN and put on a liquid diet without EtOH survived to a 

20 week kill. Approximately 86% of those animals which were untreated 

at birth and put on an EtOH liquid diet at weaning survived to a kill 

at 17.5 weeks of age. Only the histochemical marker of resistance to 

iron accumulation was used to evaluate the liver sections from the 

surviving animals. No iron resistant foci or nodules were noted at 

17.5 weeks, In any liver sections of the animals treated with only the 

EtOH liquid diet; however, 2 animals had fatty livers. At 15.5 weeks 

2 of age, only 2 small foci (areas - 0.03 and 0.05 mm ) equivalent to 

2 
5.0 foci/cm were found in the median, right sublobe of the liver of 

one female mouse treated with DMN and EtOH liquid diet. The remaining 



3 animals of this group showed no evidence of iron resistant foci. No 

iron resistant nodules were noted in any of the 4 surviving animals of 

this group; however, 3 animals appeared to have fatty livers. 

In the 4 animals treated with DMN and control liquid diet, 3 of 

them had iron resistant foci in one or both liver lobes examined at 

20 weeks of age. The mean number of foci/cm for the animals affected 

in this group was 5.84:1.5 (SEM). Only one animal (a female) of the 

2 
3 affected, had a medium size iron resistant nodule (area •» 2.8 mm ) 

2 equivalent to 5.0 nodules/cm . It was found in the right, anterior 

sublobe of the liver. 

The number treated and the percentage of animals that survived 

until weaning are indicated for the 3 dosage levels of EB: 1) low 

dose (63 yg/mouse), 7 treated, 100% survival; 2) middle dose (315 Vg/ 

mouse), 6 treated, none survived; 3) high dose (630 yg/mouse), 36 

treated, 25% survival; and 4) corn oil vehicle control (250 yl/mouse), 

7 treated, 100% survival. All surviving animals were placed on FB 

drinking water at weaning, until they were killed. Only resistance to 

iron accumulation was used for the detection of foci and nodules. At 

16 weeks of age, 3 low dose EB, 3 high dose EB, and 3 corn oil control 

animals were killed. No iron resistant foci or nodules were seen in 

the livers of any of the low dose EB or corn oil control mice; however, 

in the median, right sublobe of a liver from a male mouse of the high 

2 
dose EB group, one small focus (area * 0.13 mm ) and one medium size 

2 nodule (area • 2.2 mm ) were noted. In terms of number of foci or 

2 nodules/cm these findings in this mouse gave an incidence of 1.7 foci 

2 and 1.7 nodules/cm . 
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No Iron resistant foci or nodules were apparent in any of the 

A low dose EB or 4 com oil control animals killed at 20 weeks; or in 

any of the 3 high dose EB animals killed at 27 weeks of age. 

Because of the small amount of data ultimately obtained from 

these 2 studies, it is difficult to make any conclusive statements about 

the promoting capabilities of EtOH or the initiating properties of EB, 

in the newborn mouse model. However, these studies pointed out the 

need to perform preliminary range finding studies with both initiators 

and promoters in order to ensure maximum animal survival rates as well 

as to define the optimum dosage regimens for the best response, in this 

system. 



DISCUSSION 

The primary objective of this study was to evaluate the newborn 

mouse as a potential animal model for use as a short-term in vivo tool 

for studying the two stages of carcinogenesis, initiation and promotion. 

Reports of experiments of chemical carcinogenesis dealing with newborn 

mice date back as far as 20 years (13-17). Even though the research was 

quite extensive in this area, most studies concentrated on the endpoint 

of tumor production rather than examining earlier stages of carcino

genesis in detail. In this study emphasis was placed on early detect

able cellular alterations in hepatocarcinogenesis. As previously 

mentioned, two well-studied histochemical markers for hepatic neoplasia, 

resistance to iron accumulation and enhanced gamma-glutamyl transpepti

dase (GGT) activity, were used in this model for the detection of al

tered liver foci and hyperplastic (neoplastic) liver nodules at various 

time points in the sequence of cancer development. Dimethylnitrosamine 

(DMN) and phenobarbital (PB), well-known initiating and promoting agents 

of hepatocarcinogenesis, respectively, were chosen for the major por

tion of the research with this model. 

In the present study, the early hepatocellular alterations of DMN' 

Induced carcinogenesis were sequentially analyzed as a function of time. 

Early in the course of chemically Induced hepatocarcinogenesis, small 

microscopically visible focal lesions of hepatocytes are evident. These 

putative preneoplastic lesions (altered foci) are theorized to be 
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precursors to hyperplastic nodules and possibly carcinomas (12,26,31,32, 

34,36). Altered foci possess a number of functional abnormalities (eg. 

resistance to iron accumulation, enhanced GGT activity) which can be 

used for early identification and characterization. Altered liver foci 

were induced in both DMN treatment groups (i.e. DMN and FB, DMN and tap 

water); however, hyperplastic liver nodules were only observed in the 

DMN and FB treated group. 

In this study, all interpretations of data were based on histologl 

cal observations of only two specific sublobes of the liver; the median, 

right and right, anterior sublobes. As previously indicated, these 

sublobes of the liver were chosen based on studies done by Williams and 

Watanabe (31) and Hlrota and Williams (36) in which rats were fed cycles 

of N-2-fluorenylacetamide (FAA) and a more rapid development of iron-

resistant foci and nodules was Initially observed in these 2 sublobes in 

comparison to the other liver lobes. Reasons for these lobar differ

ences have not been established. Williams and Watanabe (31) have sug

gested that in the initial phases of carcinogenesis these lobes either 

possess a greater affinity or attraction for the carcinogen or for some 

reason they are more vulnerable to the actions of the carcinogen. 

Overall no significant differences in the incidence of iron resis

tant or GGT-positive hepatocellular lesions were noted between the 

median, right and the right, anterior sublobes of the liver in the 

present study. In retrospect, for a more statistically sound study, more 

animals and/or more liver sections from each animal should have been 

examined for every treatment group at each time point (John Gaines, 

personal communication (62). 
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The hyperplastic nodule has been considered an important index 

of carcinogenicity in studies in the liver (6,26,30,43). The appearance 

of nodules has been documented only after foci development (33,34); and 

therefore were thought to have arisen from altered foci (26,33,34). 

Nodules demonstrate many of the same properties as foci, including re

sistance to iron accumulation and increased GGT activity (6,26,30,43), 

as well as other markers not used in this study (4,6,7). As stated in 

the Introduction, nodules can either persist or undergo maturation or 

remodeling back to normal -appearing liver, the majority of which under

go remodeling. With this remodeling, a reversion in phenotypic charac

teristics is observed; e.g. the nodule cells accumulate iron and GGT 

activity is diminished or lost. The relationship between hyperplastic 

nodules and hepatocellular carcinomas is unclear. An established theory 

is that carcinomas develop from hyperplastic nodules (6,26), based on 

the fact that carcinomas have been found within nodules (6,26,31). How

ever, Williams (26) has shown that carcinomas also arise outside of 

nodules suggestive of a progression directly from altered foci to 

carcinomas. Thus, he has postulated that hyperplastic nodules are 

a form of "end-stage benign" neoplasia that rarely progress to a carci

noma (26). 

In the present study, no hepatocellular carcinomas were ob

served in the tissue sections examined. The hyperplastic nodules 

examined exhibited no evidence of carcinoma development within them; 

however, cystic and/or necrotic changes were evident in some of the 

larger nodules. Williams (27) has indicated these changes to be a sign 

of degeneration or regression. In addition, nodules undergoing 



maturation or remodeling back to normal appearing liver tissue were 

detected with the aid of the iron staining method. These maturing 

nodules represented approximately 30-57% of all the nodules examined 

at 12,16f and 20 weeks of age (Tables 7 and 10). As Indicated in the 

"Results" section, these nodules were counted and quantified as foci 

(Table 7), because in their remodeling state they contained only a few 

completely iron resistant cells which fell into the size limitations of 

foci. However, a faint outline of the nodule could still be seen where 

it had once compressed the surrounding liver parenchyma. The majority 

of the cells within these nodules had lost the property of iron 

resistance and had now accumulated iron. The fact that no hepatocel

lular carcinomas were evident in this study could be due to several 

reasons: 1) the small numbers of liver sections evaluated and 2) the 20 

week duration̂ of the experiment may have been too short a latent period 

for hepatocellular carcinomas to develop. 

Phenotypic diversity or heterogeneity has been noted among car

cinogen-altered hepatocytes, both at the foci and nodule stages, when 

histoenzymatic markers have been used to characterize hepatocellular 

lesions (9,11,32,45,63). The sensitivity of iron resistance and GGT 

activity as indices of carcinogen-induced lesions was compared in frozen 

serial liver sections (Tables 13 and 14). Both markers identified 

nearly equal numbers of liver sections with altered foci as well as 

similar incidences (%) of affected mice. However, when hyperplastic 

nodules were evaluated In these liver sections, the number of nodules 

which were Identified by iron resistance was used as the standard with 

which to compare the number of nodules detected by GGT. The majority 



of the nodules which were identified by iron resistance were completely 

negative or only weakly positive for GGT. Iron resistance Identified 

approximately 3-5 times the total number of nodules (data not shown) 

counted in the liver sections than did GGT. In addition, iron identi

fied more liver sections containing nodules as well as more animals with 

nodules than- did GGT (Tables 13 and 14). These facts may explain in

directly the findings shown in Table 9 which indicate higher actual 

numbers of nodules (total number counted) identified at different time 

points with iron resistance as opposed to increased GGT activity. 

Resistance to iron accumulation has been shown by several in

vestigators to be a very sensitive and reliable marker for putative 

altered foci, hyperplastic nodules, and carcinomas in the livers of 

both rats and mice (32-34,36,63). Hirota and Williams (32) have demon

strated in rats that the resistance to iron accumulation was a consis

tently more reliable and sensitive indicator for carcinogen-altered 

foci compared to any of the enzyme markers. 

Conflicting reports have recently appeared in the literature 

regarding the sensitivity and reliability of GGT activity as a marker 

for hyperplastic nodules and hepatocellular carcinomas in mice (43,45, 

63, 64). GGT has been considered to be a strong marker for rat hepatic 

neoplasia (38,50). In studies done by Lipsky et al. (45,63), they found 

GGT to be as reliable a marker of hepatic neoplasia in the mouse as in 

the rat. They also observed a variability in the GGT-stalnlng patterns 

within and between foci and nodules in the mouse; however, these 

patterns were similar to the rat. In contrast, studies by Pugh et al. 

(64) and Esslgmann and Newberne (43) have shown GGT to be only a weak 



78 

marker for liver hyperplastic nodules in the mouse. However, Essigmann 

and Newberne (43) did demonstrate that glucose-6-phosphatase (decrease 

in activity) and alkaline phosphatase (decrease or no change in activity) 

were good markers for mouse hyperplastic liver nodules. 

Based on findings in the serial frozen liver sections examined 

in the present study, G6T would have to be considered a weak marker for 

mouse hyperplastic liver nodules. Because of the failure of GGT to de

tect as many nodules as the iron marker; GGT would not be considered as 

useful and versatile a marker as the iron for the overall detection of 

hepatocellular lesions in the mouse system described herein. 

The promotion phase of hepatocarcinogenesis was investigated by 

the use of FB following DMN exposure. A number of investigators have 

previously shown PB to be a tumor promoter in rodent liver (23,27,28, 

41,42,51,54,55,65). The incidence of altered foci also has been shown 

to be Increased following FB treatment (41,51). 

In the study contained herein, animals treated with DMN and FB 

had a significantly (p<0.001) higher overall incidence of iron resistant 

2 and GGT-positlve foci/cm during the observed test period than those 

animals treated with DMN alone. The results also indicated that FB 

caused a dramatic increase in liver nodule incidence in the DMN and FB 

treated animals compared with the other treatment groups, in which no 

nodules were observed. However, in a similar study by Uchida and Hirono 

(23), a low incidence (33%) of liver tumors was observed in 16-week-old 

mice treated initially with 30yg of DMN as newborns, but not knowingly 

exposed to promoting agents. In the present study, only the median, 

right and the right, anterior sublobes of the liver were sectioned and 



evaluated for nodules. The liver sections were only evaluated histo-

chemically. Consequently, a low incidence of liver nodules in those 

mice initiated with DMN, but not promoted, could have been overlooked. 

As a result of these experimental limitations, plus the fact that a 

total gross nodule count was not determined for each liver examined, 

an assessment of the effects of PB on tumor latency, growth and dif

ferentiation in this study can not be accurately determined. 

The mechanism of promotion by PB is, at present, not clearly 

understood. PB is known to stimulate a number of blosynthetic processes 

in the liver, in addition to liver enlargement. It has been postu

lated by Peraino et al. (28,54) that the stimulation of anabolic pro

cesses (e.g. increases in RNA and protein synthesis) by PB may have some 

direct relationship to the mechanism of liver tumor promotion. In a re

cent study by Peraino et al. (54), they used a sequential 2-acetylamino-

fluorene (AAF)-phenobarbital treatment regimen in rats to evaluate the 

effects of varying the dietary concentrations of PB on liver tumor pro

motion. They found that PB apparently had no effect on tumor latency 

periods, tumor growth rates, or tumor differentiation. However, a dose-

response relationship was observed with PB in relation to overall tumor 

enhancing effect. This was particularly evident with respect to plateau 

levels of tumor incidence. A definite plateau phase in maximal tumor 

Incidence (% rats with tumors and tumor frequency) was attained with a 

specific dietary concentration of PB. Beyond this time point no fur

ther increase in tumor incidence was observed with continued PB admin

istration. Thus, the dietary concentration of PB greatly influenced the 

maximal tumor incidence that was attained before a plateau phase was 



noted (i.e. the higher the PB concentration, the higher the maximum 

tumor incidence reached prior to the plateau phase). Based on the 

findings in their study, Peraino and his associates (5A) concluded 

that the promoting activity of PB was limited to enhancing or increasing 

the incidence of tumor expression among hepatocytes which had previously 

been initiated by carcinogen treatment. Mochizuki et al. (55) have also 

demonstrated the dose-dependent enhancing effect of PB on hepatocarcino-

genesis in the rat. 

The influence of PB on GGT activity has been recently studied in 

spontaneous and/or chemically induced altered liver foci (51) and liver 

tumors (35,37,42) in mice. An increase in GGT activity is considered an 

important marker of neoplastic change of hepatocytes during carcino

genesis. The effect of PB on the marker itself is of considerable 

importance in studies relying on GGT activity as an index of the events 

of carcinogenesis. Williams et al. (37) recently reported a study which 

clearly Indicated that PB enhanced GGT activity in spontaneous mouse 

liver tumors of tumor-bearing mice treated with 0.1% PB in drinking 

water for 5-7.5 weeks prior to killing. PB administration was discon

tinued in some of the mice after 6 weeks of treatment. These mice were 

maintained for an additional 5.5 weeks prior to termination in order to 

observe the effect of cessation of PB treatment on GGT activity. All 

spontaneous liver tumors examined from these mice were GGT-negative. In 

the same study (37), other biochemical markers, i.e. resistance to iron 

accumulation, glucose-6-phosphatase (G-6-Pase) and ATPase deficiencies, 

were also examined. The incidence (%) of spontaneous tumors resistant 

to iron accumulation remained the same regardless of the type of 



PB treatment (i.e. continuous PB or cessation of PB treatment). Fur

ther decreases in G-6-Pase and ATPase activities in spontaneous tumors 

were noted in mice that had received PB continuously for 5 or 6 weeks. 

Williams et al. (37) have suggested that the promoting activity of PB 

may be related to modifications in cellular membranes, possibly result

ing from PB-induced changes in cellular membrane-associated enzyme 

activities. 

The results of the DMN and PB regression study (Table 12) demon

strated the influence that PB had on two phenotypic characteristics 

(i.e. iron resistance and increased GGT activity) of hepatocellular 

lesions. A direct comparison of this study to the related studies of 

Williams and his associates (37,39) is not possible due to differences 

in experimental designs. However, generally speaking, the results of 

the present study showed that PB did have an effect on GGT activity of 

both altered foci and hyperplastic nodules; suggestive of the findings 

by Williams et al. (37). In addition, continuous PB treatment (13 wk) 

appeared to have maintained a greater percentage of mice possessing iron 

resistant foci and/or hyperplastic nodules than did a 4-week discon

tinuation of PB immediately prior to termination. Indirectly, the PB 

effect on iron resistant foci may be somewhat related to the results of 

Watanabe and Williams (65), which demonstrated that PB promoted the 

persistence of iron resistant foci after the removal of the carcinogen. 

However, the reason for the decline In the incidence of animals affected 

with iron resistant hyperplastic nodules following the removal of PB is 

unclear. Perhaps, without the stimulatory and/or selective influence 

of PB, the nodules undergo a faster rate of maturation or remodeling 



and are no longer histochemically detectable by resistance to iron 

accumulation. Consequently, a lower incidence of animals affected with 

nodules would be detected. 

In the present study, sex differences (Tables 3 and 4) in the 

expression of altered liver foci were examined. The mean number of al

tered foci per square centimeter of liver section was determined at each 

age interval using each histochemical marker. A statistical analysis of 

the foci data did not indicate any significant sex-dependent differ

ences. However, some trends in the overall responsiveness of each sex 

to the carcinogen treatment were still evident. Detection of altered 

foci by the use of iron resistance, suggested that the males of both DMN 

groups (i.e. DMN and PB, DMN and tap water) were more responsive to the 

carcinogenic effects of DMN than similarly treated females, and that 

they had a shorter latent period for maximum foci expression. When 

altered foci were identified by enhanced GGT activity, the males in the 

DMN and tap water group showed trends similar to those observed with 

iron. However, in the DMN and PB treated group, the females consis

tently displayed the greatest number of altered foci with age, although 

a shorter latent period for maximum foci expression was still observed 

in the males. 

It was quite difficult to compare and correlate the observed sex 

differences in foci expression found in this study with those documented 

in the literature because: 1) the scarcity of these types of studies in 

both sexes of either the rat or mouse, and 2) the great variability of 

dosage and treatment regimens used to study hepatocarcinogenesis. In 

three recent publications (24,25,51) which dealt with the development of 



neoplastic lesions in rodent liver, references to sex differences in 

foci expression were made. Two of these studies (24,51) were performed 

on rats that had been promoted with FB following carcinogen treatments. 

The presence of GGT-positive foci was analyzed at selected time points. 

In both studies, the female rats expressed the greatest number of GGT-

positlve foci. The reason for a stronger GGT response in the females is 

unclear. PB is known to enhance GGT activity (35,37,42,51). Thus, 

promotion in combination with the female hormonal environment, may act 

synergistically to increase the expression of GGT-positive foci in the 

females. No reports have been found in which Iron resistance was used 

to compare the incidence of altered foci in male and female mice (or 

rats) after carcinogen exposure. 

Overall, the male mice treated with DMN and PB had a signifi

cantly (p<0.05) higher incidence of liver nodules than similarly 

treated females when selected liver sections were histochemically eval

uated by the iron method. These results are in agreement with a number 

of different carcinogenicity studies (18,19,21,25,66-68) which found a 

greater incidence of liver tumors in male rodents (i.e. rats or mice) 

than in female rodents. 

To demonstrate whether or not the sex differences observed in 

altered foci and/or hepatoma Incidences were a result of the hormonal 

environment of the host and if the same number of hepatocytes were ini

tiated in the female as in the male by a carcinogen, several Investi

gators (25,67) performed experiments which surgically and/or chemically 

manipulated the hormonal environment of the male and/or female mouse. 

The procedures which followed anywhere from weeks to months after the 
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carcinogen exposure, usually involved gonadectomies of both the males 

and females (67) or ovariectomies of the females followed by testos

terone injections until the termination of the experiment (25). Under 

both experimental conditions described, the control mice were also ini

tially exposed to a carcinogen. However, they subsequently received 

only a sham operation with no manipulation of their hormonal environ

ment. At the termination of both studies, the male control mice had a 

greater incidence of altered foci and/or hepatomas than did the female 

control mice. In the animals that had been hormonally manipulated, 

the incidences of altered foci (25) and hepatomas (67) were essentially 

the.same in both sexes. These results imply that nearly equal numbers 

of hepatocytes were initiated in both sexes, without dependence on the 

hormonal environment of the host for the fixation of the initiation 

event. In addition, these findings suggest that the male hormones had 

an enhancing or promoting effect on altered foci and hepatoma devel

opment, whereas the female hormones appeared to suppress or slow down 

the rate of carcinogenic expression. 

It is unlikely that the sex differences noted in the incidences of 

iron resistant and GGT-positive foci and hyperplastic nodules were due 

to differences in the metabolism of DMN. This conclusion is based on a 

study by Rao and Vesselinovitch (66) in which DEN, a nitrosamine which 

requires bioactlvation similar to DMN (i.e. dealkylatlon) in order to 

exert its carcinogenic effects, was used to evaluate the effects of age 

and sex on hepatocarcinogenesis. They found that some, although low, 

de-ethylating activity was already present in the livers of one-day-old 

mice. This activity significantly increased with age, reaching nearly 



identical peak activity in both sexes between 7 and 15 days of age. 

Thereafter, a noteable decrease in activity was observed with increasing 

age, with the females showing the greatest and most rapid decline. 

Numerous studies have also focused on the incidences of lung 

tumors in both sexes of mice following initial exposure during the new

born-infant period to one of the following agents: DMN (18,23), N-2-

fluorenylacetamide (FAA) (20), N-hydroxy-2-fluorenylacetamide (N-OH-FAA) 

• 
(20) or urethan (67,69). In ̂ 11 cases, no sex-dependent differences were 

noted in lung tumor development. In one of the DMN studies (23), FB was 

administered after initiation with DMN as a possible promoter of lung 

tumor development. However, when the results were compared to animals 

that had received only DMN, FB had no effect on lung tumor development. 

In the DMN and FB study detailed in this manuscript, a single 

administration of DMN to Swiss mice also induced lung tumors, a finding 

which has been documented previously for this strain as well as others 

(16,17,23). Lung tumors were observed with similar incidences in both 

groups of animals treated with DMN (i.e. DMN and PB, DMN and tap water). 

These data confirmed those of Uchida and Hirono (23) who found that FB 

did not act as a promoter of lung tumor induction. Additionally, in 

agreement with similar studies (18,23), lung tumor development did not 

appear to show any sex dependence among those animals initially treated 

with DMN. A gradual increase in the number of affected animals, al

though not necessarily in the numbers of tumors per affected mouse, was 

noted with age. 

From the results obtained in the present DMN and 2,3,7,8-tetra-

chlorobenzo-p-dioxin (TCDD) study, TCDD can only be considered a very 



weak, if not questionable, promoter of DMN-induced hepatocarcinogenesis 

in the newborn mouse model (Table 17). However, TCDD has recently been 

shown to be a potent promoting agent of DEN-induced hepatocarcinogenesis 

in rats by Fitot et al. (60). In that study rats were subjected to a 

partial hepatectomy followed by a single dose of DEN after which the 

animals received subcutaneous injections of TCDD (0.14 or 1.4 pg/kg) 

every other week for 7 months. TCDD treatment in conjunction with 

partial hepatectomy and DEN treatment, greatly increased the number, 

total volume and phenotypic heterogeneity of enzymed altered-foci in the 

rat. Differences in operative factors such as: 1) species, 2) duration 

of study and length of TCDD administration, 3) total dose of TCDD ad

ministered, and 4) experimental design probably greatly influenced the 

outcome of these two studies. 

In the aflatoxin (AFBp and PB study, no hepatocellular le

sions were evident in 8- or 16-week-old mice that had been treated with 

AFB̂  as newborns, followed at 3 weeks of age by FB treatment until 

termination. These results were consistent with Vesselinovitch et al. 

(19), who investigated AFB̂  hepatocarcinogenesis using newborn (1-day-

old) and infant (4- and 7-day-old) mice. At 52 and 82 weeks of age, 

mice that had been treated as infants had the highest incidence of hepa

tomas. In mice treated as newborns, no hepatomas were noted at 52 weeks 

of age and only a low incidence was noted at 82 weeks in the males. In 

the present study, it was anticipated that reducing the dose of AFB̂  

administered to the newborns by one half would increase the survival rate 

over that reported by Vesselinovitch et al. (19). This, coupled with FB 

to promote AFB.-initiated hepatocytes would result in foci and nodules 
* * 



similar to those observed with DMN and PB. Reasons for the failure of 

AFB̂  to work in the present newborn mouse system and in that of 

Vesselinovitch (19) can probably be attributed to the low degree of 

metabolic competence present in the newborns for activating AFBj to a 

reactive carcinogenic species. Another important factor that may have 

influenced the outcome of these mouse studies is that of species 

resistance to the hepatocarcinogenic effects of AFB̂ . Mice, unlike rats 

which are quite sensitive, are relatively resistant to the hepatocar

cinogenic effects of AFB̂ . Based on comparative in vitro studies of rat 

and mouse livers, the lower AFBj-susceptibility of mice compared to rats 

is apparently related in part to the ability of mouse liver to inacti

vate the AFB̂  epoxide, the putative carcinogenic species, more effec

tively than the rat (70). This results in a lower degree of AFB̂ -DNA 

reaction products (71). 

The sensitivity of the present newborn mouse model relies on the 

balance of age, metabolic competence (e.g. P-450 activity), and the rate 

of cell replication and macromolecular synthesis. The high rate of 

macromolecular synthesis (i.e. DNA) and cell replication greatly in

fluences the susceptibility of newborn and infant mouse livers to 

carcinogenesis (21,66,72). Consequently at these age periods, the bio

chemical lesion produced by the carcinogen becomes rapidly fixed and 

amplified by cell replication. The models of Solt-Farber (4,6-10), 

Scherer-Emmelot (6,7,10), Peraino et al. (6,7,10), and Pltot et al. 

(6,7,10-12) also take advantage of or create (i.e. surgically or chemi

cally) animal systems in which the hepatocytes are rapidly proliferating 

in order to allow the rapid fixation of a carcinogen-induced lesion. 
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The metabolic competence of an organ to activate a carcinogen to 

a reactive species, with subsequent tumor development in that organ, is 

directly related to the age of the animal. This relationship was 

demonstrated in a study by Vesselinovitch et al. (21), in which the 

hepatocarcinogenlcity of a single dose of DEM was compared in mice 

treated at one-day-old versus those treated at 15 days old. Due to the 

higher DEN-dealkylating activity of the 15-day-old mice, more liver 

tumors were observed in those animals than in the mice treated at one 

day after birth (66). Vesselinovitch (73) has suggested that at least 

for M-nitroso compounds like DEN, the use of the 15-day-old mouse is a 

sensitive bioassay. 

The sensitivity of the mouse model described in this manuscript 

could be improved by the use of the infant (7- to 15-day-old) mouse. 

This would take advantage of the higher level of metabolic activity 

present in the liver (e.g. DEN-dealkylating activity) at this age, plus 

still employ an animal system in which the hepatocytes are rapidly pro

liferating. 

The results of the present research with the newborn mouse model, 

suggest that it can be used effectively as a short-term in vivo tool for 

studying the stages of carcinogenicity with N-nitroso compounds, with or 

without FB promotion. However, since AFB̂  did not work effectively as 

an initiator and TCDD was only marginally considered to be a promoter in 

this system; the usefulness of this model as a short-term in vivo assay 

for carcinogenicity may Indeed be limited. The ability to sequentially 

analyze and quantitate early developmental changes in DMN-induced 

hepatocarcinogenesls, In addition to the promotive effects of PB, 



establishes It as an Important tool for examining the characteristics 

and mechanisms of the two stages of hepatocarclnogenesls In the mouse. 

Further work In the area of mouse hepatic neoplasia with this model Is 

needed In order to conclusively define Its place among current short-

term In vivo animal models used to evaluate hepatocarclnogenesls. 



APPENDIX A 

GOMORI'S METHOD FOR IRON 

Fixation. 10% buffered neutral formalin 
Technique. Cut paraffin sections at 6 microns. 

SOLUTIONS 

20% HYDROCHLORIC ACID SOLUTION (STOCK) 

Hydrochloric acid, concentrated . 20.0 ml 
Distilled water 80.0 ml 

.10% POTASSIUM FERROCYANIDE SOLUTION (STOCK) 

Potassium ferrocyanide 10.0 gm 
Distilled water 100.0 ml 

HYDROCHLORIC ACID-POTASSIUM FERROCYANIDE SOLUTION (WORKING) 

Hydrochloric acid (stock) 50.0 ml 
Potassium ferrocyanide (stock) 50.0 ml 

Mix just before use. 

NUCLEAR FAST RED (KERNECHTROT) SOLUTION (see following page) 

STAINING PROCEDURE: Use control slide. Use chemically clean glassware. 
1. Deparaffinize and hydrate to distilled water. 
2. Hydrochloric acid-potassium ferrocyanide solution for 20 minutes. 
3. Rinse thoroughly in distilled water. 
4. Counterstaln in nuclear fast red solution for 5 minutes. 
5. Rinse in distilled water. 
6. Dehydrate in 95% alcohol, absolute alcohol, and clear in 

xylene, two changes each. 
7. Mount with Permount or Histoclad. 

RESULTS 
Iron pigments - bright blue 
Nuclei - red 
Cytoplasm - light pink 

REFERENCE. Gomori, G.; Am. J. Path; 12:655-663, 1936. 

Above Procedure from:"Manual of Histologic Staining Methods of the 
A.F.I.P.", Third ed., L. G. Runa, ed,, 1968. 
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Iron Staining Procedure for Frozen Sections (Liver) 
(Modification of Gomori's Method for Iron for Use with Frozen Tissue) 

Fixation. 10-20 min in 100% EtOH, immediately prior to staining. 
Technique. Frozen sections cut with cryostat at 8-10ji (microns) and 

mounted on slides, air-dried and stored at -70°C until 
staining. 

SOLUTIONS. 2 stock and working solutions same as on preceding page. 

NUCLEAR FAST RED (Kernechtrot) solution made as follows: 
Nuclear Fast Red dye powder 0.1 gram 
5% Aluminum Sulfate 100 ml 

STAINING PROCEDURE. 

1. Hydrate to distilled water. 
a) 95% EtOH 2 min. 
b) 80% EtOH 2 min. 
c) 70% EtOH 2 min. 
d) Distilled water 2 min. 

2. Place in freshly prepared hydrochloric acid-potassium ferro-
cyanide solution (working) for 30 mins. 

3. Rinse thoroughly in distilled water (3-4 min). 

4. Counterstain in nuclear fast red solution for 3 1/2-4 min. 

5. Rinse in 70% alcohol for 2-3 mins. 

6. Dehydrate: 
a) 80% ale. 2 min. 
b) 95% ale. 2 min. 
c) 100% ale. 2 min. 

7. Clear in xylene 2-4 min. 

R 8. Mount with Pro-Texx mounting medium or Permount. 
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HISTOCHEMICAL LOCALIZATION OF GGT 

Cryostat sections (8-lOy) were mounted on slides, air-dried, and stored 
at -70°C until incubation at 25°C in the following freshly prepared 
reaction mixture: 

Gamma-glutamyl-4-methoxy-naphthylamide 1.0 ml 
(GMNA) (2.5 mg/ml) 

Tris buffer (0.1 M), pH 7.4 5.0 ml 

Saline (0.9%) 14.0 ml 

Glycylglycine 10 mg 

Fast blue BB salt (diazotized-4'-amino-
2',5'-diethoxybenzanilide zinc chloride) 10 mg 

It was necessary to filter this mixture prior to use since the 
diazonium salt was not completely soluble. The final substrate concentra
tion in the incubation medium was 0.125 mg/ml. 

A stock substrate solution is made by dissolving 25 mg GMNA in 
0.5 ml dimethylsulfoxide and 0.5 ml 1 N NaOH and then adding 9 ml of 
distilled water. Prior to incubation the sections were fixed for 30-60 
minutes in cold acetone. Both the liver and kidney (used as positive 
and negative control sections) sections were incubated for 30 minutes. 
Following incubation the tissue sections were rinsed for 2 minutes each 
in the following solutions in the order listed: saline (0.9%)* 
0.1 M cupric sulfate, saline, and distilled water. The sections were 
then dried and mounted in Aquamount&. 

Reference. Rutenburg, A. M. et al. J. Histoehem." Gytochem. 17:517-526, 
1969. 
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